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The templated growth of the basic porphyrin unit, free-base porphine (2H-P), is characterized by
means of X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine-structure
(NEXAFS) spectroscopy measurements and density functional theory (DFT). The DFT simulations
allow the deconvolution of the complex XPS and NEXAFS signatures into contributions originat-
ing from five inequivalent carbon atoms, which can be grouped into C-N and C—C bonded species.
Polarization-dependent NEXAFS measurements reveal an intriguing organizational behavior: On
both Cu(111) and Ag(111), for coverages up to one monolayer, the molecules adsorb undeformed
and parallel to the respective metal surface. Upon increasing the coverage, however, the orientation
of the molecules in the thin films depends on the growth conditions. Multilayers deposited at low
temperatures exhibit a similar average tilting angle (30° relative to the surface plane) on both sub-
strates. Conversely, for multilayers grown at room temperature a markedly different scenario exists.
On Cu(111) the film thickness is self-limited to a coverage of approximately two layers, while on
Ag(111) multilayers can be grown easily and, in contrast to the bulk 2H-P crystal, the molecules are
oriented perpendicular to the surface. This difference in molecular orientation results in a modified
line-shape of the C 1s XPS signatures, which depends on the incident photon energy and is explained
by comparison with depth-resolved DFT calculations. Simulations of ionization energies for differ-
ently stacked molecules show no indication for a packing-induced modification of the multilayer
XP spectra, thus indicating that the comparison of single molecule calculations to multilayer data is

® CrossMark
¢

justified. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896605]

Il. INTRODUCTION

The combination of a well defined active site and a ro-
bust and flexible macrocycle, as well as the possibility to
incorporate a multitude of metal centers and attach a wide
range of substituents, make tetrapyrrole molecules, such as
porphyrins and phthalocyanines, attractive for a wide range
of applications. Moreover, porphyrins adsorbed on metal sup-
ports, whereby often coinage metal surfaces have been em-
ployed, offer an interesting playground to study how the in-
terplay between molecule-molecule and molecule-substrate
interactions influence the formation of nanostructures or or-
ganized layers. Consequently, porphyrins at interfaces have
been extensively investigated both in vacuo and in solution.
One of the prominent tools of surface science, scanning tun-
neling microscopy (STM) is powerful especially for imaging
single molecules or low-dimensional networks, but is typi-
cally less suitable for studying subtle details of molecular
conformations or molecular coverages beyond the first layer.
This constraint, as well as the nature of certain nanotechnol-
ogy applications’? such as chemosensors,>* data storage’
or nano-switches,® has resulted in the majority of the litera-
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ture in this field to be focused on single-molecule or at most
monolayer regimes for on-surface studies. In other fields,
e.g., in catalysis, the dimensionality ranges from OD (as sin-
gle active sites’™) to 3D (in metal-organic frameworks'% 1),
whereas devices such as organic solar cells'>'3 or organic
light emitting diodes (OLEDs)'* generally require compara-
tively thick layers.!>™'° As the physicochemical properties of
these systems often depend on the adsorption geometry and
the orientation of the molecules both with respect to each
other and the surface, it is of great importance to achieve
excellent control over the growth processes of porphyrin
films.

Various aspects regarding the formation of por-
phyrin mono- and multilayers can be addressed using
complementary surface sensitive techniques. Low-energy
electron diffraction (LEED) experiments, for example,
provide information on the surface ordering and for-
mation of superlattices.’’ Photoelectron diffraction?! and
polarization-dependent near-edge X-ray absorption fine-
structure (NEXAFS)?? provide insights into the bonding ge-
ometry and conformation;>® while X-ray photoelectron spec-
troscopy (XPS) casts light on the chemical environment of
the molecules.>* The two latter X-ray spectroscopy tech-
niques have the advantage that they can be employed for a
wide range of coverages and do not necessarily require any

© 2014 AIP Publishing LLC
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FIG. 1. C 1s XPS signature of porphine. (a) A schematic model of free-
base porphine (2H-P) (C: gray, N: blue, H: white spheres). The numbering
refers to the five types of inequivalent carbon atoms present in the molecule.
(b) The experimental C 1s XPS signature of porphine, resulting from a mul-
tilayer on Cu(111), which is well reproduced by (c) the simulated spectrum
(broadening: 0.95 eV).

ordering; therefore, they are perfectly suited for the present
investigations.

In previously published work, studying the basic por-
phyrin unit free-base porphine (2H-P, Fig. 1(a)) on Ag(111)%
and Cu(111)?® substrates, a monolayer coverage was observed
to behave in a broadly similar manner to larger, substituted
porphyrins (e.g., the ability to self-metalate on Cu and a pla-
nar adsorption geometry), however with remarkable differ-
ences (e.g., island formation vs. repulsive interaction for 2H-
P), which prompted the in-depth study, presented here, into
the thin film growth modes of 2H-P on these substrates.

We present an analysis of 2H-P films of varying thick-
nesses deposited on both Cu(111) and Ag(111) substrates at
room temperature (RT) and low temperature (LT) by means
of XPS and NEXAFS. The first part of this study will fo-
cus on assigning the spectroscopic signatures of the XPS and
NEXAFS measurements by comparing them to density func-
tional theory (DFT) simulations. The main part of this work
will focus on monitoring the temperature dependent 2H-P thin
film evolution, especially the molecular orientation within
these films, using NEXAFS and XPS. The influence of the
molecular stacking on the XPS signatures, showing that for
porphine single molecule simulations are sufficient to repro-
duce the experimental multilayer data, will also be briefly an-
alyzed. We will assess an observed photon energy dependence
of the XP spectra through introducing depth-dependent DFT
simulations. Hereby, we will address and fully characterize
the influence of the choice of substrate and growth conditions
on the resulting multilayer films.

J. Chem. Phys. 141, 144703 (2014)

Il. EXPERIMENTAL DETAILS

The XPS and NEXAFS data were recorded at the HE-
SGM beamline of the BESSY II synchrotron radiation source
in Berlin. The experiments were performed in an ultrahigh
vacuum system with base pressures in the low 107! mbar
(analysis chamber) and low 10~ mbar (preparation chamber)
regime. The Cu(111) and Ag(111) single crystals (Surface
Preparation Laboratory, polished to <0.5°) were cleaned by
repeated cycles of Art sputtering at 1 keV and subsequent an-
nealing to 770 K and 720 K, respectively. Prior to the experi-
ments the 2H-P powder (Livchem, purity 95%) were degassed
in vacuo by heating to 433 K for several hours. The porphine
layers were then deposited by organic molecular beam epi-
taxy from a quartz crucible held at 493 K onto the substrates
which were either kept close to room temperature (RT, 300—
320 K) or cooled down, with liquid N,, to a temperature of
150 K (LT). The spectroscopic data were acquired for RT and
LT with the sample held at the deposition temperature (unless
otherwise stated in the text). We use the term monolayer (ML)
for the maximum coverage obtainable with planar molecules
adsorbed flat on the surface. The prefix “sub-" in Figs. 4 and
5 indicates that (i) the low-coverage signatures are similar
to those of monolayers and (ii) that the presented data were
acquired from samples with coverages of 1 ML or slightly
less.

XP spectra were acquired with a hemispherical electron
energy analyzer (VG Scienta R3000) in normal emission ge-
ometry using a photon energy #iw of 435 eV (unless otherwise
stated) and a pass energy of 20 eV. After calibrating the bind-
ing energy scale against the Cu 3p;, (75.1 eV)? or the Ag
3ds,, (368.3 €V)* line of the substrates, Shirley backgrounds
were subtracted from the raw data.

All NEXAFS spectra were acquired in the partial elec-
tron yield (PEY) mode with a retarding voltage of —150 V.
By rotating the sample the incidence angle 6 between the E-
vector of the linear polarized light and the surface normal was
changed. Spectra were recorded at & = 25°, 53° (which is the
magic angle for the given polarization of 90%, i.e., the an-
gle where the measured intensity distribution is independent
of the molecular orientation) and 90°. The photocurrent from
a C-contaminated gold grid was measured simultaneously to
the NEXAFS and the characteristic C K-edge (285.0 eV) was
used to calibrate the NEXAFS photon energy. After subtrac-
tion of a constant background signal and of the spectrum of
a bare Cu(111) or Ag(111) crystal from the sample spectrum,
the measured spectra were divided by a NEXAFS spectrum
measured for a cleaned gold sample in total yield mode pro-
viding the transmission through the beamline. The edge jump
was then normalized to one.?®

lll. COMPUTATIONAL DETAILS
A. StoBe

The calculations for the XP and NEXAFS spectra in
Figs. 1 and 3 were performed with the DFT program pack-
age StoBe? using the revised Perdew, Burke, and Ernzerhof
exchange-correlation functional (RPBE).3%3! StoBe employs
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localized, Gaussian-type basis sets to describe the Kohn-
Sham orbitals.

Prior to the calculation of the spectroscopic parameters,
the geometry of the 2H-P molecule was optimized using all-
electron triple-zeta plus valence polarization type basis sets
for the description of the nitrogen,*? carbon,*” and hydrogen
atoms.>

For all calculations of the electronic structure the excita-
tion center (carbon or nitrogen) is described by an IGLO-III**
basis in order to improve the representation of relaxation ef-
fects in the inner shells. For all other atoms of the same el-
ement type effective core potentials (ECP)* are applied to
facilitate the identification of the core orbital of interest with
negligible effects on the simulated spectrum.®

Ionization (XPS) energies were obtained as

Eion = Etot(nls =0)— Etot(nls =1), (1)

where E(n,, = 1) and E(n;, = 0) are the total energies
of the ground state and the core hole state, respectively. The
obtained energies are displayed as bars in Fig. 1 and Fig. S1
of the supplementary material’> and broadened with Gaussian
functions (the respective FWHM values are indicated in the
figure captions) to obtain a continuous spectrum.

For the simulation of the NEXAFS spectra the transition
potential (TP) approximation was applied,”-3% where the oc-
cupation of the 1s orbital is set to 0.5. This allows the cal-
culation of all final states (and therefore all possible tran-
sition energies) in one single SCF calculation. To improve
the description of Rydberg and continuum final states addi-
tional large, diffuse [19s19p19d] basis sets® were included
(double basis set technique®®3°). For better comparison with
the experimental spectra the obtained discrete excitation en-
ergies and dipole transition matrix elements are broadened
with Gaussians, whose widths vary with energy according
to

0.65¢V,
5.5¢eV,

for E < E,,
for E > E,  +10eV

on

f(E)={

for the C K-edge in Fig. 3, with a linear increase from 0.65
to 5.5 eV in between. This broadening was empirically deter-
mined to reproduce the experimental spectra by accounting
for the reduced lifetime of the o * resonances which leads to
increasing widths.?®

The missing core hole relaxation in the TP approxima-
tion can be corrected by shifting the spectra by the difference
between EIF and E; , from Eq. (1). Together with a relativis-
tic correction of 0.1 eV#° the resulting total shift amounts to
—1.4 eV. For a better comparison with the experiment an ad-
ditional shift of 0.1 eV was applied in Fig. 3.

B. FHI-aims

In addition to the StoBe calculations, the numeric atom-
centered orbitals (NAO) code FHI-aims*' was employed to
simulate the XPS energies of stacked porphine units. The
difference in bond lengths, compared to the StoBe geome-
try, of the optimized 2H-P monomer is minimal (<0.01 A or
<1%). The maximal deviation in bond lengths from experi-
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FIG. 2. Influence of the porphine dimer geometries on the C 1s XP spectrum:
The simulated photoemission spectra of four differently stacked 2H-P dimers
(a—d, broadening: 0.75 eV) exhibit only negligible deviations from that of the
monomer (Fig. 1).

mental values determined by X-ray diffraction measurements
in Ref. 42 or the B3LYP-DFT calculations of Ref. 43 is
around 2%.

In Sec. IV A the influence of the stacking of 2H-P
molecules on the XP spectra is investigated. To this end,
the geometries of four different dimers (see Fig. 2) were
optimized using PBE and tier2 basis sets. Additionally, to
simulate long porphine chains periodic boundary conditions
were applied, i.e., one 2H-P molecule was placed in a su-
percell. The width Az of the supercell (and consequently the
molecule-molecule distance d) as well as the geometry of
the molecule were then relaxed to obtain the optimal d for
two different porphine chains (Fig. S3 of the supplementary
material”®). The exchange-correlation functionals employed
here do not properly account for dispersive forces which
are crucial for the interaction of the molecules.** Therefore,
we additionally use the semi-empirical dispersion correction
scheme of Tkatchenko and Scheffler.’
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Ionization energies were calculated using Eq. (1). Tier
2 and tier 3 basis set calculations using PBE, as well as
B3LYP* calculations on a tier 2 light level resulted in the
same monomer spectra as were obtained with StoBe. To avoid
charging problems using periodic boundary conditions, we
did not calculate XP spectra of the infinite chains, but cut a
2H-P trimer from the optimized chain and simulated the spec-
tra of the central molecule, under the assumption that the in-
fluence of the next-nearest neighbors on the core level spectra
is negligible.

IV. RESULTS AND DISCUSSION
A. Spectroscopic characterization of 2H-P

Peak assignment is crucial to the interpretation of spec-
troscopic data, i.e., determining which peak originates from
which part of the molecule is necessary in order to gain in-
sight from the measurement. Of special interest, when study-
ing comparatively complicated molecules like porphyrins,
is the analysis of basic units such as the free-base por-
phine. Understanding such basic units in these molecules
can (according to the building block principle®®) allow the
deconvolution of the spectra of these species, assuming the
subunits are weakly interacting. This section is, therefore,
dedicated to a detailed analysis of the XPS and NEXAFS
signatures of free-base porphine by comparison to theoretical
calculations.

All free-base porphyrin molecules comprise four nitro-
gen atoms that form two chemically inequivalent species:
iminic (N) and pyrrolic (NH) (cf. Fig. 1(a)). Hence, N
Is XP spectra of free-base porphyrin molecules, including
2H-P?%%7 typically feature two peaks that are separated by
approximately 2 eV.*®% This energy separation is reduced
when the nitrogen atoms strongly interact with a substrate,
such as the case with Cu(111),%%° while it is preserved on
more weakly interacting surfaces®” and in multilayers.’’ The
nitrogen region is of special interest for following chemical
reactions such as the metalation of free-base porphyrins>>—>*
and is therefore frequently addressed. For this reason the fol-
lowing discussion focuses on the less analyzed carbon region
of 2H-P (see the supplementary material for the correspond-
ing nitrogen data”). The C 1s region of a 2H-P multilayer
grown on Cu(111) at LT (see Methods and Sec. IV B) ex-
hibits three main structures (Fig. 1(b)): a dominant peak at
284.6 eV (a), a shoulder at a slightly higher binding en-
ergy (b), and a broad feature at 288.0 eV (s). Features (a)
and (b) are well reproduced by the simulated spectra of
the five chemically non-equivalent carbon atoms in 2H-P
(Fig. 1) allowing a clear assignment of these features. The
contributions to these two features can be grouped accord-
ing to whether the respective carbon atoms are directly bound
to a nitrogen atom (C2/C4, shoulder (b)) or to other carbon
atoms (C1/C3/CS5, feature (a)). It is important to note that
feature s is not reproduced. This failure can be reconciled
by considering its position and shape, which is a clear in-
dication of a shake-up peak, a multi-electron excitation that
cannot be modeled by employing current density functional
approximations.

J. Chem. Phys. 141, 144703 (2014)

To study the influence of different stacking modes on
the photoemission spectra, the geometries of four different
porphine dimers (Fig. 2) were optimized. In agreement with
the results described in Ref. 44, the symmetric configurations
(Dimer 1 and Dimer 2) were found to be less energetically fa-
vorable, as indicated by the binding energies (Table SVI of the
supplementary material’>) and by the fact that, for small devi-
ations from the ideal symmetric configuration, the geometries
always converged to Dimers 3/4. Likewise, the tilted chain is
more stable than the symmetric one (Fig. S3 of the supple-
mentary material’®). The simulation of the respective ioniza-
tion energies shows no indication for a packing-induced mod-
ification of the XP spectra (Fig. 2(e)), thus indicating that the
comparison of single molecule calculations to multilayer data
is justified.

By the same methodology, the NEXAFS K-edge spec-
tra of the nitrogen and the carbon regions (Fig. 3) can
be analyzed. The N K-edge spectrum of 2H-P (see the
supplementary material’”” and Ref. 26) is characteristic for
porphyrins>>>° and can be deconvoluted into two sets of spec-
tra, originating from the two chemically different nitrogen

—x— Experiment |
—— Calc. (Sum)

289 2 304

Intensity (arb. units)

284 286 288 290
Energy (eV)

FIG. 3. (a) The experimental NEXAFS C K-edge signature of 2H-P (black
markers) measured with an incidence angle of 53° (i.e., the “magic angle”) of
a 2H-P multilayer on Cu(111) compared against the simulated spectrum (red
continuous line). (b) A zoom-in of the 7 * region and (c)—(g) the correspond-
ing theoretical curves originating from the five inequivalent carbon atoms are
also shown, indicating that the spectrum can be deconvoluted in two main
contributions: C—C and C-N bonded carbon atoms. Initial state effects (con-
sistent with XPS) are reflected in the shift of the respective curves in each

group.
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species.”>>”38 The great similarity to the spectra of substi-
tuted porphyrins, such as 2H-TPP, indicates that the electronic
structure of the macrocycle, or at least its center, is hardly af-
fected by the attached substituents as long as they are not of
strong electron accepting or donating character.

Fig. 3(a) compares the measured C K-edge multilayer
data (black markers) to the simulated curve (red continuous
line). The analysis presented here specifically focuses on the
7 * region (Fig. 3(b)) which exhibits five main features from
284 to 291 eV. The five single, simulated spectra originating
from the chemically different carbon atoms in the molecule
(Figs. 3(c)-3(g)) can be grouped according to the number and
position of their dominant transitions: While the C—C bonded
species (C1, C3, CS; cf. Fig. 1(a)) give rise to three main con-
tributions («, B, y), only two dominant resonances (§, €) are
present in the curves of the nitrogen bonded carbon species
(C2, C4). The o and § resonances correspond to transitions
to the LUMOs of the transition potential state and their posi-
tions qualitatively and quantitatively follow the XPS binding
energies, indicating that the respective shifts of the spectra are
predominantly an initial state effect. The position of the ex-
perimental peaks A-E and the computed resonances a—e, as
well as a deconvolution of the measured curves, can be found
in Tables SII and SIII of the supplementary material.”> The
deconvolution of the experimental spectrum provides an ex-
planation for the changes in the C K-edge of 2H-P on Cu(111)
after self-metalation to Cu-P as described in Ref. 26. Peak A,
which consists of C—C bonded carbon contributions, remains
almost unchanged, while peak B (mainly due to transition 8 4)

(@) NEXAFS C K-edge

(b) Average angles
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vanishes, as after the metalation iminic nitrogen species are
no longer present in the molecule. In a similar way, the mul-
tilayer/DFT characterization can be used to draw conclusions
on the molecule-substrate interaction in porphyrin monolay-
ers (Refs. 25 and 26 and Secs. IV B and IV C).

B. Temperature-dependent growth on Cu(111)

Previously we have reported on the adsorption of
(sub)monolayers of 2H-P on Cu(111)?® and Ag(111),% stud-
ied with STM, XPS, and NEXAFS. Polarization-dependent
NEXAFS is an efficient tool to obtain information on the
conformation and orientation of adsorbed molecules, as the
intensities of the NEXAFS features depend on the photon
incidence angle, 6, i.e., the angle between the linear po-
larization of the light and the surface normal. For aro-
matic systems such as the porphine, the m* states are de-
rived from p,_ orbitals oriented perpendicular to the molec-
ular plane. If the aromatic w* system lies parallel to the
surface the intensity of the corresponding transitions in the
spectra exhibits a maximum for & = 0 and vanishes for 0
= 90°.%8 Hence, the polarization-dependent NEXAFS curves
(Figs. 4(a) and 5(a)) are fitted with Gaussian line shapes (see
Fig. S4 of the supplementary material”” for an exemplary
fit) and the obtained relative intensities are compared to the-
oretical expected curves (Figs. 4(b) and 5(b)) to determine
the adsorption angle between the aromatic system and the
substrate.

(c) XPS C1s

7}

=

>

Limited growth £
atRT ; 10+ :

7

c

[0}

£ 00

LT 1.50 .
1.0 .

05l 286 284

i/
i

32
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0.0
290 288 286 284 282
Binding Energy (eV)

FIG. 4. Growth of 2H-P on Cu(111) at room and low temperature, monitored by (a) polarization-dependent C K-edge NEXAFS showing a (b) variation in the
average tilt angle of the molecules (markers: relative intensities obtained by fitting the spectra in (a), black lines: theoretical expected evolution of the relative
intensities for adsorption angles 0°-90°; green: theoretical curve corresponding to the determined average adsorption angle). First layer molecules (top panels)
interact strongly with the copper surface (see also Ref. 26) as evidenced by the distinct change in the (a) NEXAFS and (c) XPS signatures. At room temperature
the growth is limited to approximately two layers (middle row panels). Conversely, for lower substrate temperatures it is possible to obtain multilayers with an
average adsorption angle of 30° (bottom row panels). The shape of the corresponding C s spectrum (Panel (c), bottom, inset) differs from that of the RT-phase

on Ag(111) (Fig. 5(c)).
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(c) XPS Cls
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FIG. 5. Growth of 2H-P on Ag(111) at room and low temperature, monitored by (a) polarization-dependent C K-edge NEXAFS showing a (b) variation in the
average tilt angle of the molecules (markers: relative intensities obtained by fitting the spectra in (a), black lines: theoretical expected evolution of the relative
intensities for adsorption angles 0°-90°; green: theoretical curve corresponding to the determined average adsorption angle). (c) The corresponding C 1s XPS
curves (markers: data points, red line: fit as guide to the eye) show the transition from a (sub)monolayer signature to the multilayer one (cf. Figs. 1 and 6). For

LT-grown multilayers the average angle is strongly decreased (bottom).

For coverages up to 1 ML on Cu(111) (Fig. 4(a), top)
2H-P adsorbs with its molecular plane parallel to the sur-
face, as indicated by the vanishing 90°-curve (blue dotted
line). A small deformation (10°-15°) cannot be ruled out,
as the stronger interaction with the substrate leads to a gen-
eral broadening of the NEXAFS features.”® The partially
quenched first peak was attributed to a partial filling of the
LUMO? due to electron transfer from the substrate, in agree-
ment with calculations for 2H-P on Cu(110).%° The strong in-
teraction is also reflected in the drastically modified appear-
ance of the C 1s XP spectrum (Fig. 4(c), top), compared to
the simulated gas phase (Fig. 1(c)) and measured multilayer
data (Fig. 4(c), bottom). A tentative explanation is that the
strong interaction of the carbon atoms with the potential of the
copper substrate leads to a pronounced change in the chemi-
cal environment of the carbon atoms that overwhelms the in-
tramolecular differences such that only two sharp main peaks
remain.

As mentioned in Ref. 26 it was not possible to grow
thick multilayers on Cu(111) at RT, i.e., films exceeding
approximately two layers (panel (b) in Fig. 4). The cor-

responding NEXAFS and XPS signatures appear to be a
mixture of first- and multilayer signals. The average tilt angle
of the molecules in this bilayer is 25°, indicating that for
coverages exceeding 1 ML the 2H-P molecules start to tilt.
From our spectroscopic data solely it cannot be concluded
whether all molecules tilt uniformly®" or only the second
layer molecules tilt. For low deposition temperatures (7,,,,
= 150 K), however, the two layer limit can be overcome
and thick multilayer films can be fabricated (Fig. 4, bottom;
see also Figs. S6 and S7 of the supplementary material’).
The pronounced dichroism in the NEXAFS data (Fig. 4(a),
bottom) indicates a highly ordered film. Fitting of the
NEXAFS data (Fig. 4(b), bottom) yielded an average tilt
angle of 30° with respect to the Cu surface, which may either
point to a uniform tilt of all molecules (see illustrations
in Fig. 4) or, as NEXAFS averages over all domains, to a
more random distribution. The XPS and NEXAFS spectra
of such low temperature grown samples were used in Figs. 1
and 3 for the comparison with the simulations, the good
agreement points to weakly interacting molecules in the
multilayer.
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The surprising importance of the second layer for the
growth modes of porphine is reminiscent of the case of ben-
zene adsorbed on Cu(111). There, the organic rings also ad-
sorb flat in the first layer.®? Increasing the coverage leads to
the formation of a stable bilayer, in which the benzene units of
the second layer are oriented perpendicular to the first layer.
The second layer is special in the sense that it has a slightly
higher (5 K) desorption temperature than the molecules in the
multilayer.®” In our case the small NEXAFS angle rules out
a completely upright-standing, full second layer. What would
be consistent with our data, however, is a structure where the
nominal two layers consist of a flat lying first layer with -
7 stacked, upright standing molecules in the second layer
that only partially cover the whole area. The latter was de-
scribed in a very recent STM and DFT study by Beniwal and
co-workers,% which investigated the formation of bilayers
of 3-hydroxyphenalenone (3-HPLN) on Cu(111). They found
porous 3-HPLN networks which are only stable in a bilayer
structure and which differ from the monolayer arrangement.
Thus, it was concluded that for 3-HPLN on Cu(111) the bi-
layer, instead of being two layers simply added together, has
to be treated as a single stable (3D) structure.®® Assuming ten-
tatively that on Cu(111) the 2H-P bilayer forms a similarly
stable structure at room temperature might explain our obser-
vation that further growth is not possible.

C. Temperature-dependent growth on Ag(111)

To study the influence of the substrate on the growth of
2H-P we repeated the experiments on the Ag(111) surface and
again investigated the corresponding growth both at RT and
LT (Fig. 5). Throughout the whole coverage range from sub-
monolayer to thick multilayers the number and shape of the
dominant resonances remain the same (Fig. 5(a)) and agree
well with the theoretically calculated monomer curves dis-
cussed in Sec. IV A. In the first layer the molecules adsorb
undeformed and parallel to the surface,? as indicated by the
completely vanishing 90°-curve (Fig. 5(a), top). Under depo-
sition at RT, with increasing coverage the intensity of the 90°-
curve increases until the dichroism is reversed for the thick
multilayer (Fig. 5(a)). Because of the coverage-dependent ori-
entation and the related complex damping of the first layer
signals, the coverages cannot be quantified accurately, but we
estimate the multilayer to be approximately 8 ML thick. For
the thickest obtained layer the average molecular tilt angle
was determined to be 80° (+10°), i.e., the molecules are ori-
ented almost perpendicular to the surface. Remarkably, this
phase differs substantially from the 2H-P crystal phase,*
which consists of porphine dimers stacked in a T-shape fash-
ion. This clearly points to templated growth inducing a mul-
tilayer film consisting of uniformly oriented upright stand-
ing organic constituents. Templating growth is an important
approach to control and optimize the properties of organic
thin films.%*% Accordingly, the epitaxial influence of well-
defined substrates on the growth modes of a variety of func-
tional species is intensely investigated.®%° A behavior com-
parable to the one reported here was observed by Sohnchen
and co-workers’® when analyzing the growth of pentacene
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on Cu(110). They found flat molecules at low coverages, a
perpendicular orientation for thick layers and a third phase
in between.”? They postulated that the intermediate phase is
formed due to the good fit between this structure and the (flat)
monolayer, but that for thicker films the stress inside the film
becomes larger, which favors a film structure with a lower sur-
face energy.”® The same observations and interpretations were
reported for pentacene on Au(111).”! We tentatively follow
this interpretation as explanation for the different observed
phases.

Fig. 5(c) shows the corresponding C 1s XPS curves,
whose shapes change in a systematic manner. Unlike the spec-
tra measured on Cu(l11), a very broad structure is visible
at (sub)monolayer coverages (Fig. 5(c), top), which trans-
forms to a more defined shape for the multilayer of upstand-
ing molecules. None of the four depicted spectra matches
exactly the 2H-P monomer spectrum predicted by DFT cal-
culations (Fig. 1). The multilayer spectrum shows the highest
resemblance, but even with a broadening of 0.7 eV for the
simulated curves the sharper experimental features cannot be
reproduced exactly. Similarly, DFT simulations of porphine
dimers and chains (Fig. 2) do not reproduce these observed
differences in the measured data, excluding the possible in-
fluence of the nearest neighbor molecules.

Dosing 2H-P at low temperature on Ag(111) results in
the same molecular coverage as dosing at room tempera-
ture. However, the average tilt angle of the molecules is 30°
(Fig. 5, bottom) instead of 80° for the layers grown at RT and
thus identical to the angle measured for a multilayer grown
on Cu(111) at LT (Fig. 4, bottom). The corresponding XP
spectrum differs from that of the ordered layer consisting of
upright-standing 2H-P molecules and is much more similar to
both the calculated curve for the monomer and the C 1s spec-
trum of the multilayer grown on Cu(111) at low temperatures.

D. Photon-energy dependence
of the photoemission spectra

The C s photoemission signal corresponding to the RT
multilayer on Ag not only exhibits a modified (sharper) shape,
but is additionally shifted to lower binding energies (see
Fig. 6 and Fig. S5 of the supplementary material’>), which is
an indication that the upright room-temperature phase of 2H-
P/Ag(111) is much more ordered than the low-temperature
films on both Ag(111) and Cu(111). Fig. 6 shows that the C
Ls spectra of room temperature and low temperature films not
only differ in shape, width, and energy position, but also re-
act differently to a change in the incidence photon energy #w.
For the flatter LT layer on Cu(111) hardly any change in the
relative intensities of the spectroscopic signatures is observed
(Fig. 6(a)), whereas the intensity of the high-energy shoulder
of the perpendicular 2H-P layers (Fig. 6(b)) clearly depends
on the photon energy, which determines the kinetic energies
of the photoelectrons. A variation of the kinetic energy of the
photoelectrons leads to a modified inelastic mean free path of
the electrons.”” Therefore, measurements with 385 eV (E,,
~ 100 eV) are much more surface-sensitive and only probe
the topmost parts of the molecules. Photoelectron diffraction
effects are neglected here, due to the large integration angle
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FIG. 6. Photon energy dependence of C ls XP spectra of different 2H-P
multilayers. The spectra are normalized to the peak at lower energies to com-
pensate for the different photon fluxes. (a) Signatures of 2H-P deposited
at low temperature on Cu(111) agree excellently with the simulation (cf.
Fig. 1) and hardly show any dependence on the photon energies, while those
of the highly ordered RT structure at Ag(111) (b) are narrower and photon en-
ergy dependent. The latter finding can be explained by (c) simulations for an
upright-standing geometry and assuming attenuation of the signal originating
from the lower parts of the molecules.

selected by the operation mode of the electron energy ana-
lyzer. A first tentative explanation of the photon energy de-
pendence in Fig. 6(b) takes into account that the molecules
are oriented differently. For flat molecules the photon energy
fiw should not change the shape of the spectra, as at nor-
mal emission electrons originating from inequivalent carbon
atoms have to travel the same distance in the film. For perpen-
dicularly oriented molecules the photoemission signal from
atoms at the bottom of the porphine are attenuated due to
the larger distance traveled through the material before reach-
ing the detector. To quantify this effect, we performed depth-
resolved XPS simulations.

To this end we considered two perpendicular orientations
of the molecule where either one of the iminic nitrogen atoms,
or one of the pyrrolic nitrogen atoms is closer to the surface.
Fig. 6(c) displays the superposition of both. The topmost car-
bon atoms are set to z = 0, i.e., their signal is not attenuated.
The intensities of the signals originating from all other atoms
i at depth z; are modified according to

I =1,-exp (—i—’) , 2

where I, is the non-attenuated intensity at z = 0, which is
always set to 1 in the simulation and A is the attenuation
length. The resulting shape for different values of A varies
for both orientations. Since the porphine molecule is symmet-
ric the effect of the attenuation is not as strong as it would
be for an asymmetric molecule, as there are always weak
and strong contributions from the same kind of carbon atom.
Hence, only at short attenuation lengths differences are pre-
dicted in the spectrum. Even though for some systems the in-
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elastic mean free path can be as short as 3 A at 100 eV kinetic
energy,’? our derived values for A seem to be smaller than
would be expected from literature values of various organic
compounds.’>7* This might be explained by the fact that in
our approach packing effects, as well as small deviations from
an ideal perpendicular orientation, and different orientations
of the porphine molecules are not taken into account, which
might have a small quantitative effect. Nevertheless, the trend
of the photon energy dependence of the experimental curves
is reproduced by the calculations and the results are consistent
with the molecular orientation derived from NEXAFS spec-
troscopy measurements.

E. Temperature-induced re-orientation

To get more insight into layer formation pathways, we
investigated how the orientation of the molecules responds to
changes in the temperature after deposition. To this end, mul-
tilayers of 2H-P were dosed on cold Ag(111) and Cu(111)
substrates, which leads to films with average adsorption an-
gles of 25°-30°. Slow annealing to room temperature leads
to a partial irreversible reorientation of the molecules on both
substrates, namely, to an increase in tilt angles with respect
to the substrate (Figs. S6e and S6i of the supplementary
material”), though the effect is more modest on the Cu(111)
substrate. Unfortunately, the re-orientation is on both sub-
strates accompanied by a partial desorption of the molecules
as evidenced by XPS (Figs. S6f and S6j of the supplemen-
tary material’>), so that no distinctive new phases could be
achieved. A different behavior was observed for a different
batch of molecules which contained chlorine and oxygen con-
taminants. The comparison of the corresponding C/N ratios
determined by XPS to those of the clean batches indicate in-
tact porphine molecules. We therefore assume the contami-
nants to be remnants from the synthesis process which are
additionally present in the purchased molecule powder. Af-
ter evaporation at LT again thick films with an average tilt
angle of 30°—40° were achieved (Figs. S6¢c and S6g of the
supplementary material”). For these films slow annealing to
RT led to temperature-stable 2H-P multilayers which com-
pletely switched to a perpendicular orientation on both sub-
strates without substantial molecule loss (Figs. S6d and S6h
of the supplementary material’®). This implies that the con-
taminants stabilize the layers (either by a chemical effect or
by introducing a different intermolecular spacing) or lower
the energy of the transition and, most importantly, that by this
procedure ordered, upright-standing layers can be achieved
not only on Ag(111), but also on Cu(111).

This molecular re-orientation on Cu(111) allows the self-
metalation of 2H-P on Cu(111)? to be studied. For bilayers
deposited at room temperature and thicker films grown at low
temperatures (mostly flat molecular orientation in both cases)
all molecules are metalated at 393 K as evidenced by the
single peak present in the N 1s XPS (Figs. S7a and S7b of
the supplementary material’>). However, the multilayer with
the chlorine and oxygen contaminations (grown at LT, then
warmed up to RT), which has already switched to an up-
right orientation, remains nearly unchanged after annealing to
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393 K. Even after further annealing to 433 K this contami-
nated film is not fully metalated. This indicates that (i) the
nitrogen atoms need to be close to the surface in order to cap-
ture a copper atom from the substrate, which is prevented by
the limited mobility of the stacked porphines, and (ii) that,
presumably, even the first layer of porphine molecules, which
is in direct contact with the substrate, has already begun to tilt.

V. SUMMARY

We explored the growth of a prototypical tetrapyrrole
compound, 2H-porphine (2H-P), on the coinage metal sur-
faces Ag(111) and Cu(111) using a combination of XPS
and NEXAFS spectroscopy and simulated spectra from DFT
calculations. Polarization-dependent NEXAFS measurements
reveal the adsorption geometries of the porphines: On both
substrates for coverages up to one monolayer the molecules
bind without appreciable distortion and parallel to the respec-
tive metal surface. For higher coverages the orientation of the
molecules depends on the chosen substrate and its tempera-
ture during the growth of the films (see Fig. 7). Multilayers
grown at LT exhibit a similar average tilting angle (*30°) on
both substrates. The corresponding carbon XP and NEXAFS
spectra agree very well with the simulated gas phase spectra,
and therefore the contributions of inequivalent atoms can be
successfully disentangled. Specifically, the features observed
in both spectra can be decomposed into two groups: peaks
at lower binding energies stemming from carbon atoms ex-
clusively connected through C-C bonds, and a second set
of peaks at higher binding energies originating from C-N
bonded environments.

A remarkably different behavior is observed for
molecules deposited at room temperature. On Cu(111) the

Cu(111) Ag(111)
<1ML ; mmg\‘:m :
3031242le ﬁ?i“““
| HHHHT
e SNANN
>_1ML RSN SON
100 - 150 K :::::;\:::: ;‘\}:::::::
crystal
structure
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FIG. 7. Overview of the temperature-dependent templated growth of por-
phine thin films on the (111) facets of copper and silver and comparison with
crystal structure (cf. Ref. 42). The absence of a support denotes thick multi-
layers.
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growth is limited to a coverage of approximately two lay-
ers, while on Ag(111) thick multilayers can be grown with-
out restriction. The molecules in these multilayers are, in
contrast to the 2H-P bulk crystal structure, uniformly ori-
ented with the molecular plane perpendicular to the metal
surface. Notably, different molecular orientations result in a
modified shape of the C 1s XPS curves. The dependence of
this shape on the incidence photon energy can be rational-
ized using depth-resolved DFT calculations by taking into
account the different attenuation of the various C 1s con-
tributions of varying depths. On the other hand, simulations
of ionization energies for differently stacked molecules show
no indication for a packing-induced modification of the XP
spectra.

Interestingly, the adsorption geometry also has an influ-
ence on the self-metalation on Cu(111), which is prevented or
at least hindered for the perpendicularly adsorbed porphines,
an effect that was attributed to the reduced contact with the
substrate.

A seemingly simple organic-metal surface hybrid system
thus presents a surprisingly rich behavior, where the growth
conditions and interfacial bonding give rise to distinct layer
geometries, none of which reflects the ordering principles of
the bulk organic material.

ACKNOWLEDGMENTS

This work was supported by the European Research
Council (ERC Advanced Grant MolArt No. 247299). We
thank Klaus Hermann for support and discussions regard-
ing the DFT StoBe calculations. We thank Alexei Nefedov
for help during synchrotron experiments and Christof Woll
for kindly providing access to the HE-SGM end-station. The
authors acknowledge the Helmholtz-Zentrum Berlin-Electron
storage ring BESSY II for provision of synchrotron radiation
at beamline HE-SGM. Traveling costs for the BESSY mea-
surements covered by Helmholtz-Zentrum Berlin are grate-
fully acknowledged. A.C.P. acknowledges a Marie Curie
Intra-European Fellowship for Career Development (Project
No. 274842).

5. A. A. W. Elemans, R. van Hameren, R. J. M. Nolte, and A. E. Rowan,
Adv. Mater. 18, 1251 (2006).

2S. Koiry, P. JTha, D. Aswal, S. Nayak, C. Majumdar, S. Chattopadhyay, S.
Gupta, and J. Yakhmi, Chem. Phys. Lett. 485, 137 (2010).

3N. A. Rakow and K. S. Suslick, Nature (London) 406, 710 (2000).

4D. Filippini, A. Alimelli, C. Di Natale, R. Paolesse, A. D’Amico, and I.
Lundstrom, Angew. Chem., Int. Ed. 45, 3800 (2006).

51.S. Lindsey, V. Chandrashaker, M. Taniguchi, and M. Ptaszek, New J.
Chem. 35, 65 (2011).

OW. Auwirter, K. Seufert, F. Bischoff, D. Ecija, S. Vijayaraghavan, S. Joshi,
F. Klappenberger, N. Samudrala, and J. V. Barth, Nature Nanotech. 7, 41
(2012).

7B. Meunier, Chem. Rev. 92, 1411 (1992).

81. Mochida, K. Suetsugu, H. Fujitsu, and K. Takeshita, J. Phys. Chem. 87,
1524 (1983).

1. Bhugun, D. Lexa, and J.-M. Savéant, J. Am. Chem. Soc. 118, 3982
(1996).

10g, Nakagaki, G. K. B. Ferreira, G. M. Ucoski, and K. A. Dias de Freitas
Castro, Molecules 18, 7279 (2013).

11, Goldberg, Chem. Commun. 2005, 12431254 (2005).

2w M. Campbell, A. K. Burrell, D. L. Officer, and K. W. Jolley, Coord.
Chem. Rev. 248, 1363 (2004).


http://dx.doi.org/10.1002/adma.200502498
http://dx.doi.org/10.1016/j.cplett.2009.12.014
http://dx.doi.org/10.1038/35021028
http://dx.doi.org/10.1002/anie.200600050
http://dx.doi.org/10.1039/c0nj00716a
http://dx.doi.org/10.1039/c0nj00716a
http://dx.doi.org/10.1038/nnano.2011.211
http://dx.doi.org/10.1021/cr00014a008
http://dx.doi.org/10.1021/j100232a015
http://dx.doi.org/10.1021/ja954326x
http://dx.doi.org/10.3390/molecules18067279
http://dx.doi.org/10.1039/B416425C
http://dx.doi.org/10.1016/j.ccr.2004.01.007
http://dx.doi.org/10.1016/j.ccr.2004.01.007

144703-10  Diller et al.

13p, Vilmercati, C. C. Cudia, R. Larciprete, C. Cepek, G. Zampieri, L. San-
galetti, S. Pagliara, A. Verdini, A. Cossaro, L. Floreano, A. Morgante, L.
Petaccia, S. Lizzit, C. Battocchio, G. Polzonetti, and A. Goldoni, Surf. Sci.
600, 4018 (2006).

M. A. Baldo, D. F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M. E. Thomp-
son, and S. R. Forrest, Nature (London) 395, 151 (1998).

15T, Sueyoshi, M. Willenbockel, M. Naboka, A. Nefedov, S. Soubatch, C.
Woll, and F. S. Tautz, J. Phys. Chem. C 117, 9212 (2013).

16C. Murawski, K. Leo, and M. C. Gather, Adv. Mater. 25, 6801 (2013).

17W. Briitting, J. Frischeisen, T. D. Schmidt, B. J. Scholz, and C. Mayr, Phys.
Status Solidi A 210, 44 (2013).

18y -W. Su, S.-C. Lan, and K.-H. Wei, Mater. Today 15, 554 (2012).

19H. Hoppe and N. S. Sariciftci, J. Mater. Res. 19, 1924 (2004).

205, A. Krasnikov, N. N. Sergeeva, Y. N. Sergeeva, M. O. Senge, and A. A.
Cafolla, Phys. Chem. Chem. Phys. 12, 6666 (2010).

21D, A. Duncan, W. Unterberger, K. A. Hogan, T. J. Lerotholi, C. L. A. La-
mont, and D. P. Woodruff, Surf. Sci. 604, 47 (2010).

22K Diller, F. Klappenberger, M. Marschall, K. Hermann, A. Nefedov, C.
Woll, and J. V. Barth, J. Chem. Phys. 136, 014705 (2012).

23W. Auwiirter, F. Klappenberger, A. Weber-Bargioni, A. Schiffrin, T. Strun-
skus, C. Woll, Y. Pennec, A. Riemann, and J. V. Barth, J. Am. Chem. Soc.
129, 11279 (2007).

24Y. Bai, F. Buchner, L. Kellner, M. Schmid, F. Vollnhals, H.-P. Steinriick, H.
Marbach, and J. M. Gottfried, New J. Phys. 11, 125004 (2009).

25E. Bischoff, K. Seufert, W. Auwirter, S. Joshi, S. Vijaraghavan, D. Ecija,
K. Diller, A. C. Papageorgiou, S. Fischer, F. Allegretti, D. A. Duncan, F.
Klappenberger, F. Blobner, R. Han, and J. V. Barth, ACS Nano 7, 3139—
3149 (2013).

26K. Diller, F. Klappenberger, F. Allegretti, A. C. Papageorgiou, S. Fischer,
A. Wiengarten, S. Joshi, K. Seufert, D. Ecija, W. Auwiirter, and J. V. Barth,
J. Chem. Phys. 138, 154710 (2013).

27A. Thompson, D. Attwood, E. Gullikson, M. Howells, K.-J. Kim, J. Kirz,
J. Kortright, I. Lindau, Y. Liu, P. Pianetta, A. Robinson, J. Scofield, J. Un-
derwood, and G. Wiliams, X-ray Data Booklet, 3rd ed., edited by A. C.
Thompson (Lawrence Berkeley National Labaratory, University of Cali-
fornia, 2009).

28, Stohr, NEXAFS Spectroscopy (Springer, 1992).

29K. Hermann, L. Pettersson, and deMon developers group, StoBe software
V. 3.0, 2007; see http://www.thi-berlin.mpg.de/KHsoftware/StoBe/.

30B. Hammer, L. B. Hansen, and J. K. Ngrskov, Phys. Rev. B 59, 7413
(1999).

315, P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).

32T. H. Dunning, J. Chem. Phys. 55, 716 (1971).

33S. Huzinaga, J. Chem. Phys. 42, 1293 (1965).

34W. Kutzelnigg, U. Fleischer, and M. Schindler, in NMR Basic Principles
and Progress (Springer Verlag, Berlin/Heidelberg 1991), Vol. 23, p. 165.

31L.G. M. Pettersson, U. Wahlgren, and O. Gropen, J. Chem. Phys. 86, 2176
(1987).

361, G. M. Pettersson, U. Wahlgren, and O. Gropen, Chem. Phys. 80, 7
(1983).

377, C. Slater, Adv. Quant. Chem. 6, 1 (1972).

38, Triguero, L. G. M. Pettersson, and H. Agren, Phys. Rev. B 58, 8097
(1998).

3y, Agren, V. Carravetta, O. Vahtras, and L. G. M. Pettersson, Theor. Chim.
Acta 97, 14 (1997).

400, Takahashi and L. G. M. Pettersson, J. Chem. Phys. 121, 10339 (2004).

41V, Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren, K. Reuter, and
M. Scheffler, Comput. Phys. Commun. 180, 2175 (2009).

42L. E. Webb and E. B. Fleischer, J. Chem. Phys. 43, 3100 (1965).

43S. Vyas, C. M. Hadad, and D. A. Modarelli, J. Phys. Chem. A 112, 6533
(2008).

#(. Miick-Lichtenfeld and S. Grimme, Mol. Phys. 105, 2793 (2007).

45 A. Tkatchenko and M. Scheffler, Phys. Rev. Lett. 102, 073005 (2009).

J. Chem. Phys. 141, 144703 (2014)

46A. D. Becke, J. Chem. Phys 98, 5648 (1993).

47S. A. Krasnikov, N. N. Sergeeva, M. M. Brzhezinskaya, A. B. Preobrajen-
ski, Y. N. Sergeeva, N. A. Vinogradov, A. A. Cafolla, M. O. Senge, and A.
S. Vinogradov, J. Phys.: Condens. Matter 20, 235207 (2008).

48Y. Niwa, H. Kobayashi, and T. Tsuchiya, J. Chem. Phys. 60, 799 (1974).

49H. Yamashige, S. Matsuo, T. Kurisaki, R. C. C. Perera, and H. Wakita,
Anal. Sci. 21, 635 (2005).

SOF. Buchner, J. Xiao, E. Zillner, M. Chen, M. Rockert, S. Ditze, M. Stark,
H.-P. Steinriick, J. M. Gottfried, and H. Marbach, J. Phys. Chem. C 115,
24172 (2011).

51G. Di Santo, C. Castellarin-Cudia, M. Fanetti, B. Taleatu, P. Borghetti, L.
Sangaletti, L. Floreano, E. Magnano, F. Bondino, and A. Goldoni, J. Phys.
Chem. C 115, 4155 (2011).

523 M. Gottfried, K. Flechtner, A. Kretschmann, T. Lukasczyk, and H.-P.
Steinriick, J. Am. Chem. Soc. 128, 5644 (2006).

SB3C. M. Doyle, S. A. Krasnikov, N. N. Sergeeva, A. B. Preobrajenski, N.
A. Vinogradov, Y. N. Sergeeva, M. O. Senge, and A. A. Cafolla, Chem.
Commun. 47, 12134 (2011).

54J. Nowakowski, C. Wiickerlin, J. Girovsky, D. Siewert, T. A. Jung, and N.
Ballav, Chem. Commun. 49, 2347 (2013).

55A. Goldoni, C. A. Pignedoli, G. Di Santo, C. Castellarin-Cudia, E. Mag-
nano, F. Bondino, A. Verdini, and D. Passerone, ACS Nano 6, 10800
(2012).

56s. Narioka, H. Ishii, Y. Ouchi, T. Yokoyama, T. Ohta, and K. Seki, J. Phys.
Chem. 99, 1332 (1995).

STN. Schmidt, R. Fink, and W. Hieringer, J. Chem. Phys. 133, 054703
(2010).

58G. Polzonetti, V. Carravetta, G. Tucci, A. Ferri, G. Paolucci, A. Goldoni, P.
Parent, C. Laffon, and M. V. Russo, Chem. Phys. 296, 87 (2004).

SOT.-C. Tseng, C. Urban, Y. Wang, R. Otero, S. L. Tait, M. Alcami, D. Ecija,
M. Trelka, J. M. Gallego, N. Lin, M. Konuma, U. Starke, A. Nefedov, A.
Langner, C. Woll, M. Angeles Herranz, F. Martin, N. Martin, K. Kern, and
R. Miranda, Nat. Chem. 2, 374-379 (2010).

60M. S. Dyer, A. Robin, S. Haq, R. Raval, M. Persson, and J. Klimes, ACS
Nano 5, 1831 (2011).

61M. Marschall, J. Reichert, K. Diller, S. Klyatskaya, M. Ruben, A. Nefedov,
C. Woll, L. N. Kantorovich, F. Klappenberger, and J. V. Barth, J. Phys.
Chem. C 118, 2622 (2014).

62M. Xi, M. X. Yang, S. K. Jo, B. E. Bent, and P. Stevens, J. Chem. Phys.
101, 9122 (1994).

635 Beniwal, S. Chen, D. A. Kunkel, J. Hooper, S. Simpson, E. Zurek, X. C.
Zeng, and A. Enders, Chem. Commun. 50, 8659 (2014).

64], Fraxedas, Adv. Mater. 14, 1603 (2002).

65G. Witte and C. Woll, J. Mater. Res. 19, 1889-1916 (2004).

66p, Ruffieux, O. Gréning, M. Bielmann, C. Simpson, K. Miillen, L. Schlap-
bach, and P. Groning, Phys. Rev. B 66, 073409 (2002).

067G, Koller, S. Berkebile, J. R. Krenn, F. P. Netzer, M. Oehzelt, T. Haber, R.
Resel, and M. G. Ramsey, Nano Lett. 6, 1207 (2006).

08F Klappenberger, D. Kiihne, M. Marschall, S. Neppl, W. Krenner, A. Nefe-
dov, T. Strunskus, K. Fink, C. Woll, S. Klyatskaya, O. Fuhr, M. Ruben, and
J. V. Barth, Adv. Funct. Mater. 21, 1631 (2011).

%9C.-H. Lee, T. Schiros, E. J. G. Santos, B. Kim, K. G. Yager, S. J. Kang, S.
Lee, J. Yu, K. Watanabe, T. Taniguchi, J. Hone, E. Kaxiras, C. Nuckolls,
and P. Kim, Adv. Mater. 26, 2812 (2014).

703, Shnchen, S. Lukas, and G. Witte, J. Chem. Phys 121, 525 (2004).

71G. Beernink, T. Strunskus, G. Witte, and C. Woll, Appl. Phys. Lett. 85, 398
(2004).

72M. P. Seah and W. A. Dench, Surf. Interface Anal. 1, 2 (1979).

73S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 21, 165
(1994).

74C. L. A. Lamont and J. Wilkes, Langmuir 15, 2037 (1999).

75See supplementary material at http://dx.doi.org/10.1063/1.4896605 for ad-
ditional XPS, NEXAFS, and DFT data (Figures S1 to S7, Tables SI to VI).


http://dx.doi.org/10.1016/j.susc.2006.01.116
http://dx.doi.org/10.1038/25954
http://dx.doi.org/10.1021/jp312117p
http://dx.doi.org/10.1002/adma.201301603
http://dx.doi.org/10.1002/pssa.201228320
http://dx.doi.org/10.1002/pssa.201228320
http://dx.doi.org/10.1016/S1369-7021(13)70013-0
http://dx.doi.org/10.1557/JMR.2004.0252
http://dx.doi.org/10.1039/b921656a
http://dx.doi.org/10.1016/j.susc.2009.10.018
http://dx.doi.org/10.1063/1.3674165
http://dx.doi.org/10.1021/ja071572n
http://dx.doi.org/10.1088/1367-2630/11/12/125004
http://dx.doi.org/10.1021/nn305487c
http://dx.doi.org/10.1063/1.4800771
http://www.fhi-berlin.mpg.de/KHsoftware/StoBe/
http://dx.doi.org/10.1103/PhysRevB.59.7413
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1063/1.1676139
http://dx.doi.org/10.1063/1.1696113
http://dx.doi.org/10.1063/1.452115
http://dx.doi.org/10.1016/0301-0104(83)85164-7
http://dx.doi.org/10.1016/S0065-3276(08)60541-9
http://dx.doi.org/10.1103/PhysRevB.58.8097
http://dx.doi.org/10.1007/s002140050234
http://dx.doi.org/10.1007/s002140050234
http://dx.doi.org/10.1063/1.1809610
http://dx.doi.org/10.1016/j.cpc.2009.06.022
http://dx.doi.org/10.1063/1.1697283
http://dx.doi.org/10.1021/jp802094r
http://dx.doi.org/10.1080/00268970701635543
http://dx.doi.org/10.1103/PhysRevLett.102.073005
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1088/0953-8984/20/23/235207
http://dx.doi.org/10.1063/1.1681153
http://dx.doi.org/10.2116/analsci.21.635
http://dx.doi.org/10.1021/jp206675u
http://dx.doi.org/10.1021/jp111151n
http://dx.doi.org/10.1021/jp111151n
http://dx.doi.org/10.1021/ja0610333
http://dx.doi.org/10.1039/c1cc15241f
http://dx.doi.org/10.1039/c1cc15241f
http://dx.doi.org/10.1039/c3cc39134e
http://dx.doi.org/10.1021/nn304134q
http://dx.doi.org/10.1021/j100004a038
http://dx.doi.org/10.1021/j100004a038
http://dx.doi.org/10.1063/1.3435349
http://dx.doi.org/10.1016/j.chemphys.2003.09.036
http://dx.doi.org/10.1038/nchem.591
http://dx.doi.org/10.1021/nn102610k
http://dx.doi.org/10.1021/nn102610k
http://dx.doi.org/10.1021/jp4118584
http://dx.doi.org/10.1021/jp4118584
http://dx.doi.org/10.1063/1.468041
http://dx.doi.org/10.1039/C4CC03523B
http://dx.doi.org/10.1002/1521-4095(20021118)14:22<1603::AID-ADMA1603>3.0.CO;2-5
http://dx.doi.org/10.1557/JMR.2004.0251
http://dx.doi.org/10.1103/PhysRevB.66.073409
http://dx.doi.org/10.1021/nl060629l
http://dx.doi.org/10.1002/adfm.201001940
http://dx.doi.org/10.1002/adma.201304973
http://dx.doi.org/10.1063/1.1760076
http://dx.doi.org/10.1063/1.1775040
http://dx.doi.org/10.1002/sia.740010103
http://dx.doi.org/10.1002/sia.740210302
http://dx.doi.org/10.1021/la981168p
http://dx.doi.org/10.1063/1.4896605

