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ABSTRACT: Significant improvements in incident photon-
to-current efficiencies can be obtained by covering inorganic
semiconductors with ultrathin alumina films and sensitizing
them with adsorbed dye molecules. The anchoring mode of
the latter to the substrate affects the charge transport between
the dye and the electrode via tunneling, and consequently, the
device efficiency. In this work, we employ X-ray and
ultraviolet photoelectron spectroscopies (XPS and UPS) for
a comparative study of the adsorption of three rhenium and
two ruthenium organometallic dyes, one of each being ionic,
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with different anchoring modes on single-crystalline ultrathin alumina films. Molecular monolayers were prepared by self-
assembly from solution. Quantitative XPS analysis reveals higher surface densities for the Re dyes. Nearly stoichiometric
coadsorption of counterions is observed for the ionic dyes. Density functional theory (DFT) calculations for the Re dyes show
that the most stable adsorption configurations exhibit the expected bonding via the dedicated anchoring groups (carboxyls or
methylphosphonic acid), with an additional sulfur—aluminum bond for the dyes containing a thiocyanate ligand. The alignment
of the occupied molecular levels with respect to the alumina valence band maximum, obtained for these geometries, follows the
experimental trend in the UPS data and places the lowest unoccupied molecular orbitals (LUMOs) close to the Fermi level of
the systems, far inside the alumina band gap. Dynamical charge screening is found to be important for this type of system when
comparing UPS and DFT results. This work provides a general guideline for the systematic characterization of related molecules

on surfaces.

B INTRODUCTION

Molecular systems have great potential for applications in dye-
sensitized solar cells"” for electric power generation and in
dye-sensitized photoelectrochemical (PEC) cells’™> for energy
conversion and storage. The robust anchoring of the dye
molecules is crucial to ensure their stable coupling to the
substrate and to enable the transport of charges between
molecules and substrate,’ most importantly in the harsh
chemical environment of a PEC cell. Most previous
experimental studies that aimed at the understanding of the
anchoring mode at the molecular scale, typically based on
surface science methods like photoelectron and X-ray
spectroscopies and scanning tunneling microscopy, focused
exclusively on the dye/titania interface.””"® Recently, several
studies emphasized the role of ultrathin insulating alumina
layers, which can reduce charge carrier recombination'*~'? and
thus apparently promote charge carrier separation. It is argued
that charge transfer to the underlying semiconductor occurs via
tunneling through the alumina barrier, which requires a well-
defined coupling of the dye to the alumina surface.
Computational efforts on the dye/alumina/titania system
indicated that the adsorption geometry of the dyes is altered
by interfacial alumina layers, as was shown for the ruthenium-
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based N3 dye [cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-
dicarboxylic acid) ruthenium(I1)].**">* Most studies focused
only on one exemplary molecule, rather than comparing the
properties of a group of molecules with systematic
modifications. In order to further substantiate the tunneling
picture, the alignment of the frontier orbitals with respect to
the alumina band edges needs to be established, as well as their
spatial distribution within the adsorbed molecules. It is the
scope of this paper to provide such information for a selected
group of dyes with different anchoring modes on alumina
surfaces.

For this purpose, we studied the adsorption of five
organometallic dyes on a crystalline and atomically flat alumina
film with X-ray photoelectron spectroscopy (XPS), ultraviolet
photoelectron spectroscopy (UPS), and density functional
theory (DFT) calculations. The alumina film is ultrathin and
has two atomic aluminum—oxygen bilayers (hence termed 2L-
alumina in this work). It is grown by selective oxidation of a
NiAI(110) single crystal. Its structure was described previously
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Figure 1. Structures of the used organometallic dyes.
in detail by Jaeger et al.”* and Kresse et al.”* In real devices, ligand'®*” and to extend into the semiconductor support in the

conformal ultrathin alumina films are typically grown by
atomic layer deposition (ALD), which produces amorphous
material. While the 2L-alumina on NiAl(110) is clearly
crystalline with a high degree of long-range order,” the unit
cell is large, exposing numerous different AlI-O configurations
as bonding sites for molecule adsorption. It can thus be
considered a viable proxy for ALD-grown alumina, and yet it
can be treated by DFT codes.

We compare the adsorption configurations, the packing
densities, and the molecular energy levels of three systemati-
cally modified rhenium-based dye molecules, as well as two
prototypical ruthenium dyes. Figure 1 shows the chemical
structures of the considered dye molecules. The dye 1 is
[Re(NCS)(CO),(DCO,bipy)] (DCO,bipy = 2,2’-bipyridine-
4,4'-dicarboxylic acid), which was previously used by our
group to demonstrate the functionalization of 2L-alumina by
self-assembly from solution.”® Molecule 2 is [Re(NCS)-
(CO);(DMPO;bipy)] [DMPO;bipy = 2,2'-bipyridine-4,4'-
bis(methylphosphonic acid)], where the carboxyl linkers are
replaced by methylphosphonic acid linkers. Molecule 3 is
[Re(niacin) (CO);(bipy)] (bipy = 2,2'-bipyridine), where
anionic thiocyanate (NCS) is replaced by a neutral niacin
group, allowing for surface binding. The positive charge on dye
3 is compensated by a trifluoromethanesulfonate (OTf) anion.
Molecule 4 is the prototypical N3 dye, which has a ruthenium
center. The organometallic dye S is N719, a deprotonated
version of N3 with two tetrabutylammonium (TBA) counter-
ions.

In the case of dye 1, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
are localized deep inside the band gap of alumina,”® and charge
injection from the LUMO through the 2L-alumina into the
metallic NiAl(110) is in principle possible via tunneling.
Kinetically, this should be facilitated as in the case of dye 4,
which features the exact same binding ligand as dye 1 and
where the LUMO is known to be localized on the DCO,bipy
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case of TiO,.>

Dye 2 is equipped with two phosphonic acid anchors for
surface binding, allowing for a stronger interaction with the
surface.” It has similar frontier orbitals, but is expected to show
slower kinetics for electron injection due to the less conductive
character of the methylphosphonic acid groups.”** As for dye
3, binding would be expected to occur through one carboxylic
acid group in the axial niacin moiety, thus placing the HOMO
much closer to the surface than the bipy localized LUMO.**~*'
In principle, this could allow for the reverse hole injection
reaction into the excited dye.

As opposed to the neutral dyes 1, 2, and 4, dye 3 is cationic
due to the neutral ligands and the positive charge on the
thenium, while dye S is anionic, due to two deprotonated
DCO,bipy groups. This is compensated by a negatively
charged trifluoromethansulfonate (OTf) for dye 3, and by
two positively charged tetrabutylammonium (TBA) ions for
dye S. It will be of interest to see how point charges influence
the energy level alignment of those dyes relative to each other.

In this work we will quantify the electronic level alignment
between the different dyes and the 2L-alumina/NiAl(110) as a
function of (i) the conductivity of the anchoring bipy ligand
(dye 1 vs dye 2), (ii) the orientation of the anchoring ligand
(dye 1 vs dye 3), and (iii) the presence or not of point charges
(dye 3 vs dye 1 and dye S vs dye 4). This will be done by a
combined experimental and theoretical study using UPS data
and DFT calculations. Great care has been taken in the
preparation of clean molecular adlayers, using self-assembly
from solutions and subsequent rinsing with solvent in a
dedicated chamber attached to the photoemission spectrom-
eter, followed by a detailed XPS characterization of the
monolayers and their densities, as well as the absorption of
counterions in the cases of dyes 3 and S.
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B METHODS

Sample Preparation. Experiments were conducted in a
user-modified Vacuum Generators ESCALAB photoelectron
spectrometer and ultrahigh-vacuum (UHV) system.’> The
ultrathin 2L-alumina films were grown on single-crystalline
NiAl(110) substrates, as described by Zabka et al.” The
molecules were deposited from solution in a dedicated vacuum
chamber® in order to avoid exposure of the surfaces to air. To
this end, the freshly grown and clean alumina films were
transferred inside the vacuum system into this chamber, which
was then brought into pressure equilibrium with the vapor
pressure of the solvent. The 2L-alumina/NiAl(110) samples
were rinsed three times with 0.1 mM solution of the rhenium
molecules dissolved in acetonitrile (CH;CN) to form multi-
layers. After that, the samples were rinsed three times with
pure CH3;CN to remove physisorbed molecules, and a
monolayer of chemisorbed molecules was left on the surface,
as described previously by our group.”® After pump down of
the chamber, the samples could be transferred under vacuum
back into the UHYV system for surface characterization. For the
ruthenium dyes, the solution was oversaturated due to the
limited solubility of the molecules in CH;CN. Details about
the synthesis of the rhenium dyes can be found in the
Supporting Information (section S$10). The ruthenium dyes
were obtained from Solaronix SA.

Photoelectron Spectroscopy. All photoemission experi-
ments were performed at normal emission. UPS was
conducted with a monochromatized He Ia source (photon
energy of 21.22 eV). For XPS, a non-monochromatized Mg Ka
source was used, providing photons with an energy of hv =
1253.6 eV. The energy scale of the spectra was calibrated as
described by Seah.”® The thickness of the alumina films was
determined based on the AI** shoulder of the Al 2p peak as
described in our earlier work.”

In this paper, the areal density describes the number of
particles (atoms or molecules) per area. We determine the
areal density of rhenium atoms N, for molecule 3 by
comparing the intensity of the Re 4f peak (Iz.) to the
intensities of several peaks (3s—4p) from a polycrystalline
silver reference sample (I,,) according to
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0 is the emission angle of the photoelectrons with respect to
the surface normal, oy is the corresponding photoionization
cross section,”* and Ny, is the density of silver atoms (58.7/
nm?®). The inelastic mean free path Aag is calculated from the
predictive Tanuma—Powell—Penn equation.”

The areal density of other atomic species was calculated by
comparing the intensities of the respective peaks to the
intensity of the Re 4f peak of molecule 3. The intensities were
normalized to the Ni 3p and Al 2p substrate peaks. The
different photoionization cross sections®* were considered for
the respective peaks. The areal density of the molecules N was
calculated with the weighted mean of n atomic densities x; with
errors of o; (based on the N 1s, S 2p, Re 4f, and Ru 3d;,,
peaks):
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The error oy of N was calculated by

N =

v
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The molecule diameter d on the surface was calculated by

V3N (4)

assuming close packing of the molecules.

The thicknesses of dye multilayers, as described by the
number ny; of molecular monolayers, were estimated by using
the approximate equation
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where Im9201Yer refers to the sum of 1’}\‘13'1;"13"“ + Pﬁ%‘;"la"er and the
same holds accordingly for the intensities for the multilayer.

Computational Methods. The CP2K suite of programs
has been used for all simulations.®® The Perdew—Burke—
Ernzerhof (PBE) exchange correlation functional®” has been
used in conjunction with the Goedecker-type pseudopoten-
tials*® with 3, 18, 4, S, 6, 15, and 6 valence electrons for Al Ni,
C, N, S, Re, and O, respectively, where the Kohn—Sham
orbitals are expanded in a double-{-valence plus polarization
(DZVP) Gaussian-type basis set.”” The Poisson equation has
been solved in reciprocal space within the Gaussian and plane
waves framework (GPW).** The Grimme’s D3 correction*'
has been used to account for the dispersion interactions. The
hybrid functionals PBE0*** and HSE06"* have been used to
get more accurate density of states.

For the structural optimization and the calculation of
adsorption energies, our model starts with a clean, non-
hydroxylated surface. Several possible initial conditions were
considered for the structural optimization of the adsorbed
molecules. By choosing the initial state, we positioned the
molecule relatively close to the surface, assuming an initial
orientation, and favoring certain interactions (e.g., metal—
oxygen) by proximity. Our structure search was thus guided by
chemical intuition and cannot be considered complete, since
we did not explore the whole configurational space.

Solvent effects were not considered. The solvent might play
a role during the deposition process, but the investigation of
the specific reaction process is beyond the scope of this work.
Our final structures are compared to experiments performed in
UHYV, with XPS showing no traces of CH;CN residuals left on
the surface. In order to take into account H dissociation, we
removed the hydrogen atoms completely. Only in the case of
dye 1, we also provide an approximate estimate of the
activation energy for the dissociation of H from COOH (see
Supporting Information, section S5). For comparison of the
adsorption energies of nondissociative and dissociative
adsorption, the reference state for the removed atoms, i.e.,
the hydrogens, is taken as the H, molecule in the gas phase.
The dissociative adsorption for individual carboxyl linkers thus
refers to a reaction of the type

1
#+=M=O-M~—- + R-CO-OH — -~~M-0-M-0-CO-R + _H,
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Figure 2. (a) XPS data (Mg Ka) of Al 2p, Ni 3p, and Re 4f peaks for 2L-alumina (gray) and monolayers of molecule 1 (blue), 2 (violet), and 3
(red). The inset shows the spin—orbit split Re 4f peaks in detail. (b) XPS data of the Ru 3d;,, for molecule 4 (orange) and 5 (green).

where --—M—O—M-—-- represents the adsorption sites on the
oxide surface and R represents the particular dye minus the
carboxyl group. The adsorption energy (E,q) for dye 1 with
two carboxyl anchors has been computed as

Eads — Esub+mol _ Esub _ Emol + EH2

where E***™! is the energy of the whole system, substrate
[NiAI(110) + alumina] + adsorbed molecule on top, E**® is the
energy of the substrate alone, E™ is the energy of the
freestanding molecule, and E™ is the energy of the hydrogen
molecule. This last term is doubled for dye 2, as it has four H
atoms in the two methylphosphonic acid anchors. Correspond-
ing arguments apply to the methylphosphonic acid anchoring
of molecule 2. When the terminal H atoms are not removed
from the molecules prior to the adsorption to the substrate, the
adsorption energy is instead given by

Eads — Esub+m01 _ Esub _ Emol

the corresponding reaction being of the sort

=M—=O—M—+ + R—=CO—OH — -~M—-0—~M-0—C(OH)~R
A different formulation is needed for dye 3, because of the
counterion:

ads __ psub+dye3+OTf sub dye3+OTf 1 g
Edye3+0Tf =E - E —E + ZE

for the H-dissociated case, where E¥*3*OT s the energy of dye
3 and the counterion together in the same supercell in vacuum,
since both ions are not stable alone. For this reason, the
adsorption energies for the individual ions cannot be separated
easily. For the nondissociated case, the AE is

E§3:3+0Tf — Esub+dye3+OTf _ Esub _ Edye3+OTf

B RESULTS AND DISCUSSION

Self-assembled monolayers (SAMs) of the respective dyes are
formed from solutions on clean ultrathin alumina films grown
on a NiAl(110) crysta126 in a custom-built chamber attached to
our ultrahigh-vacuum system. The areal densities of the
chemisorbed molecules are quantified by means of XPS data,
and the coadsorption of the counterions for molecules 3 and 5
is also discussed. DFT calculations provide insight on the
adsorption geometry and its effects on the electronic structure
of the rhenium-based dye molecules. Hence, the three rhenium

dyes are compared on the basis of UPS and DFT results. In
order to more properly align the experimental UPS data and
the calculated densities of states (DOS), we discuss the
dynamical charge screenin% associated with the photoemission
process in such systems.”>*® This effect is of general relevance
for comparing DFT results with experimental UPS data in
organic and inorganic semiconductors.

Density of Molecules on the Surface. First, we
characterize the dye monolayers using XPS to quantify the
areal densities. Figure 2a shows the XPS data of the Al 2p, Ni
3p, and Re 4f core levels for the 2L-alumina substrate and the
SAMs of the rhenium dyes. The metallic Al 2p and Ni 3p
substrate peaks at 72 and 67 eV dominate the spectra.
Interfacial AI** and AP** in the 2L-alumina film give rise to
extra signals at higher binding energies.”” Upon SAM
deposition, a slight increase of the AI** component between
74 and 75 eV is observed, due to remaining impurities in the
solvent and the tendency of 2L-alumina/NiAl(110) to further
oxidation, as described in earlier work.”® This rise is identical
for all three molecules, and we quantify the total oxide
thickness after molecule deposition to be 2.5 atomic layers.

The inset of Figure 2a compares the Re 4f peaks for dyes 1,
2, and 3. Dyes 1 and 2 do not display significant differences in
either binding energy or intensity. Both molecules have two
covalent linkers located at the bipy group: dye 1 has two
carboxyl groups, and dye 2 has two methylphosphonate
groups. The additional atoms in the DMPO;bipy do not alter
the measured areal density (see Table 1). A slight shift to
higher binding energies is, instead, observed for the Re 4f levels
of dye 3. On the other hand, for the dye 3 multilayer the shift
is reversed (see Supporting Information, Figure 1a). This effect

Table 1. Areal Densities of the Molecules in the Monolayer,
and the Average Molecule Diameters on the Surface”

molecule density (nm™2) diameter (nm)
1 1.32 + 0.22 0.94 + 0.16
2 1.34 + 0.22 0.93 + 0.15
3 1.07 + 0.21 1.04 + 0.20
4 0.69 + 0.11 1.30 + 0.21
S 0.64 + 0.11 1.35 + 0.24

“The numbers represent average values of densities or diameters
obtained from different elemental core levels. Errors refer to 95%
confidence interval.

DOI: 10.1021/acs.jpcc.9b05209
J. Phys. Chem. C 2019, 123, 22250—22260


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b05209/suppl_file/jp9b05209_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b05209

The Journal of Physical Chemistry C

(a) (b)| s2p (5)
n n
= e (3)
=} ]
o e}
3 3
> > (2)
2 3
3 15
£ £
(1)
IR (T U T U L S S SR S | P P P P R R T
405 400 395 175 170 165 160
Eg (eV) Eg (eV)

Figure 3. (a) Difference spectra of the N 1s peak — a Ni LMM Auger line from the substrate is present in the energy window of the N 1s peak
when measured with a Mg Ka source. We obtain the difference spectra by subtracting a scaled substrate spectrum from the spectra obtained after
molecule deposition. The dashed line is a reference measurement with Al Ka radiation for molecule 3. A fit for molecule § (black) indicates the
three occurring nitrogen species. Vertical lines mark the positions of the maxima. (b) XPS of the S 2p peak for the monolayer coverage of all

molecules. Data for molecule 1 are reprinted from ref 26.

could be associated with the anchoring mode of the molecule
to the surface or by a remaining positive net charge, if there is a
lack of counterions on the surface. Further, we obtain a lower
coverage for dye 3, where the single carboxyl linker is part of
the axial niacin group. The lower coverage suggests that the
molecule requires significantly more space to be accommo-
dated on the surface when the niacin linker replaces the
thiocyanate.

Figure 2b displays the Ru 3d;,, peaks of the ruthenium dyes
4 and 5. The two dyes have almost the same structure, with §
being the twice-deprotonated version of 4, plus there are two
TBA counterions. Therefore, even if the intensity is slightly
lower for molecule S, the spectra appear rather similar.

Table 1 reports the calculated areal densities and deduced
diameters of the five dyes, determined from the measured XPS
intensities of the S 2p, N 1s, and Re 4f or Ru 3d;/, peak (see
Supporting Information, section S2). When comparing the
densities of the molecular monolayers, we find that the
rhenium dyes exhibit a significantly higher coverage than the
ruthenium dyes. Monolayers of dye 4 were extensively studied
on titania, showing multiconformational adsorption."""* Tkeda
et al. showed via scanning tunneling microscopy that
intermolecular distances are typically in the order of 1.2—1.6
nm,” which is in good agreement with the average molecule
diameter we obtain from the molecular density of molecule 4
(see Table 1). Surprisingly, for dyes 4 and 5§ we obtain very
similar densities, in spite of the TBA counterions, which are
relatively large and, if coadsorbed, should occupy a significant
amount of space. This finding is in line with an XPS study of
the same dyes adsorbed from solution on nanostructured
TiO,,” where N719 (dye S showed 0.9 times the density of N3
(dye 4).

Counterion Coadsorption. The coadsorption of the TBA
counterions is manifest from the N 1s XPS data. Figure 3a
shows the N 1s spectra of the five molecules. Molecule 1, 2, 4,
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and § have nitrogen atoms in the bipy and the thiocyanate in a
ratio of 2:1, which we identified at 400.9 and 398.8 eV,
respectively.”® Molecule 5 exhibits a third peak at 403.2 eV due
to the coadsorption of TBA. The intensity ratio of
0.95:2.01:1.00 (ITBA/Ibipy/INCS) between the three peaks
confirms that the original stoichiometry is preserved upon
adsorption. This result is in contrast to observations on
nanostructured TiO,”'° and TiO,(001),** where XPS revealed
a significant loss of TBA counterions. This can be rationalized
by considering the higher acidity of the TiO, as compared to
alumina® together with the protic solvent (EtOH) used the
authors of the studies on TiO,.”*® Together with the observed
similar areal density as molecule 4, our results suggest a saltlike
bonding where molecule $ binds directly to the surface and
counterions form ionic bonds within the monolayer to
preserve charge neutrality.

Molecule 3 contains nitrogen atoms in the bipy and the axial
niacin ligand. The N 1s spectrum of the multilayer exhibits one
distinct peak at approximately 400.9 eV due to these three
nitrogen atoms (see Supporting Information, section SI,
Figure 1d), which are chemically similar. For the monolayer,
however, this peak broadens significantly (see Supporting
Information, section S1, Figure 1d), as also confirmed by an
independent measurement with a monochromatic Al Ka
source (Figure 3a). The molecule binds via the carboxyl group
on the axial niacin ligand, and we speculate that different
adsorption geometries might stress the bond between the
pyridine and the rhenium, leading to a distribution of different
chemical environments for the nitrogen atoms.

Dyes 1, 2, 4, and § contain thiocyanate, which we identify
from the S 2p peak, clearly recognizable from the spectra in
Figure 3b. The S 2p;, peak™ has a binding energy of 162.8
eV. For dye 1, 2, and §, this is the only species observed; thus,
we deduce that the binding of sulfur in the thiocyanate groups
with oxygen atoms in the surface is unlikely for these cases.
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Previous work on dyes 4 and $ indicated that binding of
thiocyanate to oxygen atoms in the surface leads to significant
chemical shifts.*** For dye 4, we observe a second minor
species with the S 2p;/, at 169.7 eV, a binding energy typical
for sulfur bonds in sulfate- or sulfone-like environments.*” This
indicates that some molecules have adsorption geometries
where sulfur—oxygen interaction occurs. Interestingly, this
interaction seems to be avoided by molecule §; hence, we
speculate that the presence of the counterions changes the
ensemble of adsorption geometries.

Dye 3 itself does not contain sulfur, but it is present in the
OTf counterion (CF;SO;”). We observe two S 2p species at
162.8 and 169.2 eV (these binding energies refer to the S 2p;,,
peak). We identify the smaller peak at 169.2 eV as the
contribution from the intact OTf counterion, which dominates
the S 2p spectrum of the multilayer (see Supporting
Information, section S1, Figure 1b). The second feature
appears to be the remnant of decomposed counterions, as a
deficit of fluorine signal in the monolayer suggests (see
Supporting Information, section S1, Figure 1lc). When
comparing the total amount of rhenium to the amount of
adsorbed sulfur from both species, we find a ratio of 1.0:0.8.
This ratio indicates a nearly stoichiometric coadsorption of the
counterions in the monolayer. The decomposition of the OTf
by release of fluorine might be activated at oxygen-deficient
line defects present on the 2L-alumina surface, which can
behave as native electron donors.”'

In summary, the XPS data corroborate the structural
integrity of all five dyes upon adsorption and furthermore
show coadsorption of counterions in the cases of the two dyes
carrying charges.

Structural Models of the Adsorbed Re Dyes. We used
DFT calculations to find the most stable adsorption
configurations for dyes 1, 2, and 3. For dyes 4 and §, we
refer to a range of studies from other groups.''~'***>* To
model the experimental substrate we employ a 2L-alumina
formed by oxidation of NiAl(110). The unit cell dimension
and atomic coordinates of the oxide are taken from Kresse et
al,”* while the NiAl unit cell is taken from The Materials
Project.54 The NiAl crystal structure is cut along the (110)
direction, maintaining the stoichiometry. A slight lateral strain
is required in order to match the alumina lattice. This unit cell
has then been doubled and cut accordingly to create a
parallelogram-shaped supercell”>> with a total of 327 atoms
(see Supporting Information, section S3), where the alumina is
in contact with two layers of NiAl(110). These two bottom
layers have been kept fixed in all geometry optimizations. The
layer-resolved DOS of the aluminum oxide film on NiAl(110)
(see Supporting Information, section S4) shows the hybrid-
ization taking place between the interfacial Al atoms and the
NiAl substrate.”*

For each molecule we considered several initial config-
urations in the search for the most stable geometry. For dye 1,
we explored the possibility of nondissociative and dissociative
adsorption, i.e., by removing some of the terminal hydrogens
from the anchoring groups, and considered different
orientations of the dyes on the surface. In the case of dye 3,
we also took into account the coadsorption of the counterion
in the vicinity of the dye as well as the charge state of the
adsorbed species. Adsorption generally occurs via the
formation of covalent bonds between the double-bonded
oxygen of the carboxyl or the methylphosphonic acid and one

under-coordinated Al atom at the surface, which is slightly
displaced upward (see Figure 4).
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Figure 4. Two lateral views of the most stable adsorption
configurations of the rhenium dyes on alumina: dye 1 in panels a
and b, dye 2 in panels ¢ and d, and dye 3 in panels e and f. Color
code: Re (purple), Al (pink), O (red), S (yellow), N (blue), C (cyan),
H (white), P (gold), F (orange).

Dyes 1 and 2 present similar features: The most stable
structure exhibits two anchor—O—Al bonds, one per linker,
and no dissociation of further hydrogen occurs. A third
anchoring point is represented by the thiocyanate, forming a
dye—S—Al bond and causing a significant distortion of the
molecule. In particular, the less rigid DMPO;bipy linkers of
dye 2 allows the positioning of the bipy almost parallel to the
surface plane. The corresponding adsorption energies are
reported in Table 2. These are computed taking as reference
the optimized pristine thin film and the dye equilibrated in
vacuum.

Table 2. Adsorption Energies (AE) Computed for the Most
Stable Configurations of the Three Intact Re Dyes When
the Hydrogen Atoms of the Linkers Remain Bound to the
Respective Acid (Left) or When They Are Removed
(Right)“

molecule AE with H’s (eV) AE without H’s (eV)
1 -3.01 —-2.87
2 —4.24 =3.71
3 —1.40 —3.64

“Note that in the case of dye 3 the AE contains the combined
contribution of the coadsorbed dye and counterion.

To simulate a situation where additional anchor—O—Al
bonds can be formed, we also estimated the activation energy
required to transfer one H atom from one anchoring group of
the adsorbed dye 1 to the surface. The reaction path has been
obtained by applying a nudged elastic band procedure® where
the final state consists of the adsorbed H-dissociated molecule
and the two dissociated H atoms placed at nearby surface O
atoms. The resulting energy barrier amounts to about 1.5 eV
(see Supporting Information, section SS), and the final
configuration is less stable than the initial one, where the
dye is not yet dissociated, and also it is less stable than the case
where the H atoms are assumed to leave the surface as a H,
molecule. Therefore, we conclude that the nondissociative
adsorption is the most probable for dye 1. The same
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Figure 5. (a) UPS data of monolayers (dotted lines) and multilayers (solid lines) of the rhenium dyes 1 (blue), 2 (violet), 3 (red), and the 2L-
alumina/NiAI(110) substrate (gray). Peaks in the band gap of 2L-alumina are fitted with Gaussian functions and exponential background (black
dashed lines). The shaded area indicates the extra feature in the monolayer of dye 3. Data for molecule 1 is reprinted from ref 26. (b) Comparison
of the UPS data of the substrate and the dye monolayers (dashed lines) with the PDOS (dark-shaded areas: PDOS with 6 = 50 meV Gaussian
energy broadening). The light-shaded areas illustrate the broadening and shifting due to hole-screening on the PDOS (see text) and can be
compared to the experimental spectra. Arrows assign observed peaks in the UPS data to features in the modified PDOS. For clarity, a multiplier of

10 is used for the PDOS of the unoccupied states in the alumina.

conclusion is also valid for dye 2. Table 2 reports also the
adsorption energies calculated for the dyes without H atoms at
the linkers, where we consider the hydrogen molecule in the
gas phase as the reference state for the dissociated hydrogen.

Dye 3 binds via the axial niacin ligand, and the most stable
adsorption state corresponds to the formation of two anchor—
O—Al bonds, ie., it is dissociative. The OTf counterion
(CF3S0;7) binds to the surface through an oxygen atom, while
the fluorine does not form any bond with the substrate. The
adsorption energy computed considering the counterion
coadsorption is —3.64 eV.

The reported data are related to the most stable structure
with and without terminal hydrogens. Actually, for both
situations, more geometries have been found that are stable,
with adsorption energies that vary in a range of 2 eV,
depending on the number of bonds to the surface and on the
internal distortion of the molecule. Some of the alternative
adsorption geometries are quite close in energy to the
discussed lowest minima. This suggests that multiconforma-
tional adsorption similar to what was described by Kley et al.'’
for dye 4 on TiO, is likely also for the rhenium dyes described
here.

In summary, we find that the expected anchoring modes via
the carboxyl groups or the methylphosphonic acid groups
present the most stable bonding geometries, with the
additional unexpected dye—S—Al bonds further stabilizing
the bonding of dyes 1 and 2. We therefore use these
configurations for discussing the energy alignment of the
frontier orbitals with the alumina band edges.

Electronic Structure. To characterize the electronic
structure of the metal/insulator/dye interface we analyze
UPS and DFT results. Figure Sa compares the UPS data of the

22256

2L-alumina substrate and the three rhenium dyes in the mono-
and multilayer coverage. Multilayer refers to 2.4 layers for dye
1,°° 1.5 layers for dye 2, and 7.8 layers for dye 3. Exposure to
the solution was similar in all cases, different multilayer
coverages might originate from different solubilities and kinetic
factors. The band structure of 2L-alumina was previously
discussed in the literature.”>*> The hybridization of interfacial
atoms in 2L-alumina with the substrate causes a nonvanishing
density of states in the band gap (see Supporting Information,
section S4, for the layer-resolved DOS). The UPS spectral
features in the energy interval of —4 eV up to the Fermi energy
are attributed to the metallic NiAl(110) substrate.”>** The
edge of the valence band of 2L-alumina is detected below —4
eV. The spectra of dyes 1 and 2 show two peaks in the band
gap of 2L-alumina, appearing both in the mono- and multilayer
coverage. The UPS spectrum of the multilayer of dye 3 shows
one single peak in the same energy range, whereas its
monolayer presents one additional peak at —3.1(6) eV
(shaded area). This additional peak could be caused by the
deprotonated character of dye 3 in the adsorbed state, as
suggested by our structural optimization using DFT, or by
decomposed OTf. The peak parameters are summarized in
Table 3. Experimental UPS data for the ruthenium-based dyes
and the corresponding interpretation are available in the
Supporting Information (section S6).

Figure Sb compares the UPS data obtained for the dye
monolayers with the projected density of states (PDOS)
resulting from the DFT-optimized adsorbate structures shown
in Figure 4. The electronic structure analysis is performed at
the HSE06"* level of theory, on the geometries obtained at the
PBE level of theory. We apply a Gaussian convolution with ¢ =
50 meV to the PDOS histogram (dark-shaded area for
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Table 3. Peak Maxima and Onsets of the Peaks Found by
UPS for Mono- and Multilayers”

molecule peak 1 (eV) peak 2 (eV)
1 monolayer -2.8(5) [—2.1(5)] —3.5(6) [—2.9(3)]
multilayer -2.7(3) [-2.0(3)] -3.5(2) [-2.7(1)]
2 monolayer -2.9(7) [-2.3(2)] —3.8(7) [-3.0(6)]
multilayer -2.6(4) [-1.9(9)] —3.5(4) [-2.5(5)]
3 monolayer —-3.1(6) [-2.3(9)] —3.8(6) [—3.2(6)]
multilayer -3.9(1) [-3.1(3)]
4 monolayer -2.1(4) [-1.4(4)] —3.4(4) [-2.7(9)]
S monolayer -2.2(4) [-14(4)] —3.5(6) [—2.7(8)]

“The onsets are denoted in squared brackets. They are determined by
linear extrapolation of the rising edge of the peak and its crossing with
the background at higher energy (see Supporting Information, section

$8).

molecules and gray line for 2L-alumina in Figure Sb), which
reflects the experimental energy resolution. The observed
features in the UPS data are significantly broader and shifted to
higher binding energies. Previously, Krause et al. deduced that
dynamic hole delocalization in response to the photoexcitation
plays a major role for the interpretation of UPS data of
organic*’ and inorganic semiconductors.”® They concluded
that the peak onsets in UPS data mark the positions of
electronic levels relevant for the transport gap. We adopt the
same reasoning for our heterogeneous systems and broaden
and shift the PDOS correspondingly (see Supporting
Information, section S8) in order to make a comparison of
experimental and theoretical data. We apply the same
broadening and shift to the PDOS of all systems (light-shaded
area in Figure Sb). The result compares well to the
experimental UPS data: for dyes 1 and 2 we find the

characteristic two peaks in the band gap of 2L-alumina, and for
dye 3 one peak. Since the level alignment was found to be
rather sensitive to the particular bonding geometry adopted for
the molecules, this agreement supports the validity of the
optimized structures shown in Figure 4.

Figure 6a shows the energy alignment of the HOMOs and
LUMOs (DFT values only) of the three rhenium dyes on 2L-
alumina and compares the experimental values with the ones
derived from the DFT. For all dyes, the HOMO as well as the
LUMO lie in the band gap of the substrate. We use the values
of the valence band maximum, the conduction band minimum,
and the work function of the 2L-alumina/NiAl(110) substrate
from the literature.”*” The values of the peak onsets derived
from the UPS data (Table 3) are in good agreement with the
HOMO energy levels from the DFT with deviations of less
than 300 meV. The experimental and computational values
indicate the same trend for the alignment of the HOMOs, with
1 being the closest to the Fermi level and 3 the farthest away.
The DFT locates the LUMOs of all three dyes closely above
the Fermi level.

Figure 6b displays the density distribution of the HOMOs
and LUMOs of the three adsorbed rhenium dyes. For all dyes,
the HOMO is mostly located on the rhenium center. Dyes 1
and 2 are peculiar, as their HOMOs reside prevalently on the
sulfur in the thiocyanate in the gas phase (Supporting
Information, section S9). After adsorption onto the substrate,
it is instead localized mainly on the Re atom. This change
could be caused by a charge transfer taking place with the
formation of the S—AI bond. Dye 3 has a +1 charge that is
delocalized on the pyridine rings, while the HOMO has Re and
C contributions, since the sulfur atom is part of the counterion.
All LUMOs, on the other hand, are mainly located on the
carbon rings of the bipy. A more detailed analysis of the

(a) [Eyac=+4.4/-- +4.3/+4.4
[ +4.2/--

+3.5/+4.1 +3.9/+4.1
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NiAl Al;Oy5 (1) 2 3
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Figure 6. (a) Energy alignment of the HOMO and LUMO of the three rhenium dyes in the dye/2L-alumina/NiAI(110) heterojunction. The
energy levels of the HOMOs, the LUMOs, and the vacuum levels are represented as solid lines, and the values derived from the DFT as dashed
lines. Experimental values are on the left in bold, and values derived from the DFT are written on the right. (b) Orbitals corresponding to the
HOMOs (left side) and LUMOs (right side) of the three rhenium dyes, at the PBE level of theory, on 2L-alumina. The isosurfaces are taken, in
vacuum, at 0.02 au for all HOMOs, while the LUMO isosurfaces are taken at 0.002, 0.01, and 0.005 au for dyes 1, 2, and 3, respectively.
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density of states of the different dyes (see Supporting
Information, sections S7 and S8) assesses the contributions
of the different atomic species to the molecular orbitals.

The close proximity of the LUMO to the Fermi level for all
three adsorbed Re dyes is favorable for resonant tunneling of
excited electrons from the dye through the alumina film to the
underlying substrate, supported also by the strong covalent
bonding to the alumina layer. For a high tunneling probability,
the spatial overlap of the LUMO with the substrate wave
functions should be maximized, i.e, the LUMO should be
localized close to the anchoring groups. The DFT results
shown in Figure 6b suggest that electron injection via
tunneling should be most effective with dye 1 and least
effective with dye 3.

B CONCLUSIONS

We have characterized the bonding geometry and the
electronic structure of five systematically altered organo-
metallic dyes on alumina, trying to address the physical
parameters of the systems that are relevant for tunneling-based
electron transfer from photoexcited dyes to the underlying
substrate. XPS data from dye monolayers give confidence that
the molecules are deposited intact and bind covalently to the
alumina surface. Likewise, the comparison of the occupied
molecular orbital energies obtained from DFT calculations
with the values measured with UPS supports the validity of the
proposed anchoring configurations. The binding energy of the
HOMO of dye 1 is the lowest among the rhenium dyes,
followed by 2, and 3 having the highest binding energy. When
comparing UPS measurements with the calculated PDOS, the
observed peaks are significantly broadened and shifted to
higher binding energies in the photoemission data. We
attribute this to dynamic charge screening during the
photoemission process.”* This effect should be of general
relevance for investigations of molecules on oxide surfaces. The
consideration of charge screening is crucial when comparing
UPS or angle-resolved photoemission spectroscopy data with
the calculated electronic states or band structure and deducing
the energy level alignment in heterojunctions.

Dyes 1 and 2 show a similar behavior regarding coverage,
electronic structure, and binding to the surface, including the
extra anchoring via the thiocyanate group. The latter suggests
that thiocyanate groups can play a significant role for the
adsorption on oxides, in particular if the oxide surface has
exposed metal ions. The main difference between the two dyes
is that, while the methylphosphonic acid groups bind more
strongly to the alumina than the carboxyl anchors, they
distance the LUMO further away from the surface. Electron
injection via tunneling should thus be less efficient with dye 2.

The anchoring via the axial niacin ligand distinguishes dye 3
from dyes 1 and 2. It places the LUMO even farther away from
the surface, farther away in fact than the HOMO. Upon
photoexcitation, this configuration might lead to a reversal of
the charge transfer, i.e., to electron transfer from the substrate
into the dye. In contrast to dyes 1 and 2, the binding to the
surface is strongly stabilized by dissociating the hydrogen atom
from the anchoring group.

Dyes 3 and § carry charges, and we could show that the
respective OTf and TBA counterions adsorb both nearly
stoichiometrically. In spite of the presence of these extra
charges within the adsorbed molecular monolayer, the
alignment of the occupied molecular orbitals relative to the
alumina valence band edge is only weakly affected in both

cases, but in both cases the effect leads to a slightly higher
binding energy (see Supporting Information section S6 for the
UPS data of dye §). The areal densities of the molecules 4 and
S are nearly identical, which indicates that the coadsorbed TBA
counterions do not require a significant additional amount of
space on the surface.

Given this set of dyes with different anchoring modes, it will
be interesting to study and compare the dynamics of the
photoinduced char$e transfer processes, either with the core—
hole clock method'® or with ultrafast photoelectron spectros-
copy in pump—probe mode,”® in order to confirm the link
between the physical parameters determined in our study and
the actual dynamics of tunneling through the alumina layer.
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