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Low-temperature scanning tunneling microscopy has been employed to study the adsorption of (bis(3- 18
phenylthio)-phenyl)sulfane (BPPS) molecules on an aluminum-oxide film grown on NiAl(110). Large 19
variations in the molecular coverage on incompletely oxidized samples indicate substantial differences in the 20
binding strength of BPPS to metallic (NiAl) versus dielectric (alumina) surfaces. From atomically resolved 21
images, we obtain possible BPPS adsorption geometries on the oxide, in which the sulfur centers and not the 22
phenyl rings of the molecule govern the interaction. A local hexagonal ordering of BPPS, as deduced from pair 23
correlation functions, suggests a preferential binding of the BPPS sulfur atoms to Al ions with distorted pyramidal 24

12 Keywords:
13 Molecule-oxide interactions

14 Scanning tunneling microscopy coordination in the oxide surface. Our work provides insight into rarely explored binding schemes of organic 25
15 Adsorption molecules on wide-gap oxide materials. 26
26 Thioether-molecules © 2014 Elsevier B.V. All rights reserved.
17 Aluminum oxide
28
30
32 1. Introduction arises from several experimental difficulties. First of all, the binding be- 53
tween wide-gap insulators and common organic molecules is weak, as 54
33 The interplay between organic molecules and metal surfaces has the interaction arises mostly from van-der-Waals and Coulomb forces 55
34  been already in the focus of research for several decades [1,2]. This and not from chemical bonds [9,10]. As a consequence, molecule-oxide 56
35  continued interest is driven by various applications of molecular- junctions exhibit high structural flexibility at room temperature and de- 57
36 metal interfaces, e.g. for new electronic, light-emitting and photovoltaic fined interfaces only develop at cryogenic conditions. More relevant is 58
37 devices based on organic materials. The interaction of organic molecules the poor electrical conductivity of most molecule-oxide systems, 59
38 and non-metallic surfaces, on the other hand, has attracted much less which limits the applicability of electron-mediated spectroscopic and 60
39 attention, although the technological relevance of this combination is microscopic techniques [11]. Especially, the use of scanning tunneling 61
40  equally large [3]. Interfaces between organic matter and oxide supports, microscopy (STM) for structural characterization at the nanometer 62
41 for example, are of crucial importance for liquid-solid solar cells, in scale is challenging, as the tip easily perturbs the weakly bound adsor- 63
42 which the optical excitation occurs in molecular sensitizers, while sepa- bates [12-15]. Closely related to the issue of finite conductivity are the 64
43  ration and transport of the photo-generated carriers are realized by an unusual imaging properties of molecules in the STM. In many cases, mo- 65
44 oxide [4]. The most prominent example in this regard is the Gratzel lecular orbitals contribute only weakly to the STM image contrast, as 66
45 cell, consisting of a TiO, powder covered with Dye-molecules, which they poorly overlap with the substrate electronic states and cannot 67
46 has reached conversion efficiencies of 15% to date [5]. Molecule-oxide serve as initial or final state in a tunneling process. 68
47 interfaces are of interest also in the widespread field of heterogeneous In this study, we have overcome these restrictions by using an oxide 69
48 catalysis, where oxides are typically used as cheap and robust support film, thin enough to maintain a finite conductivity, to support the organ- 70
49  materials [6-8]. ic molecules. Our model system is alumina, an archetypical ionic insula- 71
50 The significance of molecule-oxide interfaces is in contrast to the tor with 8 eV band gap, grown on a NiAl(110) substrate [16,17]. Our 72
51 limited research activities in the field. Despite a vital technological inter- probe molecule, a thioether compound consisting of four phenyl rings 73
52 est, fundamental studies on such systems are rare, a discrepancy that linked by sulfur atoms, has recently attracted attention as it was found 74
to act as re-dispersion agent for metal nanoparticles [18,19]. On the 75
Wresponding author at: Fritz Haber Institute of the Max Planck Society, Faradayweg basis O,f atomically resolved STM 1mag§s, we will determine the binding 76
4-6, 14195 Berlin, Germany. behavior of the molecules on the oxide surface and analyze general 77
E-mail address: nilius@fhi-berlin.mpg.de (N. Nilius). aspects of molecule-oxide interactions. 78
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2. Experiment

The experiments have been performed with a custom-built ultra-
high vacuum STM operated at 4.5 K. The alumina films were prepared
by oxidizing a sputtered and annealed NiAl(110) single crystal in 5
x 10~ % mbar of oxygen at 550 K, followed by a vacuum-annealing
step at 1000 K [17]. The film quality was routinely checked with low-
energy-electron-diffraction, exhibiting a complex yet sharp spot
pattern, and STM measurements revealing wide, atomically-flat oxide
terraces. The main properties of the NiAl-supported alumina films
have been discussed in several papers before and shall only be sketched
at this point [20,21]. The film comprises four atomic layers; (i) an inter-
facial Al; plane consisting of atoms in pentagonal and heptagonal config-
uration, (ii) a hexagonal O; plane, (iii) an iso-structural Als plane and
(iv) a terminating Os plane made of triangular and square units
(Fig. 1a). While each interface Al; ion has three O neighbors, the Alg
coordination number varies between four and five due to ions in tetra-
hedral and pyramidal sites [20]. The oxide lattice is composed of rectan-
gular unit cells (10.7 x 17.9 A?), being arranged in two reflection
domains rotated by 4 24° against the lattice of the NiAl support [22].
The oxide has a commensurate relationship with the substrate only
along the NiAI[110] direction, while no commensurability exists along
the orthogonal NiAl[001]. In order to release misfit strain in the com-
mensurate direction, a periodic network of dislocation lines is inserted
into the film, comprising both antiphase and reflection boundaries
between equal and mirrored surface domains, respectively [23]. The
boundaries appear as protruding lines in empty-state STM images,
as they possess a set of unoccupied defect states in the oxide band
[24].

The adsorption experiments were carried out with (bis(3-
phenylthio)-phenyl)sulfane (referred to as BPPS in the following), syn-
thesized in the group of Prof. Blechert at the Technical University Berlin
[18,25]. The compound consists of four phenyl rings linked via three sul-
fur atoms in meta-positions. Due to facile rotation about the C-S-C axes,
a variety of configurations of the molecule can be realized upon adsorp-
tion, e.g. the chain-like and folded conformers shown in Fig. 1b-d. The
molecules were purified by extensive degassing at 430 K and dosed
from an alumina crucible onto the fresh oxide film at 300 K. Immediate-
ly after deposition, the samples were transferred into the cryogenic mi-
croscope to avoid contamination.

Unit cell
10.7 x 17.9 A?

® - Osurface O - Alsurface ®

®_ Alsurface (pyramidal)

3. Results and discussion

On incompletely oxidized surfaces, the BPPS molecules show a high
preference for binding to the metallic NiAl, while the coexisting oxide
patches remain essentially empty (Fig. 2a). This difference in sticking
indicates a much stronger BPPS adhesion onto metallic than dielectric
surfaces, reflecting the chemical inertness of the latter. The observed
variations in local coverage demonstrate also the high mobility of the
molecules that are always able to reach a nearby NiAl patch at 300 K.
By evaluating the mean distance between adjacent metal areas on
samples with different metal-oxide surface ratio, we have determined
the lower bound for the BPPS diffusion length on the oxide film to be
of the order of 500 nm [26]. A detailed discussion of thioether molecules
interacting with a NiAl surface can be found in the literature [18].

On fully oxidized samples, a molecular fingerprint becomes detect-
able also on the alumina film (Fig. 2b). Atom-sized protrusions of ~0.5
A height and 5-7 A diameter are found on defect-free oxide domains
and, less abundant, along the domain boundaries (bright lines in
Fig. 2b). Already a crude image inspection reveals that the maxima are
not randomly distributed, but form a hexagonal pattern on the surface.
Typical distances are derived from pair-correlation functions, calculated
on the basis of STM images as shown in Figs. 2b. Three characteristic
separations between the maxima are revealed, namely (10 + 1),
(22 + 5) and (45 + 5) A (Fig. 3). Also the connecting lines between
the protrusions have distinct orientations, following the diagonals of
the unit cells in the two oxide domains (see arrows in Fig. 2b for one do-
main). Note that molecules located directly on the domain boundaries
have been excluded from this statistics, as their positions might be
altered by the line defects.

The adsorption pattern observed on the alumina film seems
incompatible with the structure of the BPPS molecules at first glance.
Assuming that either the phenyl rings or the sulfur atoms become
visible in the STM, we would expect to find either four or three maxima
in linear, triangular or rhomboidal configuration to represent a single
molecule (Fig. 1b-d). In contrast, most protrusions appear in pairs
with either 10 or 22 A distance, suggesting that only some of the molec-
ular entities actually contribute to the contrast. In a possible scenario,
two sulfur atoms might be detected in the STM, while the third one re-
mains invisible. A separation of 22 A between adjacent maxima would
then correspond to the first and last sulfur atom in linear BPPS

.

O -sulfur @ - carbon

o - hydrogen

Fig. 1. (a) Ball model of the Als and O planes of the alumina film grown on NiAl(110). The Al ions in distorted (regular) pyramidal configuration are highlighted by blue balls (zig-zag
lines), as they dominate the image contrast seen in STM. (b-d) Three planar conformations of the (bis(3-phenylthio)-phenyl)sulfane molecule. Note that various other 2D and 3D con-
formers exist and our selection is not exhaustive. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 2. STM topographic images of (a) a partly and (b) a fully-oxidized NiAl(110) surface after dosing BPPS molecules at room temperature (40 x 40 nm?). Whereas molecules are densely-
packed on the metal substrate (see inset and upper right corner in a), an open, hexagonal arrangement is observed on the alumina film. The bright lines represent the dislocation network
thatis better resolved at 2.5V (b) than at 1.5V (a) due to the energy position of characteristic defect states [24]. The arrows in (b) represent typical orientations of BPPS-related pairs on the

alumina surface.

conformers (Fig. 1b), while 10 A spacing would match two neighboring
sulfurs either in linear or folded species (Fig. 1d). Alternatively, two out
of the four phenyls might produce the observed contrast. In this case,
maxima with 22 A separation would represent the first and third phenyl
ring of linear conformers or the terminal rings of folded ones (Fig. 1b,c),
while a pairing of 10 A would reflect two adjacent rings again. Note that
the pair correlation function of Fig. 3 has its overall maximum at 22 A,
indicating that this separation is most frequently observed on the
surface.

For reasons explained later, we propose that the sulfur atoms and
not the phenyl rings determine the image contrast of BPPS molecules
on the alumina film. This implies that only two out of three sulfurs are
actually imaged in the STM, resulting in the tentative adsorption geom-
etries depicted in Fig. 4. Two elongated molecules, each one represented
by its outer S atoms, would be responsible for the contrast in panel (a)
and account for the rhomboidal spot pattern. Conversely, two neighbor-
ing sulfur atoms might lead to the contrast seen in panel (b). On the
basis of such models, even the local binding sites of the BPPS sulfur
can be deduced from atomically resolved STM images of the alumina
film. According to earlier work, the atomic protrusions seen in Fig. 4c
are related to Al ions in the upper oxide bilayer [20]. The cations
produce a characteristic zig-zag pattern, as the fivefold coordinated Al
appear brighter than their fourfold counterparts (Figs. 1a, 4a-c). More-
over, two fivefold coordinated Al ion per unit cell stick out, as they sitin

30
20 -
12 (111)
g N
10 1 SRR i
N N N
NN
J N
0 MY N NIy
0,0 2,0 3,0 4.0 5,0

Separation [nm]

Fig. 3. Pair-correlation function obtained from several STM images of the BPPS-alumina
system. The three maxima represent (i) molecules attached via adjacent S atoms, (ii) mol-
ecules bound via their outer S atoms and (iii) higher-order peak due to molecular self-
assembly.

a strongly distorted pyramidal environment (large circles in Fig. 4c).
Using them as internal markers, the position of the other Al ions and
the detectable sulfur atoms can be reconstructed. Apparently, the S
atoms of the BPPS exclusively bind to fivefold coordinated Al ions in
the surface and neither to fourfold coordinated species or to 0>~ ions.
As the fivefold coordinated Al carry the highest positive charge of all
surface ions, we propose that electrostatic and polarization forces dom-
inate the interaction between the electronegative sulfur and the oxide
cations.

Sulfur shares this binding characteristic with Au atoms that also
preferentially attach to the Al sites in the film [27]. The specific Au-
oxide interaction has been explained with a charge transfer from the
surface Al to the Au adatoms, whereby the donated electron is
replenished via bond reconfiguration in the oxide lattice combined
with the transfer of another electron from the NiAl substrate below. A
similar binding mechanism is now proposed for the S atoms in BPPS,
which are susceptible to full or partial charge transfer from the oxide
cations as well. As discussed in detail for gold, not every Al ions in the
alumina film is susceptible for charge transfer, because the subsequent
bond-reorganization requires the presence of an Al atom in the NiAl di-
rectly below the adsorption site [27]. The limited availability of suitable
Al ions might now explain the unusual binding geometry of BPPS on
the alumina film. Apparently, two but not three S atoms are able to
interact simultaneously with the surface (Fig. 4a), most likely because
the third sulfur always sits in an unfavorable position. Such bidentate
binding scheme can indeed be rationalized with the periodicity of the
Al lattice. The favorable fivefold Al ions in pyramidal configuration
are spaced either by 10.7, 17.9 or 20.8 A, according to the short and
long axis or the diagonal of the oxide unit cell (Fig. 1a). Whereas the
first and last periodicity is indeed found as characteristic spacing be-
tween maxima associated with the BPPS molecules, the intermediate
distance is rarely observed on the surface. According to the histogram
in Fig. 3, a 22 A-separation between the bound S atoms is most
favorable, possibly because the Coulomb repulsion between the sulfur
species is minimal and the molecule gains more flexibility to adjust to
the oxide film in this binding geometry.

We note that a similar binding scheme could not be developed when
the phenyl rings would be imaged in the STM. On the one hand, the
attachment of the ad-features to the positively charged Al ions in the
film could not be explained, as the rings are less susceptible to charge
transfer from the oxide. On the other, the anticipated ring diameter
would be incompatible with the observed features in the STM that are
of atomic dimension. We therefore conclude that the BPPS molecules
show up in the STM images mainly through the sulfur atoms that are
also responsible for bonding to the oxide film. In contrast, the phenyl

j.susc.2014.05.021

Please cite this article as: Y. Pan, et al., Adsorption of thioether molecules on an alumina thin film, Surf. Sci. (2014), http://dx.doi.org/10.1016/

181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225


http://dx.doi.org/10.1016/j.susc.2014.05.021
http://dx.doi.org/10.1016/j.susc.2014.05.021

226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

252
253
254
255
256

4 Y. Pan et al. / Surface Science xxx (2014 ) xXX-xxx

Fig. 4. STM topographic images of two BPPS molecules that bind to the alumina film via (a) the outer and (b) the neighboring S atoms. (c¢) Single BPPS molecule on an atomically resolved
oxide patch. The fivefold coordinated Al ions in regular and distorted pyramidal configuration are shown by small and large blue circles, respectively. (d) BPPS species in monodentate
binding configuration, in which the molecule revolves around a single surface-sulfur bond acting as anchor site. All structure models in the lower panels are necessarily tentative, as
the position of the phenyl rings is not resolved. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

rings play only a minor role for adsorption, a conclusion that closely re-
lates to their invisibility in the images. Apparently, the frontier orbitals
of the carbon rings are unable to find suitable electronic states for hy-
bridization inside the wide oxide band gap [28]. As a consequence,
they are improper final or initial states for tunneling electrons, hence
undetectable in the STM [19]. The overlap with the oxide electronic
states might be further reduced by a tilting of the phenyl rings against
the surface plane. We want to emphasize at this point that our binding
model has tentative character as the full molecular configuration cannot
be derived from the STM data.

Finally, we discuss the role of intermolecular coupling and possible
consequences on the ordering of BPPS species on the alumina film. Al-
though no superstructure is formed, the maxima assigned to the molec-
ular sulfurs typically show a hexagonal arrangement (Fig. 5). The local
ordering becomes evident also in the pair correlation function, which
exhibits a higher-order peak at 45 A besides the main maxima at 10
and 22 A (Fig. 3). A BPPS assembly that would explain this peak is
shown in Fig. 5. The molecules are arranged in rows, running along
the diagonal of the oxide unit cell, while neighboring rows are displaced
by twice the short unit-cell vector (2 x 10.7 A). The resulting staggered
configuration explains the quasi-hexagonal ordering of the protrusions,
as the angle between diagonal and short unit-cell vector amounts to 59°.
This arrangement also reproduces the main maxima in the histogram of
Fig. 3. While the 22 A-peak has two origins, the S-S distance in the BPPS
and the separation of molecules in two neighboring rows, the maximum
at 45 A reflects the molecular spacing along a row and matches twice
the diagonal length of the oxide unit cells (Fig. 5¢).

We can only speculate on the nature of the intermolecular interac-
tion that produces this spatial arrangement. The observed spacing is
certainly too large to enable direct coupling between the molecules,
e.g. via hydrogen bonds formed between S atoms of one and peripheral

Fig. 5. (a) STM image showing BPPS-related protrusions in a quasi-hexagonal arrange-
ment. (10 x 10 nm?, 0.5 V). (b) Same image with a possible configuration of the four
BPPS molecules and (c) with the unit-cells of the oxide film. The models are tentative, as
the position of the phenyl rings is not resolved.

H atoms of another unit. A template effect of the alumina film is more
likely, as already indicated by the matching orientations and distances
of the two arrangements. Following our earlier discussion, we propose
that only certain positions in the oxide film are able to fix a BPPS
molecule at room temperature, such as the distorted pyramidal Al
ions (dark blue in Fig. 1a). However, most of the molecular degrees of
freedom remain active after forming this initial sulfur-Als bond and, in
particular, the rotation around the anchor site keeps neighboring mole-
cules at distance (Fig. 4d). Only when this motion freezes out upon
cooling the sample to 5 K, a second S atom of the BPPS may bind to an
adjacent pyramidal Al site on the film, orienting the molecule along
the diagonal of the oxide unit cell. The observed arrangement can thus
be explained with the hexagonal packing of initially rotating BPPS
species on the inert surface, and is therefore kinetically driven [29].
We note that other mechanisms might account for the distinct spatial
arrangement of thioether molecules on the alumina film, such as their
dissociation and/or attachment to surface defects [30]. However, our ex-
periments provide not enough input to validate such binding models at
this point. Clarification might be expected either from adsorption exper-
iments performed as a function of temperature or theoretical studies to
evaluate different binding geometries. Both approaches are beyond the
scope of this paper.

4. Conclusion

Scanning tunneling microscopy has been used to study the binding
of thioether species to a crystalline alumina film. In contrast to metal
surfaces, large sections of the molecule remain invisible in the STM, as
no hybridization between the molecular LDOS and the oxide states
takes place and no transport channels are opened up for the tunneling
electrons upon adsorption. Only the sulfur atoms that are directly
involved in the binding process produce a topographic fingerprint in
the STM. Despite the weakness of the interaction, we successfully devel-
oped a binding scenario for BPPS, in which the molecular sulfur attaches
to certain Al ions in the film while the phenyl rings remain unbound.
Our experiments provide new aspects of the interaction between inert
oxides and organic molecules, a material combination that is of rele-
vance in Dye-sensitized photovoltaic systems and heterogeneous
catalysis.
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