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Monolayers of a thiacalix[3]pyridine-supported
molybdenum(0) tricarbonyl complex on Au(111):
characterisation with surface spectroscopy and
scanning tunneling microscopy+
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Deposition of dome-shaped metal-organic complexes on metallic surfaces to produce well-defined
single site catalysts is a novel approach combining aspects of homogeneous and heterogeneous catalysis.
In order to investigate the bonding of small molecules to such systems, a molybdenum(0) tricarbonyl
complex supported by a thiacalix[3]pyridine is synthesized and deposited on Au(111) and Ag(111) surfaces
by vacuum evaporation. The resulting mono- and submonolayers are investigated with surface spec-
troscopy and STM. All of these methods indicate a parallel orientation of the molybdenum complex with
respect to the surface. The vibrational properties and frequency shifts of the adsorbed complexes with
respect to the bulk are evaluated with the help of conventional IR and IRRA spectroscopy, coupled to DFT
calculations. Compared to a similar Mo(0) tricarbonyl complex supported by an azacalixpyridine ligand,
the title complex exhibits a higher stability in the bulk and adsorbed to surfaces which goes along with a

rsc.li/dalton lower reactivity towards oxygen.

Introduction

In order to solve the energy and environmental challenges our
planet and humanity are facing today, new and alternative con-
cepts in catalysis have to be explored. More than 90% of all
industrial chemical processes involve catalytic steps whereby
heterogeneous catalysis dominates with about 80%."” One
challenge is to create such systems having well-defined (struc-
turally identical) active sites with a high surface density.>” An
attractive approach towards that goal, pursued in the field of
surface organometallic chemistry (SOMC) is to deposit metal-
organic complexes (MOCs), possessing a single transition
metal atom in a highly controlled ligand environment, on sur-
faces to produce single-site heterogeneous catalysts.*”

In the literature MOCs have mainly been attached co-
valently (grafted) to surfaces by reaction of the oxo ligands
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with metal-oxide based supports such as SiO,, MgO and
others to guarantee strong anchoring of the transition metal to
the surface.”” Alternatively, metal-organic molecules have
been physisorbed to noble metal surfaces (Cu, Ag, Au).*** In
this regard, porphyrins and phthalocyanines which form
highly stable complexes and have important functions and
applications, are the best studied systems so far.'* However,
porphyrinoid macrocycles show a reduced reactivity towards
gaseous molecules when adsorbed on surfaces. Due to their
flat geometry, the coordinated transition-metal centers are
located very close to the surface. This results in a strong inter-
action with the underlying substrate, weakening the bonding
of small molecules in trans-position; i.e., towards the gas
phase (“surface trans-effect”).!"'**°

One way to reduce the contact between the central atom of
the MOC and the surface and thus mitigate the surface trans-
effect (while still maintaining some electronic interaction) is
to diminish the size of the ring. The smaller cavity compared
to porphyrins and phthalocyanines lifts the metal center above
the ligand plane and thus increases its distance to the surface.
In the corresponding dome-shaped complexes, the interaction
with the underlying surface is reduced, which should allow
binding and eventual catalytic conversion of molecules from
the gas phase (Fig. 1). For this purpose subporphyrins, triphyr-
ins, subphthalocyanines and other contracted macrocycles are
suitable ligands.®*'®

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Concept of a hybrid catalytic system by deposition dome-
shaped metal—organic complexes (MOCs) on metal surfaces providing
the opportunity to bind and catalytically convert molecules from the gas
phase. (Shown are DFT optimized gas phase structures positioned on a
surface).

Notably the metal substrate not only exerts an electronic
influence on the MOC, but can also activate and orient
adsorbed reactants of the catalytic reaction itself."'” If the
reactive properties of the substrate are taken into account, the
assembly of MOCs on metallic surfaces potentially leads to
hybrid catalytic systems (cf. Fig. 1). Their physicochemical pro-
perties can be modified in four ways: (1) by choosing different
metal surfaces, (2) incorporating different transition metals
into the MOCs, (3) tuning the electronic structure of the ligand
and (4) modifying the distance between the metal center of the
MOC and the underlying substrate through variation of the
ring size of the supporting macrocycle.

Recently, we reported on a molybdenum(0) tricarbonyl
complex supported by N-(p-tolyl)azacalix[3](2,6)-pyridine. This
compound reacts with molecular oxygen (O,) in solution, in
the bulk and with surface-adsorbed monolayers to form the
corresponding molybdenum(vi) trioxo complex, which in turn
catalytically mediates oxygen transfer.®° However, due to the
additional tolyl groups in the azacalixpyridine ligand being
oriented perpendicularly to the plane through the three pyri-
dine nitrogen atoms,*'® the complex molecules were found to
be adsorbed in a slightly tilted orientation with respect to the
surface normal. We therefore decided to explore the properties
of molybdenum tricarbonyl complexes supported by thiacalix-
pyridine ligands which do not possess substituents at the
atoms bridging the pyridine moieties. However, this modifi-
cation expands the cavity of the macrocycle and possibly also
influences the electronic and geometric structure of the corres-
ponding carbonyl complex.

The tridentate macrocycle thiacalix[3](2,6)pyridine (2)
(Py3S;) and the derived molybdenum(0) tricarbonyl complex 1
are shown in Scheme 1. Herein, complex 1 is investigated in
the solid state, in homogenous solution and adsorbed on
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Scheme 1 Synthesis of the complex [Mo(CO)z(PysS3)] (1).
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noble metal surfaces (Ag, Au) employing a range of spectro-
scopic and analytical methods to elucidate its electronic struc-
ture and the adsorption geometry on Au(111) and Ag(111) as
well as assess the reactive potential of the resulting metal
surface/metal-organic complex (MOC) hybrid systems.

Results and discussion

Synthesis and characterization of [Mo(CO)z(Py;S;)] (1) in solu-
tion and the solid state

For the synthesis of the dome shaped complex 1 the thiacalix
[3]pyridine ligand (PysS;) (2) was chosen. This ligand was pre-
pared in analogy to the literature in a one step synthesis using
2,6-dibromopyridine and sodium hydrogensulfide (for more
details see ESI Chapter 21)."° Reaction of ligand 2 with the pre-
cursor complex [Mo(CO);z(cycloheptatriene)] in toluene
afforded the  molybdenum(0) tricarbonyl  complex
[Mo(CO);3(Py3S;)] (1) in 60% yield (see Scheme 1).

Crystals of 1-0.5 DMSO suitable for single crystal X-ray
determination were obtained by slow diffusion of diethylether
into a solution of 1 in dimethyl sulfoxide (DMSO) under argon
atmosphere. The structure of the molybdenum(0) tricarbonyl
complex 1 is shown in Fig. 2. Selected bond distances and
angles are collected in Table 1 (see also ESI Chapter 47).

Complex 1 exhibits a slightly trigonally distorted octahedral
coordination around the Mo(0) center with two opposite trigo-
nal faces being occupied by the three pyridyl nitrogen atoms
and three carbonyl ligands, respectively. The average angles
between the C-Mo-C-atoms (84.67°) and the carbonyl C- and
the trans pyridine N-atom (176.96°) are in agreement with
those related structures reported in the literature and are
characteristic of Mo(CO); complexes with tridentate N-donor
ligands.®*°"*” However, in comparison with other Mo(0) tricar-
bonyl complexes supported by cyclic tridentate ligands such as
tach,*® tacn**® TAM”” and azacalixpyridine® the N-Mo-N
angle (80.92°) in 1 is higher; actually it is the highest value
reported for this type of complex so far. The reason for this

Fig. 2 ORTEP plot of complex [Mo(CO)s(PysSs)] (1) with labelling and
displacement ellipsoids drawn at the 30% probability level.
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Table 1 Selected bond lengths [A] and angles [°] of [Mo(CO)z(PysS3)] (1)

Mo(1)-C(21) 1.9471(19)  N(1)-Mo(1)-C(41) 96.15(6)
Mo(1)-C(31) 1.9470(19)  N(2)-Mo(1)-C(31) 96.57(6)
Mo(1)-C(41) 1.9381(19)  N(2)-Mo(1)-C(41) 98.09(6)
Mo(1)-N(1) 2.2736(14)  N(3)-Mo(1)-C(21) 99.43(6)
Mo(1)-N(2) 2.2826(14)  N(3)-Mo(1)-C(31) 96.41(6)
Mo(1)-N(3) 2.2760(14)  C(21)-Mo(1)-C(31) 86.06(7)
0(21)-C(21) 1.164(2) C(21)-Mo(1)-C(41) 81.43(7)
0(31)-C(31) 1.168(2) C(31)-Mo(1)-C(41) 86.51(8)
0(41)-C(41) 1.168(2) Mo(1)-C(21)-0(21)  174.67(16)
Mo(1)-C(31)-0(31)  178.56(16)
N(1)-Mo(1)-C(31)  176.57(6) Mo(1)-C(41)-0(41)  175.29(7)
N(2)-Mo(1)-C(21)  177.30(6) N(1)-Mo(1)-N(2) 80.93(5)
N(3)-Mo(1)-C(41)  177.00(6) N(1)-Mo(1)-N(3) 80.90(5)
N(1)-Mo(1)-C(21) 96.47(6) N(2)-Mo(1)-N(3) 80.92(5)

observation lies in the fact that, due to the bridging sulfur
atoms, the cavity of ligand 2 is significantly larger than in the
other cyclic tridentate ligands, resulting in a less trigonally
elongated and, thus, more regular octahedral coordination.

The molybdenum(0) carbonyl complex 1 was also spectro-
scopically characterized in solution and in the bulk. The NMR
spectra (‘"H and *C NMR) are shown in Fig. S1 and S2.7 All
resonances could be assigned to the respective carbon atoms
by using the 2D correlation NMR techniques and DEPT-135-
spectroscopy. Hereby, the signal of the CO ligands are of par-
ticular interest. Due the approximate C;, symmetry of the
complex (actually Cg) only a single signal is expected in the *C
NMR and in fact only a singlet at 232.7 ppm is observed in the
typical spectral range for CO ligands.

Complex 1 was further investigated by infrared and Raman
spectroscopy. Vibrational spectroscopy is generally useful for
monitoring the activation of small molecules such as the car-
bonyl ligands when coordinated to transition metal
centers.>**?° The IR (top) and Raman (bottom) spectra of 1
are shown in Fig. 3. From a spectroscopic point of view the
complex can be assigned to the symmetry C,. As expected for
this point group three CO bands are observable both in the IR
and in the Raman spectra.®® The totally symmetric A'(1)

Intensity / a.u.
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Fig. 3 IR (top) and Raman (bottom) spectra of [Mo(CO)s(PysS3)] (1)
between 2200 cm™ and 400 cm™. The Raman data were multiplied
with the factor of 30.
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vibration, in which all carbonyl ligands oscillate in phase, is
located at 1888 cm™" (Fig. 3 red). A second A’ vibration mode
(A'(2)) is located at 1782 cm ™. This vibration overlaps due to
the approximate C;, symmetry with the A" vibrational mode at
1761 cm™". Hereby, the relative intensity of the A” mode domi-
nates in the IR and that of the A'(2) vibration in the Raman
spectrum. Taken together, the results of the vibrational spec-
troscopy indicate a strong activation of the carbonyl ligands
compared to free carbon monoxide (2143 cm™),*! in agree-
ment with the previously reported azacalixpyridine-supported
complex (1893 cm™, 1768 cm™" and 1750 cm™")® and other
molybdenum(0) tricarbonyl with  N-donor
ligands.®**%’

complexes

Deposition of [Mo(CO);(Py;S;3)] (1) on Au(111) surfaces and
investigation by IRRAS

After characterization of the carbonyl complex 1 in solution
and the solid state, complex 1 was also deposited on Au(111)
surfaces (for more details see ESI Chapter 1f). The resulting
monolayers were investigated by Polarisation-Modulation
infrared reflection absorption spectroscopy (PM-IRRAS). The
IRRA spectrum of [Mo(CO)3(Py;S;)] (1) absorbed on Au(111) is
shown along with the bulk IR and calculated IR and IRRA
spectra in Fig. 4. In the IRRA spectrum the intensities of the
vibrations are in the range of 10~> absorbance units, indicating
the formation of a monolayer.®*®>*?>33 Due to the surface
selection rule of IRRA spectroscopy,® the relative intensities of
the bands in the bulk IR and IRRA spectra differ, which can
provide accurate information about the orientation of the
molecules on the surfaces. For the simulated IRRA spectrum,
complex 1 was aligned in such a way that the plane spanned
by the three pyridine nitrogen atoms is oriented parallel to the
surface (xy plane) and without the underlying gold surface (for
more details see ESI Chapter 9.21).

The experimental and calculated bulk IR spectra of complex
1 look very similar to each other (see Fig. 4) Consequently, the
bands appearing in the measured spectrum can be assigned to
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Fig. 4 Calculated and measured vibrational spectra of [Mo(CO)z(PysS3)]
(1) in bulk material and adsorbed on Au(111) surfaces.

This journal is © The Royal Society of Chemistry 2024
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specific vibrational modes (¢f. ESI Table S27). The most promi-
nent bands in the bulk IR spectrum are the three stretching
vibrations of the carbonyl ligands. The calculated spectrum
exhibits in this region only two discernible vibrational modes.
This phenomenon can be attributed to the fact that the A’'(1)
and A" vibrations are in such close proximity within the calcu-
lation that they appear as a single band (for further details,
please refer to Table S21). The remaining absorption bands of
the bulk IR spectrum are attributed to the thiacalixpyridine
ligand and can be assigned as C=C stretching vibrations
(1561 em™, 1540 cm™, 1419 cm™'), C=N=C stretching
vibration (1369 cm™") and C-H bending modes (1174 cm ™,
1130 cm ™), respectively.

In the experimental IRRA spectrum the totally symmetric A’
(1) mode is located at 1908 cm™". The other two vibrations are
not observable (Fig. 4). This means that the transition dipole
moments (TDM) of the A'(2) and A" stretching vibrations are
oriented in the xy plane and, due to the surface selection rule,
no intensity results in the spectrum (for more details see ESI
Chapter 4.27). Compared to the bulk IR spectrum other differ-
ences can be identified: three absorption bands of the ligand
at 1369 cm ™', 1174 cm™" and 1130 em™" are missing as well,
and the absorption band at 1262 cm™" is more intense.

While a parallel orientation of the complex can be inferred
from the fact that only the totally symmetric component A'(1)
of the CO stretches is observed, the appearance of two other
bands is not consistent with this picture. Specifically, of the
four bands observed between 1250 cm™" and 1600 cm ™" in the
IRRAS, only two should be visible: the characteristic C=C
stretching vibrations of the ligand at 1559 cm™' and
1419 em™" (¢f Fig. 4). The other two vibrations at 1541 cm ™"
and 1262 cm™" have no intensity in the simulated IRRA spec-
trum. This discrepancy might be due to the fact that the calcu-
lation was done without the underlying gold surface. However,
the adsorbed complex molecules interact with the surface,
which may result in a change of the TDM components of
certain vibrational modes along the z-axis. Direct interaction
of the pyridine rings with the underlying metal atoms could
also lead to different vibrational modes compared to the gas
phase. In any case, the two bands at 1541 cm ™" and 1262 cm ™"
are observed for two copper(i) complexes supported by thiaca-
lixpyridine ligand 2 and adsorbed to Au(111) as well, demon-
strating that these bands are in fact characteristic for such
systems deposited on gold surfaces (see ESI Chapter 4.17).

An interesting aspect in the IRRA spectra of surface-
adsorbed Mo(0) carbonyl complexes is the shift of the CO
stretching vibrations relative to the crystalline solid, caused by
the electronic influence of the metallic substrate. On Au(111),
the vibrations are always found to be shifted to higher wave-
number with regard to the bulk, reflecting an overall transfer
of electron density from the Mo(0) complex to the surface
(“static (de)activation”). This phenomenon can be reduced to
some degree by another effect: by virtue of this “dynamic acti-
vation” charge flows from the metal center into the n* orbitals
of the carbonyl ligands when the C-O bonds are elongated.
However, this only comes into play for the totally symmetric A’

This journal is © The Royal Society of Chemistry 2024
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(1) vibration where all CO-ligands move in phase.®?®?°
Unfortunately, however, these two effects cannot be observed
separately for complex 1 as the IRRA spectrum only contains
the totally symmetric vibration A'(1), which is shifted by
20 cm™" to higher wavenumbers. The intensities of the other
two carbonyl vibrations, which are only influenced by the
static deactivation, vanish due the surface selection rule, so
that the interplay of both effects cannot be determined. What
can be stated, however, is that the (deactivating) shift of the
totally symmetric vibration of complex 1 is distinctly (14 ecm™)
larger than observed for the previously investigated molybe-
num(0) tricarbonyl complex supported by an azacalixpyridine
ligand.® This reflects a stronger influence of the gold surface
on the electronic properties of 1 with respect to its azacalixpyr-
idine-supported analogue which in turn can be traced back to
a perfectly coplanar adsorption geometry of the former as
opposed to a slightly tilted adsorption geometry of the latter
complex on the Au(111) surface. In addition, there is evidence
for binding of the S-atoms contained in the thiacalixpyridine
ligand to the surface, enhancing the interaction of 1 with the
gold surface (see below).

Deposition of [Mo(CO);(Py;S;)] (1) on Ag(111) and Au(111) sur-
faces and characterization by UHV methods

After characterization of the surface-adsorbed molybdenum(0)
tricarbonyl complex 1 with IRRAS, monolayers of this complex
were also deposited on Ag(111) and Au(111) by immersing a
substrate in to a solution of 1 (XPS and NEXAFS) or by vacuum
evaporation (STM) and investigated under UHV conditions
with a range of surface-spectroscopic and -analytical methods.
These results are described in the following section.

Scanning tunneling microscopy

Submonolayers of [Mo(CO);(Py;S;)] molecules (1) were pre-
pared on Ag(111) and Au(111) surfaces at room temperature
and investigated with a scanning tunnelling microscope (STM)
at 4.7 K. On Ag(111) (Fig. 5a), the molecules adsorb individu-
ally and no aggregation into molecular islands is observed,
suggesting that the diffusion of the molecules is inefficient or
that the adsorbed molecules repel each other. The constant-
current images of the molecule significantly depend on the
applied sample voltage. At high sample voltage (e.g., V=1.5V,
Fig. 5b and d), the molecule is clover shaped with three identi-
cal lobes that appear ~240 pm higher than the metal substrate.
At low voltage, the height of the lobes is reduced by ~120pm
(blue arrow in Fig. 5c¢ and d, V = 50 mV). Meanwhile,
additional elongated lobes and a central maximum (black and
white arrows in Fig. 5¢), are observed.

On Au(111), irregular structures (white arrows in Fig. S127)
were observed in addition to intact molecules. Such structures
are absent on Ag that was prepared with identical complexes
suggesting that some fragmentation occurs on Au(111). The
decomposition on gold may be caused by stronger binding of
the S atoms to the substrate (see below).>> However, an
increased dispersive interaction may also be involved.*® The
STM data thus indicate [Mo(CO);(PysS;)] molecules (1) can be

Dalton Trans., 2024, 53,18304-18312 | 18307
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Fig. 5 [Mo(CO)s(PysS3z)] (1) on Ag(11l). (a) Overview topograph
measured at a sample voltage V = 1.5 V and a current | = 30 pA. White
lines denote close-packed directions of the (111)-surface. (b) Detailed
topograph of a single [Mo(CO)s(PysS3:)] complex (1) recorded at 1.5 V
and 100 pA. (c) Topograph of the same area recorded at lower voltage
(50 mV, 100 pA) and correspondingly reduced tip—molecule distance. A
black arrow depicts the new central maximum. A white arrow indicates
one of three elongated lobes. The blue arrows in (b) and (c) denote iden-
tical lateral positions. The topographs in (b) and (c) have been rotated by
13° with respect to (a). (d) Line profiles measured along the dashed lines
in (b) and (c). The black and blue arrows mark the positions defined in
panel (c).

deposited intactly on Ag(111) by vacuum evaporation while on
Au(111) the integrity of the vacuum-deposited molecules is
slightly affected.

X-ray photoelectron spectroscopy

IRRA spectroscopic measurement of the [Mo(CO);(Py;S;)] (1)
deposited on Au(111) from solution showed the typical
vibrational bands of this complex (see above). In order to
further check whether this complex 1 was deposited intactly
and without contaminations on gold surfaces X-ray photo-
electron spectroscopy (XPS) was employed. To determine the
binding energies of the different atomic species located in the
S 2p, C 1s, Mo 3d and N 1s spectra, the different spectral
regions were measured with acquisition times of up to one
hour.

The XP spectra of 1 are presented in Fig. 6. The major
signals shown in the survey spectrum (Fig. S1471) are the Au 4f
lines at 84.0 eV and 87.5 eV. Futhermore, the Au 4d signals at
335.0 eV and 352.5 eV are clearly visible as well as the C 1s
peak at 284.5 eV. The ratio of the Au 4d;), signal to the C 1s
signal reveals the presence of a monolayer of the molybdenum
COmpleX 1'8,28,29,33,37

The Mo 3d XP spectrum (Fig. 6a) contains a total of three
different species each of which exhibits a doublet with an

18308 | Dalton Trans., 2024, 53,18304-18312
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Fig. 6 Mo 3d (a), C 1s (b), S 2p (c) and N 1s (d) XP spectra of a mono-
layer of [Mo(CO)z(PysS3)] (1) on Au(111).

intensity ratio of 3:2 and the typical splitting of 3.0-3.1
eV.%?%2 The species with the lowest binding energy of 227.6
eV and 230.7 €V (red) can be assigned to molybdenum(0) and
corresponds to the intact complex 1. The two other doublets
(228.8 eV and 231.9 eV green; 229.8 and 232.9 eV blue) are
associated with cationic molybdenum species, presumably in
oxidation states of +2 (green) and +4 (blue; see Fig. 6a),
respectively.*® This would be similar to the molybdenum(0) tri-
carbonyl complex supported by an azacalix[3]pyridine ligand
which we studied previously.® However, whereas complete con-
version to a Mo(vi) oxo complex was observed for the latter
system, the fully oxidized Mo(vi) species is not found in the
case of 1. For this complex, an intensity ratio of Mo(0): Mo
() : Mo(1v) is 37:19:44 is observed. Overall, these data reflect
a higher stability of 1 towards oxidation as compared to its aza-
calix[3]pyridine-supported analogue studied before.® We
assume that this is due to the larger ring size of the thia- as
compared to the azacalixpyridine ligand, allowing a more
regular (i.e., less trigonally distorted) octahedral coordination
of the Mo(0) central atom (see above).

The C 1s spectrum shows three signals (Fig. 6b). The most
prominent signal at 285.1 eV (red trace) reflects the carbon
atoms which are bonded to other carbon atoms. The second
species (blue line) at 285.6 eV belongs to carbon atoms bound
to heteroatoms (C-N). The third species (green) is assigned to
carbon atoms bonded to highly electronegative elements, in
this case to oxygen.>® The areas of the three signals yield a
ratio of 53:35:12. The proportion of the thiacalixpyridine
ligand is higher and for the carbonyl ligands lower than the
theoretical ratio 50:33:17. This shows that some of the CO
ligands have dissociated from the surface-deposited molecules
of 1, which is compatible with the observation from the Mo 3d
spectrum that a part of the complexes have been oxidized to
Mo(u) and Mo(w) (Fig. 6a).

This journal is © The Royal Society of Chemistry 2024
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The S 2p spectrum (Fig. 6¢) contains three species, each of
which has an intensity ratio of 2:1 and the typical spin-orbit
splitting of 1.1-1.2 eV.**"** The main signal at 164.1 eV and
165.2 eV (blue lines) can be assigned to the bridging sulfur
atoms of 1 (see also Fig. S16at), which are located above the
level of the bridged carbon atoms of the pyridines (see Fig. 2).
In this geometry, the two lone pairs of the sp*-hybridized
sulfur atoms cannot interact with the underlying gold atoms
(see Fig. S17t). However, if a thioether bridge is flipped down-
wards, one of the sulfur lone pairs can bind to the Au(111)
surface (see Fig. S17}). The green trace doublet at 162.2 eV and
163.3 eV may belong to this typical sulfur species bound to
gold.39’4o’42'43

At lower energies at 161.3 eV and 162.4 eV (red) a third
species appears, which is generally observed in thiol-derived
SAMS on Au substrates.*>** In the literature, it is usually
assigned to adsorbed sulfur atoms®® or a differently adsorbed
organothiol species on gold. The first possibility could reflect
a decomposition of the molecules on the Au surface, forming
chemisorbed sulfur. This would be compatible with the STM
results and indicate that a fraction of the molecules decom-
poses when deposited on this substrate (see above). The
second possibility, a differently adsorbed thiol (sulfur) species
in the monolayers of complex 1 on Au(111), appears less likely
as IRRAS indicates a high degree of molecular orientation in
these layers.

The N 1s spectrum (Fig. 6d), finally, only contains one
signal at 400.2 eV, which is straightforwardly to the pyridine
nitrogen atoms.®?® Referring to the XP spectra of all elements
of 1 in a “thick” layer (i.e., more than a monolayer; see ESI
Chapter 67), we can conclude that complex 1 is deposited pre-
dominantly intactly on a gold surfaces. However, due to the
high energy radiation of the synchrotron beam a partial
release of carbonyl ligands occurs, leading to a partial oxi-
dation of the molybdenum centers. Nevertheless, the thiacalix-
pyridine ligand seems to be intact, still coordinating the mol-
ybdenum atom.

Near-edge X-ray absorption fine structure

Besides providing electronic structural information, near-edge
X-ray absorption fine structure (NEXAFS) is well suited to
determine the orientation of molecules adsorbed on surfaces.
With this in mind NEXAFS measurements were performed for
monolayers of the [Mo(CO)3(Py3S;)] (1) on Au(111) single crys-
tals at the C and N K-edge, employing different angles of inci-
dence (Fig. 7).

The C K-edge spectrum, shown in Fig. 7a, exhibits two n*
resonances located at 285.7 eV and 286.9 eV which also can be
found in the spectrum derived from DFT calculations (Fig. 7a,
bottom). Both resonances are assigned to a C 1s to n* tran-
sition of the pyridine moiety.*?® With increasing angle of inci-
dence, the intensities of both resonances slightly decrease.
The N K-edge spectrum shows one intense n* resonance at
400.1 eV, which can be assigned to the N 1s to LUMO tran-
sition of the pyridine nitrogen atoms (see Fig. 7b).>*® The

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Normalized NEXAFS spectra of a monolayer of [Mo(CO)s(PysS3)]
(1) on Au(111) at different angles (30°, 55°, 70°, 90°) and the calculated
NEXAFS data (shifted by +11.4 eV (C) and +13.3 eV (N)) with the contri-
bution of the different subunits summed over all angles: (a) C K-edge
spectrum; (b) N K-edge spectrum.

intensity of this signal also slightly decreases with increasing
angle of incidence.

As shown in the IRRA-spectroscopic investigation (see
above) the basal plane of the [Mo(CO)s(py)s;] complex has a
parallel orientation to the surface. Using the angles from the
crystal structure the out-of-plane p-orbitals of the pyridine C
and N atoms have angles of a@ = 46-48° to the surface normal
(see Fig. S187). This is close to the magic angle (54.7°), which
means that only a small angular dependence is expected for
the two C 1s to n* and the N 1s to n* transition of the pyridine
C and N atoms, in agreement with the experimental
spectra.*®?” Nevertheless, the observed (small) angular depen-
dence allows determination of a using eqn (1) which describes
the relationship between the intensity I of the resonant tran-
sition, the angle a of the transition dipole moment (TDM), the
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incidence angle of the radiation 6 and the polarization P of the
incident X-ray light:*¢*®

I oc P-cos®(#)-(1 — 1.5-sin*(a)) + 0.5-sin’(a) (1)

Using the intensities of the isolated resonances at 285.7 eV
(C 1s - 7*) and 400.1 eV (N 1s - n*) at different angles of inci-
dence 0 and applying formula (1), the angle « of the transition
dipole moments for the two transitions mentioned above
(which are assumed to be collinear) can be determined. As
evident from Fig. S19, we obtained an angle a of 48 + 2°,
which fits very well to the orientation of the pyridine rings
based on the crystal structure along with an orientation of the
molecules parallel to the surface. This means that the inter-
action with the gold surface neither causes a flattening nor a
steepening of the trigonal-pyramidal Mo-N(pyridine); unit of
1 compared to the crystal structure.

According to the calculation, a * transition is expected at
288.4 eV for the carbonyl C atoms of 1. However, no distinct reso-
nance can be identified at this position and no significant
feature is seen in the difference spectrum either (see Fig. 7a, blue
spectrum). In any case, the carbonyl C atoms would also only
have a small angular dependence as the carbonyl w-orbitals have
an angle y of 47-49° with respect to the surface normal (see
Fig. S18f) when modelled according to the same criteria as
above. Overall, the NEXAFS data thus confirms the parallel orien-
tation complex 1 with respect to the metallic surface.

Reactivity towards oxygen (O,)

By reaction with molecular oxygen, the previously investigated
molybdenum(0) tricarbonyl complex supported by an azacalix-
pyridine ligand showed a conversion to a Mo(vi) trioxo
complex within one hour in homogeneous solution.” This
reactivity could be observed for the azacalixpyridine complex
deposited on a Au(111) surface as well.” Due to the similarity
of the supporting ligands, we wanted to know whether the
thiacalixpyridine complex 1 also undergoes oxygenation under
comparable conditions. However, this complex turned out to
be stable in solution under oxygen atmosphere over hours.
After a few days, the color of the solution gradually changed
from red to grey. Obviously, a demetalation process occurred,
producing a grey colored precipitate, which we could not ident-
ify, whereby the free ligand 2 could be recovered from the solu-
tion. The reactivity of complex 1 towards oxygen was investi-
gated as well when deposited on a Au(111) surface. Under
oxygen atmosphere and irradiation with 365 nm a photodisso-
ciation of the CO ligands could be observed, similar to the aza-
calixpyridine complex. However, compared to the latter the
half-life for the photodissociation was 10 times longer (for
more details see ESI Chapter 87).

To understand why complex 1 does not react to the
hypothetical molybdenum(vi) trioxo complex 3 in analogy to
the previously reported azacalixpyridine (see
Scheme 2), DFT calculations were performed.

The structure of the hypothetical molybdenum(vi) trioxo
complex 3 was successfully optimized (see Fig. S247 right). It

system®
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Scheme 2 Hypothetical conversion of the carbonyl complex 1 with mole-
cular oxygen into the molybdenum(vi) trioxo complex [MoOs(Py3S3)] (3).

Table 2 Bond lengths, angles and Mayer bond orders of the Mo—-N
bonds of the thiacalixpyridine supported carbonyl 1 and oxo 3 com-
plexes and for the azacalix-pyridine analogs

Bond length,  Bond angle, = Mayer bond

Mo-N/A N-Mo-N/° order, Mo-N
[MO(CO)g(Pygsg)] (1)“ 2.277 80.92 0.7485
[MoO,(Py;S;)] (3)° 2.425 72.90 0.2671
[Mo(CO);(Tolyl-ACP)]”  2.249 72.19 0.3085
[MoOs(Tolyl-ACP)[* 2.319 68.75 0.3068

“This study. ”PBE0O/TZVP computional results in the gas phase.
“Values from ref. 8 and 9.

exhibits O-Mo-O angle of 108°, which is in the typical range
for MoO; complexes (105-108°).2%*° However, with 2.425 A the
Mo-N bond length is drastically increased with respect to the
carbonyl complex 1 as well as the molybdenum complexes sup-
ported by the azacalixpyridine ligand (see Table 2). During the
hypothetical conversion of 1 to 3 the average N-Mo-N bond
angles changes over 8°, which results in a highly distorted
octahedral geometry. With 72.19° the N-Mo-N angle and the
Mayer bond order (0.2671) of the Mo-N bonds of 3 are approxi-
mately the same as in the azacalixpyridine complexes.
However, the Mo-N Mayer bond order of the hypothetical oxo
complex 3 decreases dramatically compared to the value of the
carbonyl complex 1 (¢f Table 2). This shows that the almost
regular octahedral structure in 1 is significantly more stable
than the highly distorted geometry in the oxo complex 3, thus
preventing the conversion shown in Scheme 2. Furthermore,
the DFT calculations demonstrate that this hypothetical reac-
tion is highly endergonic (+1110 kcal mol™"), whereas calcu-
lation of the analogous reaction of the azacalixpyridine system
gives a negative free reaction energy (—172.5 kcal mol ™).’
Replacing the bridging tolylamine groups by sulfur atoms
thus increases the size of the cavity of the supporting ligand and
enables a more regular octahedral coordination of the Mo(0)
center in 1 compared to its azacalixpyridine supported analog.’
On the other hand, it acts to reduce the reactivity towards mole-
cular oxygen, both in solution and on the surface, whereby in
both cases the exact identity of the reaction product is unknown.

Conclusions

In order to explore a new approach to activate small molecules
by deposition of dome-shaped metal organic complexes

This journal is © The Royal Society of Chemistry 2024
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(MOCs) on metallic surfaces, a molybdenum(0) tricarbonyl
complex (1) supported by a tridentate thiacalix[3]pyridine has
been synthesized and adsorbed on noble metallic surfaces.
Monolayers of 1 on Ag(111) or Au(111) were investigated using
different surface-spectroscopic and -analytical methods
(IRRAS, STM, XPS, NEXAFS). Whereas the intact complex could
be measured under STM and IRRAS conditions, the vacuum
evaporated complex loses some of the CO ligands by X-ray
irradiation in the XPS and (partly) oxidized molybdenum
species can be detected. The NEXAFS and IRRAS measure-
ments demonstrate a parallel orientation of the dome-shaped
complex 1 with respect to the surface. Due to this orientation
of the molybdenum(0) tricarbonyl headgroup only the totally
symmetric A'(1) vibrational mode of the molybdenum(0) tricar-
bonyl headgroup is detectable in the IRRA spectrum and the
A'(2)/A” vibrations vanish in intensity due to the surface selec-
tion rule. Nevertheless, a strong influence of the underlying
gold substrate on the activation of the carbonyl ligands is
observed.

Overall, replacing the bridging tolylamine groups in the
azacalixpyridine ligand by sulfur atoms improves the adsorp-
tion geometry such that an exactly coplanar orientation of the
derived molybdenum(0) tricarbonyl complex (1) with respect to
a metallic surface is now obtained. Using bridging thioethers
expands the ring size (cavity) of the ligand and thus leads to a
more regular octahedral coordination. This increases the stabi-
lity of 1 towards molecular oxygen but may also reduce the
catalytic activity of the corresponding metal surface/metalor-
ganic complex (MOC) hybrid system with respect to its azaca-
lixpyridine analog.®®
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