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1 Introduction

1.1 The fixation of molecular nitrogen

Molecular dinitrogen is abundantly available in its gaseous state, as it makes up 78 % of
the earth’s atmosphere.[" The two nitrogen atoms form a strong triple bond which makes
the gas chemically inert.”?! Nitrogen-containing organic compounds are present in all
organisms. They occur among others in amino acids and thus proteins, nucleobases
comprising the DNA and adenosine triphosphate (ATP), the energy transporting agent in
cells. The pathways of nitrogen containing organic compounds in the biosphere are
summarized in nitrogen cycles which have been formulated for many different biotopes,
highlighting the importance of this class of substances to living organisms on earth.FlI4 A
significant growth of the biosphere thus requires the availability of nitrogen to the

biosynthesis of molecules.

The generation of bioavailable nitrogen compounds is called nitrogen fixation. Nitrogen
fixation can occur both biologically and abiologically. The inert characteristics of
molecular dinitrogen pose a significant challenge to the process. The only source of
fixated nitrogen from gaseous dinitrogen is the enzymatically catalyzed conversion of
dinitrogen to ammonia.! The class of enzymes enabling this reaction are nitrogenases.

They are found in cyanobacteria and rhizobacteria.®®

Obtaining bioavailable nitrogen requires breaking the strong triple bond of molecular
dinitrogen. This process is called the activation of dinitrogen. Nitrogenases enzymes
contain metal-sulfur structures as well as molybdenum and sometimes vanadium
cofactors. In the nitrogen fixation process they use NADH" as areducing agent and ATP as
an energy source to break the bond at room temperature and moderate conditions.?”
This process, however, is slow and the enzyme rare enough to make biologically fixated

nitrogen a finite resource for the biosphere.



During the industrial revolution with its’ fast-growing human population and the
development of modern chemistry, a need for an industrial pathway to nitrogen fixation
was imminent.®! Natural resources such as niter were used for explosives, but more
importantly artificial fertilizers, to meet the increasing demands in food production.® The
idea to tab into the atmospheric resources of molecular nitrogen was intriguing.l'”! The
Haber-Bosch process was the first industrially successful activation of molecular
nitrogen, using molecular nitrogen and hydrogen to produce ammonia.'" The reaction is

favored by the reaction enthalpy but hindered by its’ entropy.

N2+3H2\_—\2 NH3 AH293K=-46,14 kJ/mol (1-1)

The Haber-Bosch process therefore uses high pressure and comparatively low
temperatures as reaction conditions alongside an alpha-iron catalyst.'” The significance
of this development was honored with a Nobel prize to Fritz Haber in 1918 and Robert
Bosch, for more general high-pressure chemistry. The Haber-Bosch process was
successfully implemented in the chemical industry and remains one of the most
important chemical processes on the planet.['™ Therefore, a better understanding of the
process, and developments to improve efficiency have a significant impact on the global
energy consumption. Today, 1-3 % of the yearly energy consumption, along with 3-5 % of

the yearly hydrogen supply is linked to the synthesis of ammonia.l®

Ertl et all studied the ammonia synthesis on an alpha-iron catalyst in detail.'*"® The
diagram figure 1.1 shows the elementary reaction steps in the activation process of

molecular nitrogen.
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Figure 1.1: ' The elementary Haber-Bosch process as described by Ertl et al. Numbers

refer to the difference in Enthalpy in kJ/mol.

In the first series of steps, molecular nitrogen and hydrogen is adsorbed to the catalyst
surface. In the second step the nitrogen and hydrogen bonds are cleaved, resulting in
nitrogen and hydrogen atoms being adsorbed to the catalyst surface. Note, that in this
step the bond breaking enthalpy amounts to 1129 kJ/mol, but the catalyst lowers the
activation energy to 21 kJ/mol.l"® The following steps show a sequential addition of
hydrogen atoms to the nitrogen. The steps have low energy boundaries and result in an

adsorbed ammonia molecule residing on the catalyst.

The work of Ertl assigns demanding characteristics to the catalyst material. The
adsorption step and subsequent cleavage of the nitrogen bond require a flexible
electronic structure of the catalyst. The catalyst and the adsorbed nitrogen form a o-
donor - t-acceptor complex. Electron density along the binding axis must be accepted
by the catalyst to facilitate the adsorption. Simultaneously, electron density is donated

into the t*- orbitals of the nitrogen molecule, leading to its cleavage.



Modern catalyst systems often use ruthenium as the primary catalyst. Ruthenium is
larger compared to iron and thus more polarizable.l'"” The electron density is supported
by promotors, often alkali metals, which supply electrons to the reaction. Complex
electride structures are used to enhance the performance of the ruthenium catalyst by

improving the electronical structure for the process.!"®
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Figure 1.2: "1 Geometric assembly of catalytically active B5-sites on a ruthenium

catalyst.

Geometric features play a significant role in the process as well. Ruthenium is often
applied as a doting spot onto the support surface, being dots, several layers of ruthenium
high, featuring edges and rifts. The edges feature so called B5-sites which are shown to

be favorable for the activation process.!'”



1.2 Probing elementary steps in the catalytic activation of nitrogen

Clusters are agglomerates of molecules or atoms in the size range between 3 and ~100
units. Clusters show size dependent physical properties which can have an influence on
their reactive behavior.?” Transition metal clusters combined with ab initio quantum
chemical modeling allow the study of geometrical and electronic features. In this work,
we study size-selected transition metal clusters and their reaction with one or multiple
dinitrogen molecules to further the understanding of elementary steps in the activation

process found in catalytic processes.

To probe TM cluster — absorbate complexes we create charged transition metal clusters
using a laser vaporization ion source and two subsequent cryo-traps for the absorption of
nitrogen to the TM cluster and the selection and storage of a specific TM-cluster nitrogen
complex. The setup allows the study of nitrogen uptake kinetics as well as IR-photo-

dissociation action spectroscopy.?'

The interaction of the TM cluster with the dinitrogen adsorbent will lead to a o-donor —Tt-
acceptor complex. In this process the anti-binding orbitals of the nitrogen molecule will
be populated and lead to a weakening of the triple bond. Since the symmetry of the
dinitrogen is broken after the absorption to the TM cluster surface, the stretching mode of
the molecule becomes IR active. The weakening of the triple bond will result in a red shift
of the IR signal and can give an insight into the activation of the bond by the interaction

with the TM cluster.

This phenomenon has been described by Blyholder et al. In this work, carbon monoxide
was adsorbed to bulk metal surfaces and probed with IR radiation.?* The redshift of the
stretching mode could be correlated with differing binding motives and gave a insightinto
the weakening of the carbon monoxide bond. Since dinitrogen is isoelectronic to carbon
monoxide, the Blyholder model can be applied to the investigation of the TM cluster-

dinitrogen complexes.
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Figure 1.3: »>IThe interaction of carbon monoxide with a ruthenium atom as described in
the Blyholder model: The first step illustrates the o-donation of electron density from the
carbon towards the ruthenium. The second step shows the back donation of electron
density from the ruthenium atom towards the anti-binding m*-orbital of the carbon

monoxide.

Dewar, Chatt and Duncanson published a study on the reactions of olefines which
resulted in the weakening of the double bond and correlated it with the population of anti-
bonding t*-orbitals.?®) The weakening of the bonds was investigated with IR spectroscopy
and showed a redshift in coherence with the weakening of the bond. Both models,
Blyholder more prevalent in surface physics, Dewar-Chatt-Duncanson in organometallic
chemistry, describe a similar phenomenon and build the basis for the study of the

activation of molecular nitrogen in this work.
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Figure 1.4: 8 The interaction of olefin double bonds with a transition metal atom as
described by Dewar, Chatt and Duncanson. The first illustration shows the o-donation
from the binding m-orbital towards the transition metal atom. The second illustration
depicts the backdonation of electron density from the transition metal atom towards the

anti-binding t*-orbital of the olefine.

On top of the redshift observed in the stretching mode of diatomic absorbents according
to the Blyholder model, a secondary effect can be observed in the study of TM cluster-
adsorbate complexes. Fielicke et al. studied the redshift of adsorbent molecules in
correlation with the charge of the cluster, as well as the cluster’s size. The observed
redshiftis dependent on the charge of the cluster, negatively charged clusters being more
effective at donating electron density into the anti-binding orbitals than clusters with no
charge or even positive charge. Furthermore, the difference was larger when investigating
smaller clusters than larger ones. This effect is called the “charge-dilution-effect”. Here it
is proposed that the charge relative to the size of the cluster has an impact on the
electronic structure in the o-donor — T-acceptor process and thus on the observed

redshift of the stretching mode of the adsorbent.[?7:2#
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Figure 1.5: 1?1 Figure taken from Fielecke et al., displaying the IR signal shift depending on
the charge state of the cluster — adsorbate complex. Cationic complexes are shown as
circles, neutrals as squares, and anions as triangles. The general trend expected by the
Blyholder model, as well as the secondary trend of according to the charge-dilution

model are illustrated.

Previous studies using a similar experimental setup for cluster generation and tandem
cryo-ion traps for the generation and isolation of TM cluster-adsorbate complexes were
conducted for a large variety of transition metals.!*>21 The received IR-PD action spectra
revealed similar trends in agreement with previously described models. In combination
with ab initio quantum chemical modeling, it was also possible to identify single reaction

steps, e.g., for the dinitrogen activation on tantalum clusters.

In this work molecular nitrogen size selected TM clusters to further the understanding of
elementary steps in the catalytic activation. A focus will be set on the negatively charged

clusters as those should be more likely to engage in the o-donor —Tt-acceptor mechanism
8



due to a higher electron density. The results will be compared to previous studies
conducted with the same experimental setup to find tendencies in the behavior of the
same cluster size, but with a differing electronic structure. Tandem cryo techniques will
be used to understand uptake kinetics of nitrogen on the selected cluster and isolation of
TM cluster-adsorbate complexes. The isolated complexes will be investigated with IR
action spectroscopy. Together with quantum chemical ab-initio modeling an
understanding of the geometry, electronic structure of the complex will be studied

alongside its’ implications on the catalytic process of nitrogen activation.
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2 Experimental setup

and quantum chemical methods

The study of compounds in the gas phase at cryo temperatures requires experimental
techniques to transfer samples into the gas phase. Experiments require both gas phase
reactions at controlled temperatures and interaction with tunable light sources and
analyzing the samples using mass spectrometry. In this chapter the experimental and
theoretical methods, from sample generation to the final analysis are explained in

detail.l!

2.1 Laser Vaporization Cluster Source

Forthe generation of transition metal clustersinthe gas phase, we use a home build Laser
Vaporization Cluster Source (LVAP). Thision source has first been described by Bondybey,
English’? and Smalley.® The ion source consists of three main components (see figure
2.1); the piezoelectric valvel¥, the expansion block and the expansion channel. It uses a
metal or metal alloy target of 13 mm diameter and 0.1-0.5 mm thickness which is set up
on a rotating mount. The target is irradiated with second harmonic generation Nd:YAG
Laser (Innolas, Spitlight 300, 20 Hz, 25 mJ/pulse). The laser pulses generate a plasma
containing neutral, cationic, and anionic species, while the rotation of the target provides
continuous provision of a fresh metal surface within the circular trace of the target. After
a set delay time, the piezoelectric valve opens for 40 pysec. The piezoelectric valve has a
backing pressure of 12-15 bar, thus generating a short gas pulse expanding into the
vacuum of the chamber. The metal plasma is cooled by this supersonic expansion, and
clusters are formed in the expansion channel. The cluster size can be varied between 2
and 40 atoms by optimizing the backing pressure of the piezoelectric valve, the power of

the ablation laser, the delay between irradiation and gas expansion as well as the applied

12



source voltages. It must be noted that no further ionization steps are required and both

cationic and anionic clusters can be generated.

Figure 2.1: Schematic design of our LVAP source: expansion gas line (1), piezoelectric

valve (2), expansion block (3), expansion channel (4), mesh (5).

Due to the piezoelectric valve used in this setup, we allow the utilization of relatively small
metal or alloy targets in this ion source. Therefore, it is possible to investigate metal
clusters of metal that are not widely available, such as mono isotopic '®Ru or %Ni (Oak

Ridge National Laboratory).
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2.2 Electrospray lonization Source

Electrospray lonization (ESI) is a method based on developments by Zeleny in 19175 and
was first realized by Dole in 1968.1 The technique in combination with quadrupole mass
spectrometry was widely established by Fenn!”), who has been awarded with a noble prize

for his work in 2002.#!

ESlis considered to be a “soft” ionization method and today is widely used for analysis of
biomolecules®, organic compounds!'?, catalytic intermediates!'" and organometallic
complexes!'?. The following paragraph will describe the technique used for the Apollo Il
ESI source by Bruker Daltonics. The general principle is applicable to most other ESI

sources with minor variations in the design.

The ESI source has two major components, the sprayer assembly, generating the spray
containing the ions in the ESI chamber and the transfer capillary bringing the ions into the
gas phase. In the first step the substrate must be solved in an organic solvent, reaching
from apolar Dichloromethane (DCM) to polar Water (H.0). In the solvated states the ionic
states of the substrates are supported by the solvation. The substrate is transferred to the
sprayer needle. High voltage is applied from the needle into the ESI chamber, resulting in
the attraction of anionic/cationic species towards the tip of the needle. The coulomb
force of the ions results in the formation of a Taylor conel'™! at the tip of the needle, where
little droplets containing the ions are evaporated into the chamber. The spraying process
is aided by a nebulizer gas with is applied at the tip of the needle. The solvent molecules
evaporate, leading to smaller droplets. The surface tension holding the droplets together
has to withstand the rising Coulomb force with decreasing droplet size.(see figure 2.2) The
specific pointatwhich the droplets start to deteriorate is called the Reighley limit.['"¥ There
are two mechanisms describing the following process: The ion evaporation model'®
expects single ions to be ejected directly into the gas phase out of relatively big droplets.
The charge residue model'® suggests successive Coulomb explosions of the droplets

leading to a single ion per droplet. The single ions shed the remaining solvent molecules

14



and are effectively transferred into the gas phase. Both models are applicable depending

on the type of molecule and solvent.

initial (um) final (nm)
droplets droplets

ESI capillary —e A .
B
analyte - ® D+ mass
solutsi{on @ @®@ @ + | spectrometer
@ T

Figure 2.2:1'1 Schematic process occurring at the ESI needle in an electric field, showing

the Taylor cone and the charged droplets with decreasing size during the ESI process.

The ESI chamber at atmospheric pressure is connected to the evacuated mass
spectrometer with a transfer capillary (see figure 2.3). The transfer capillary is heated to
ca. 180 °C and is flushed with heated Nitrogen (N>) in order to help with the evaporation
of the surplus solvent molecules. The ions are transferred using an electric field which is

applied between the end caps of transfer capillary.
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Figure 2.3['81: Schematic design of the Apollo Il ESI source by Bruker Daltonics. Syringe
inlet (1), nebulizer gas inlet (2), sprayer needle (3), spray shield (4), heated dry gas (5),
transfer capillary (6), capillary cap (7).

The Apollo Il ESI source, which is used in the FRITZ setup (see chapter 2.4), also contains
an accumulation hexapole. It has two purposes, firstit sets up the ions onto a narrow axis,
improving the handling of the ion beam in further experimental steps, second it can be
used to accumulate ions and releasing them in a concentrated pulse. The pulse settingis
improving the handling for signal detection, and it is a possibility to improve the relatively
low ion yield of an ESI source compared to the LVAP source. In the used setup the
accumulation function is not essential due to the integrated hexapole cryo trap, so the

source is generally set to continuous operation unless described otherwise.
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2.3 Fourier Transform lon Cyclotron Resonance Mass Spectrometry

lon cyclotron resonance mass spectrometry relies on the ion cyclotron resonance of ions
observed in a magnetic field. The effect was first described by Lawrence in 1930.1"9 The

angular frequency of the ions in the magnetic field are described by:
w =2nf =— (2.1)

With w being the angular velocity of the ion, f the angular frequency, z the number of
charges either positive or negative, e the elementary charge (1.602 x 10° C), B the
magnetic field strength and m the mass of the ion. It is therefore possible to relate the

angular frequency with a mass to charge ratio (m/z).

m eB
_=— (2.2)
z 2nf

The relation of the angular frequency and the mass to charge ration is the foundation of
Fourier transform ion cyclotron resonance mass spectrometry. The technique was
established by Comisarow and Marshall in the early 1950s.?% In order to accomplish the
trapping, ICR cells or Penning traps were constructed. The following paragraph will

describe the design of the Bruker infinity cell used in this thesis’ experimental setup.

Figure 2.4:?"1 Cyclotron resonance ion motion inside the ICR cell (solid line), comprising
of the magnetron motion (dashed line) and the trapping motion (dotted line)
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The ICR cellis constructed out of six plates, two trapping plates, two excitation plates and
two detection plates. The trapping plates contain the ions within the z-axis in the magnetic
field. The plates are intersected into symmetric compartments which are subject to a
decreasing electrostatic field. This design leads to an apparently infinite length on the z-
axis for the trapped ions, leading to minimal interference of the electrostatic trapping with
the cyclotron resonance motion. The excitation plates enable the resonant excitation of
the trapped ions using a rf-pulse. The excitation is elevating the trapped ions to higher
orbits making detection by the third pair of plates, the detection plates, possible. The ions
on these higher orbits pass closer to the detection plates on their circular motion around
the z-axis. They induce an image current on the detection plates which is amplified,
Fouriertransformed and read out to obtain a mass spectrogram. Itis also possible to eject
ions with a determined mass-to-charge ratio out of the ICR cell using the excitation plates.
The resonant rf-pulse is used to excite specific ions to unstable orbits, effectively ejecting

them from the ICR cell.

Figure 2.5: ICR infinity cell by Bruker Daltonics, comprised of the front trapping plate (1),

excitation plates (2), detection plates (3), and the back trapping plate (4)
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2.4 The FT-ICR mass spectrometer FRITZ

The Fouriertransform Reactive Investigation Test Zoo (FRITZ) is a modified Bruker Apex
Ultra FT-ICR mass spectrometer. It assembles two ion sources, a commercial Apollo Il
electrospray ionization (ESI) source (Bruker) and a home-built Laser vaporization (LVAP)
cluster source (described in chapters 2.1 and 2.2). Both ion sources are assembled on a
90° angle towards the magnetic field axis. The central chamber on the magnetic field axis
contains a homebuilt quadrupole bender assembly, which guides the generated ions onto
the principal experimental axis. Stacks of homebuiltion optics are installed on three sides
of the bender assembly, two for incoming ions, one for setting them onto the path for
further use. The ion sources can be separated from the vacuum system with home-built
gate valves, allowing for maintenance work and modifications on the ion sources without
impeding the rest of the experiment. This setup allows for swift changes of the ion source,
limiting the downtime of the experiment due to the switching of ion sources and

maintenance.
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Figure 2.6: Schematic setup of the FRITZ setup from the sources to the reaction cell, with
the Apollo Il ESI source (1), the LVAP cluster ion source (2), ion optics (3)and (5), the
quadrupole ion bender (4), the quadrupole mass filter (6), the hexapole cryo ion trap (7),

the magnetic field axis (8) and the ICR cell (9). The distances are not to scale.

The next vacuum chamber contains the quadrupole mass filter and cryo hexapole
reaction chamber. The quadrupole mass filter is part of the original Apex Ultra setup and
is handled by the commanding software provided by Bruker. It can be set to allow a wide
range of mass-to-charge ratios to pass, as well as selecting single kinds of ions. The
separation step is essential for the following experimental techniques which are reliant
on the exclusion of adducts (e.g., oxygen adducts on clusters or solvent adducts on TM-

complexes).

The cryo hexapole reaction chamber consists of the Bruker built hexapole ion trap which
has been equipped with a cryogenic closed circuit helium cooling head. (Sumitomo
SRDK-101E with a HC-4E compressing unit). The hexapole trap can be cooled down to 15

K. The temperature is monitored by two temperature sensors (LakeShore, CernoxTM CX-
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1060-CO-HT-P-1.4M) Two heater resistors (Cartridge Heater, Janis Research, R = 50 Q)
allow for adjusting the temperature in the hexapole cell. Two gas inlets provide buffer
and/or reaction gas to the chamber. The pressure is observed by hot cathode pressure
gauge. The reaction time in the hexapole cell can be set from 0 to 30 seconds. This setup

allows for the studies of isothermal cryo kinetics explained further in chapter 2.2.2.

Figure 2.7: Schematic design of the FRITZ setup at TUK, with the Apollo Il ESI source (1),
located opposite the LVAP cluster ion source (2), but displayed linear for clarity, the
quadrupole ion bender assembly (3), the quadrupole mass filter (4), the hexapole reaction

cell (5), the ICR cell (6) and the two closed circuit Helium cryostats (7)

After the hexapole reaction cell, the ions are accelerated into the ultra-high vacuum of the
ICR chamber. The ultra-high vacuum section is separated by a beam valve. The ICR cell is
located in the center of a superconducting magnet (5T). The ICR cell is connected to a
cryostat, allowing for temperatures as low as 6.5 K, measured at the back plate of the cell.
The function of the ICR cell is described in chapter 2.3 It allows for both selecting and

trappingions in the cell. Additionally, reaction gases can be introduced into the ultra-high
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vacuum chamber, making the ICR cell a second reaction cell in the process. The ions can
then be irradiated with an available light source, allowing for action spectroscopy, e.g., IR-

PD (described in chapter 2.6).

2.5 OPO/OPAIR Laser system

The IR laser setup is installed at the FRITZ lab at TUK. It is made up of two major

components, the pump laser and the OPA/OPA system.

The Continuum Powerlight DLS 8000 is a Nd:Yag laser with a fixed frequency at 1064 nm.
A seed laser is used to stabilize the pulses and shorten the pulse width to 5-7 ns. It
provides laser pulses with a power between 500 and 700 mJ/puls at a 10 Hz frequency.
The beam has a width of 8 mm with an even distribution to prevent local energy spikes
which may damage the following crystals in the OPO/OPA system. We monitor the quality
of the seed laser using a fast photodiode for the pulse width and seeder stability, a camera

for the beam profile and a power meter for the energy per pulse.

Pump laser Nd:YAG (1064 nm)

OPO prism OPA

filter j filter I

Beam-Monitor
Wavemeter
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Figure 2.8: Schematic setup of the IR OPO/OPA laser system by LaserVision

The Optical Parametric Oscillator/Amplifier (OPO/OPA) IR laser system is a product of

LaserVision. In a first step the 1064 nm fundamental beam of the seed laser is split into
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one third lead to the oscillator and two thirds lead to the amplifier. The beam entering the
oscillator is frequency doubled (second harmonic generation SHG) by a potassium titanyl
phosphate (KTP) crystal and the remaining fundamental is dumped. The cavity of the
oscillator is set by the output mirror and either the back mirror or the tuning mirror and
grating. When using the tuning mirror and grating as the resonator, the laseris operated in
the narrowband mode, which provides a narrower bandwidth of the output wavelength.
Onthe other hand, using the back mirror for the resonator sets the laser to the broadband
mode, providing a wider output wavelength. We have found that the broadband mode
provides better energy stability when the laser is tuning through frequencies at operation.
For this reason, we are using the broadband mode unless states otherwise. Two KTP
crystals are positioned in the cavity of the oscillator. They split the 532 nm pump radiation
into Signal 1 and Idler 1 waves. The frequency of these waves can be tuned by changing
the angle of the two crystals in the cavity. Signal 1 and Idler 1 leave the oscillator and
Signal 1 is dumped using a silicone filter. Idler 1 is guided to the OPA stage. The OPA
consists of four potassium titanyl arsenate (KTA) crystals. Here the incoming Idler 1 wave
is overlapped with the remaining two thirds of the fundamental 1064 nm wave. This leads
tothe generation of Signal 2 and Idler 2 waves. The remaining fundamentalis dumped and
the two waves, Signal 2 vertically polarized and Idler 2 horizontally polarized, are emitted.
If we want to use the Signal 2 or Idler 2 radiation, a filter can be installed to pass either the
horizontal or vertical polarized wave. Additionally, a difference frequency generation
(DFM) stage can be equipped. It contains a silver gallium diselenide (AgGaSe,) crystal.
Here both Signal 2 and Idler 2 waves are overlapped on the crystal, generating the DFM

wave.?? The remaining Idler 2 radiation is dumped by a zinc selenide (ZnSe) filter.
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Figure 2.9: Overview of nonlinear optical processes and frequency conversions within the

OPO/OPA laser system yielding the respective IR photons.

2.6 Infrared-multiple photon dissociation

Infrared (IR) absorption spectra are a valuable tool in the characterization of chemical
compounds. However, classical absorption spectroscopy methods are not feasible in the
gas phase due to the low particle density. For this reason, action spectroscopy methods
are used for gas phase IR spectroscopy. In this case we are not focusing on the effect the
sample has on the IR light, but rather what effect the IR light has on the sample. Due to

the low particle density, tunable laser systems are used to irradiate the samples.

IR-(multiple) photon dissociation action spectroscopy is an established method for gas
phase spectroscopy.?® If we irradiate an ion in the gas phase with an IR photon, the ion is
able to absorb the photon if the photon energy matches a vibrational mode of the ion. The
vibrational energy is then redistributed throughout the ion.!?*! After the redistribution it is
possible the resonantly excite the vibrational mode again. The redistributed energy
throughout the ion will cause the dissociation of the weakest bond of the structure.!® The
dissociation leads to a change of the mass to charge ratio of the ion in the gas phase and
thus can be detected. The IR(M)PD spectrum can be obtained by plotting fragmentation

efficiency against the IR-laser frequency.
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Figure 2.10:[26! Schematic mechanism of the IRMPD process. An IR photon is absorbed,
and the energy is distributed via IVR into the system. This process can repeat multiple

times, until the dissociation threshold is surpassed and the ion dissociates.

In order for this method to work, a weakly bound adduct is needed as a messenger. This
can either be a weakly bound ligand which is usually the case for TM complexes, or a
physisorbed tag. Here a common technique is using an argon atom which can be tagged
to a ion at low temperatures.l?”! The noble gas atom is not altering the structure of the

sample and is easily evaporated in the IR-PD process.
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2.7 Quantum chemical methods

The interpretation of IR-PD spectra requires intensive study of the sample geometry and
of the resulting vibrational frequencies associated with the geometric features.
Quantum chemical calculations determine energetically favorable geometries, as well
as the vibrational energies of these structures and thus make it an invaluable tool in the
interpretation of IR-PD spectra.?®2° |n our experimental setup, the samples are
cryogenically cooled in the gas phase, making a comparison to calculated geometries
even more attractive, since inaccuracies due to packing or solvation effects are

excluded.

The fundamental principle of the density functional theorem (DFT) approach is the
availability of all information regarding a molecule in its’ electron density p (), as
described by Thomas and Fermi.® This principle was proven by Hohenberg and Kohn in
their first theorem.B" In their second theorem they showed the applicability of the
variational principle to the approach which led to the energy minimization as described
by Kohn and Sham.®? This leads to the following expression for the energy as a function

of the of the electron density:

- - 1 -
E(p) = To(@) + [ drp@® (Very ) + 20D + Exc(p)  24)
To(p) kinetic energy
Verr(@) effective potential
1G] Coulomb potential
Exc(p) exchange correlation energy

The corresponding Kohn-Sham wavefunction is a single Slater determinant and is

constructed from a set of orbitals that are the lowest energy solution to:
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<_ %vz + Veff(?)> d:(r) = ¢ (1) (2.5)

¢i(r) Kohn-Sham orbital i

& orbital energy

The electron density of the system can be described as:

GEDHINGIE (2.6)

The exchange correlation energy is the contains all the unknown factors of the function
and has significant influence on the results of the calculation. Therefore, itis a key
component to reach a good approximation using DFT calculation. Common approach to
estimate the exchange correlation energy are the local density approximation (LDA)?® or
the generalized gradient approximation (GGA).[*¥ They are used in hybrid functionals

which have proven to deliver accurate results in broad range of applications.

To find the energetically most favorable structures, a number of structures must be

calculated to scan the potential energy surface.
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3.1 Preamble

The experiments in this work have been conducted by Maximilian Luczak and
Christopher Wiehn in equal parts at RPTU Kaiserslautern’s FRITZ lab. The quantum
chemical models have been performed by Christopher Wiehn, using Gaussian 16
software package run on the RPTU Kaiserslautern computing center. The results were
discussed among Maximilian Luczak, Christopher Wiehn and Prof. Gereon Niedner-
Schatteburg. The following paper was drafted by Maximilian Luczak and Gereon

Niedner-Schatteburg.

3.2 Abstract

In this study we presented the IR-PD spectra of adsorbed dinitrogen on anionic Cobalt
clusters with a size range from 11 to 20 atoms. The recorded spectra reveal a trend in
accordance with both the Blyholder and charge-dilution model. We found an unexpected
rise in spin multiplicity upon N, uptake suggested by DFT calculations which can be
explained with previous XMCD studies concerning icosahedral 3d clusters in the gas
phase. Further on a significant deviation from the trend concerning the redshift of the IR-

PD signals was found for [Coz] which connects with the isotropic polarizability of the
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cluster. We compared the IR-PD spectra of both cationic and anionic cluster species
displaying inverted behavior concerning the charge state. From the fitted results we

predict the signal frequency of a N, absorbed to a neutral Cobalt cluster surface.

3.3 Introduction

Often, heterogeneously catalyzed multistep reactions, as e.g. the Haber Bosch process,
find the initial bond activation as the rate determining step [, and it starts from adsorbate
catalyst complexes as precursor states . Cluster studies provide insights into transition

metal (TM) — adsorbate interactions which are complementary to bulk surface studies.!?

Carbon monoxide (CO) adsorption to the surfaces of transition metal has been
characterized intensely by kinetic studies.!® Observed CO stretching mode frequency
shifts have revealed some evidence on prospective coordination sites, namely the on
top (u41), on bridge (M2) and on hollow (u3) motives, and these observations led the path
towards tentative interaction strength and charge effects.[* According studies of isolated

clusters revealed preferences of end on CO coordination.!

The electrostatic interaction of the adsorbed reactant molecules with a metal catalyst
surface has been depicted by the Blyholder model, that proposes a ¢-electron donor and
T-acceptor synergism.® An analogous synergism was found in single transition metal
atom ligand interactions by Dewar, Chatt and Duncanson!®, and current cluster research

point towards similar effects.!”:8

The surface morphologies of transition metal clusters governs binding, activation and
conceivable cleavage of adsorbates.!! Variations arise by the chemical composition and
the prevailing charge state, and icosahedral, various cubic or hexagonal motifs
dominate."” All of these properties scale with cluster size, and non-scalable exemptions
prevail.*"In particular, the cluster surface morphology determines the interaction of the

adsorbate with transition metal cluster’s surface and its local adsorption sites. This

11 Often, one is tempted to invoke empirical concepts such as physisorption and chemisorption. However, there
is no clear and unambiguous definition of these terms, and various communities of researchers may associate
different attributes. We refrain from utilizing these terms.
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reflects inrecordable features such as eigenmode shifts in IR photon dissociation (IR-PD)

spectra.l®1213]

The charge state of the transition metal clusters has a large effect on the adsorbate-
surface interaction. In accordance with the Blyholder model the electron density of the
transition metal cluster determines o-donor and 1t-acceptor interactions, together with
the size and composition of the cluster. Electrophilic adsorbates, such as carbon
monoxide, deplete some electron density at the cluster, as far as available. In this regard
small anions serve best, and small cations worse. The larger the cluster become the less
influence arises from a net surplus of single charges of any polarity; they dilute. This
behavior has been summarized by the charge-dilution model.['¥ and we subsequently

referenced this model multiple times before. &3

Spectroscopic experiments and quantum chemical modelling often meet to augment
each other in a mutual favor. Here, we combine IR-PD spectroscopy with ab initio DFT
calculations and thereby learn about electronic, geometric and vibrational structures of

the investigated cluster adsorbate complexes.

In the current study we chose to expose anionic cobalt clusters [Co,] (n=11-20) to
dinitrogen, N, and we checked for its uptake under cryo conditions. The notation in the
following paragraphs will follow the abbreviation [Com(N2)n] = (m,n). We put the obtained
results from the recorded IR-PD spectra into perspective with previous results on cationic
cobalt clusters. Since previous studies in our group were conducted with the same
experimental setup, we are able to compare the results with regard to the charge dilution

model more precisely.

3.4 Experimental & computational methods
experimental

We conducted all experiments with a customized Fourier-lon Cyclotron Resonance (FT-
ICR)-mass spectrometer (Apex Ultra, Bruker Daltonics), including cluster production,
isolation, N, condensation, InfraRed Photon Dissociation (IR-PD) and mass analysis. We

generated the metal clusters using a home-built laser vaporization cluster ion source,
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where cobalt atoms are evaporated from a rotating cobalt target (thickness 1 mm) by a
second harmonic pulsed Nd:YAG ablation laser (20 Hz, 20 mJ/pulse). The resulting
plasma expanded with a He gas pulse (40 ps, 15 bar) provided by a piezoelectric valve into
the vacuum chamber. In the jet expansion atoms and ions were cooled and aggregated
into clusters. The charged cluster were turned 90° onto the prime experimental axis by a
quadrupole bender. A quadrupole mass filter isolated the desired cluster size and guided
the clusters into a hexapole ion trap which is connected to a closed circle He cryostat.
The ion trap was cooled to 26 K and filled with both He as a buffer gas and the reaction
gas, in this case N,. After a variable storage time (0-1 s) the adsorbate complexes were
accelerated to the FT-ICR infinity cell. The cell was cooled by a closed circuit He cryostat
to 10 K to prevent heating of the cluster by black body radiation. The generated ions were
trappedinthe ICR cell and irradiated with IR photons. The ICR cell was also used to detect

the ions and determine the mass to charge (m/z) ratio.

As a light source a ND:Yag pump laser (Continuum DLS 8000, 10 Hz, 0,55 J/pulse) was
coupled with an OPO/OPA tunable IR laser (LaserVision, KTP/KTA). The resulting Idler 2
and signal 2 radiation generated a difference frequency radiation using an AgGaSe;
crystal. This results in IR-radiation in a range of 1000-2400 cm™. The IR spectra are
obtained with the action spectroscopy method. The IR-PD signal was evaluated as ZiF/(
2iFi+ ZiP)), where F; indicates fragment ion signal and P; the parent ion signal. By plotting
the fragmentation efficiency as a function of the laser frequency we received an IR-PD
spectrum. In this work we recorded IR-PD spectra in the 1870-2210 cm™ of the
[Con(N2)m] (n=11-20, m=1, 2) species.

computational methods

DFT calculations were performed using the hybrid functional PBE014, the cc-pVTZ basis
set15(N) and the effective core potential ecp28mdf16 provided by the Stuttgart/Cologne
group!™ and the Gaussian 16 program package17!"¢.. All calculations were checked for
imaginary frequencies and calculated using the standard convergence criterion (10-8).

cc-pVDZ & ecp10mdf.
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3.5 Results and discussion

The recorded IR-PD of the cryogenically cooled [Con(N2)m] cluster adsorbate complexes
reveal mostly well resolved bands in the range of 2000 - 2100 cm™ (cf. Fig. 1), and all of
the recorded bands are red shifted with respect to the IR inactive stretching mode of free
N, (2330 cm™). There are some sharp bands (A?V ~ 25 cm™), and some other bands are
somewhat broader (A7 ~ 100 cm™). Some broadening may be expected from coexisting N,
binding site isomers. Cobalt anion clusters thus come with a largely smooth surface

morphology of almost equivalent binding sites.
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Figure 3.1: IR-PD spectra of [Con(N2)m] for n =11 - 20 and m = 1, 2. The dotted red line

serves to guide the eye. The prevailing linear trend in the decreasing red shift of the N,

35



stretching vibration frequency with increasing size of the cluster aligns with the
decreasing charge per atom of the cobalt clusters. The spectrum of the first N, adsorbate
of each cluster size shows only one peak, which indicates only one predominant isomer.
(20,1) shows a stronger red shift compared to (17-19,1) which might hint to a

reorganization of the cluster core.

The remarkable double peak feature in the IR-PD spectrum of (12,2) most likely reflects a
symmetric-asymmetric stretching mode coupling amongst two adjacent N, adsorbates.
We find no evidence for spontaneous N; activation or even cleavage, and the vast majority
of N, adsorbates - if not all of them - reveal spectral fingerprints of likely end on
coordination to single Co centers. The alternative side-on coordination, as evidenced in
other cases of our investigations, does not show here. Fingerprints of nitride formation
fall outside our range of investigations and would need future investigations by

application of other non-table-top photon light sources such as e.g. an IR-FEL.

As evidenced by the red dotted line, depicted to guide the eye, the recorded band
positions reveal a diminishing red shift upon an increase of cluster sizes. This trend is in
line with the aforementioned charge dilution mode: The increasing cluster size dilutes the
net negative charge per cluster atom, and it thereby hampers pi-backdonation from the

TM cluster to the N2 adsorbate ligand.

Our DFT modelling suggests an icosahedral structure of the (13,0) cluster which provides
for a “smooth” cluster surface with all equivalent surface sites. In accord the recorded IR-
PD spectrum reveals a single vibrational band. The predicted electronic structure is most
remarkable. The naked icosahedron shall comprise an electronic state of multiplicity M =
23. That would indicate 11 unpaired electrons. Upon N, adsorption the DFT modelling
predicts a significant rise in multiplicity up to M = 29, which would indicate 14 unpaired
electrons™. Our current DFT methodology fails to recover such effects, and a superior

broken symmetry DFT modelling is out of reach in the present context.

The abinitio calculations propose arise in the spin multiplicity from M =23 to M = 29 after
the first N, adsorption. DFT results identify relative changes in spin multiplicity more

accurately than absolute values, so this proposition seems to have some significance.
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Since the structure is supposed to be an icosahedron there exist possible explanations
for this behavior. For cationic species Lau et all. analyzed XMCD spectra in terms of an
icosahedral [Fess]* cluster configuration where the central atom is coupled
antiferromagnetic to the 12 atom containing surrounding shell.l'”? A similar effect occurs
in [Co43]"."8 It is well conceivable that such detailed spin coupling arises from a subtle

balance that may shift e.g. by single N, adsorption and thereby increases spin multiplicity.

The recorded N; stretching bands in the IR-PD spectra of (n,1) and (n,2), n=11-19 show a
reduction of the redshift with increasing size of the Co clusters, which is roughly in
accordance with the charge-dilution model. However, we see a slightly increased red shift

of the N2 stretching band in (20,m) which breaks with this trend.

The proposed structure of (20,0) indicates an isotropic polarizability of 684.12 Bor®,
compared to 661.88 Bor® of (19,0). As a consequence, the ability to form a mt-donor bond
towards the attached Nitrogen molecule is enhanced, thus resulting in a stronger redshift

of the recorded N; stretching band in the IR-PD spectrum of (20,1).
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Figure 3.2: Recorded IR frequencies of [Con(N,):]*- for n = 10 — 19, cations in bluel™®,
anions in red. The dashed lines represent a linear fit of the data. The black line represents
a hypothetical frequency of N, adsorbed onto a neutral cobalt surface. In both charge
states a linear change in frequency with increasing cluster size is observed. The absolute

value of both gradients is approximate.

Itis mostinstructive to inspect the N, stretching band positions of cationic Cobalt cluster
adsorbate complexes as well.['® They experience an increase of red shift with increasing
size of clusters — as opposed to those of the anionic clusters, which reveal a reduction of
red shift with increasing cluster size. Total red shifts of N, stretching bands in cationic
cluster complexes are smaller than in cationic cluster complexes which are in
accordance with the Blyholder model: It is the total electron density which enables N,
triple bond weakening m-backdonation. Anions donate better than cations. When
increasing the size of the clusters net charge effects “dilute” and start to diminish in the
asymptote, but for higher order effects such as static polarizability. Such ideas where
largely conceived before, and they were summarized in the so called “charge dilution
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model”. According trends in the current data are visualized by the red and blue solid fits
and extrapolated somewhat in Figure 3.2. Note the gradients of - 6.8 and + 6.7 cm™/n
which are surprisingly close. One may dare to speculate about a common asymptote
around 2120 cm‘' which may indicate the stretching mode band position of an N, ligand
that is end-on adsorbed on a neutral cobalt cluster surface. As of now, we are not aware

of any report on such experimental values.

The electronic structure of Cobalt clusters in the size regime n = 11-20 has significant
influence on the Dinitrogen bond characteristics after absorption to the cluster surface.
The charge of the clusters has a major effect summarized in the comparison of cationic
and anionic cluster adsorbate N, stretching bonds in the IR-PD spectra. The charge to size
ratio has a significant influence on the redshift of the bands in accordance with both the
Blyholder — and charge dilution models. Additionally, the isotropic polarizability seems to
explain the minor deviations from the general trend. The changes in electronic structure
resulting in enhanced or depleted polarizability are strongly dependent on the cluster
composition, size and geometry. Analyzing these effects requires more comparative

studies.

3.6 Conclusion

In this study we presented the IR-PD spectra of adsorbed dinitrogen on anionic Cobalt
clusters with a size range from 11 to 20 atoms. The recorded spectra reveal a trend in
accordance with both the Blyholder and charge-dilution model. We found an unexpected
rise in spin multiplicity upon N, uptake suggested by DFT calculations which can be
explained with previous XMCD studies concerning icosahedral 3d clusters in the gas
phase. Further on a significant deviation from the trend concerning the redshift of the IR-
PD signals was found for [Co20] which can be explained with the isotropic polarizability of
the cluster. We compared the IR-PD spectra of both cationic and anionic cluster species
displaying inverted behavior concerning the charge state. From the fitted results we

predict the signal frequency of a N, absorbed to a neutral Cobalt cluster surface.
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3.8 Supporting information

The following structures have been calculated according to the methods described in the

paper’s experimental section. Abbreviations: [Con(N2)m] = (n, m), multiplicity =M

Figure SI.1: (11,0), M = 23

Figure S1.2: (11,1), M =21
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Figure SI.3: (11,2), M=19

Figure Sl.4: (12,0), M = 24
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Figure SI.5: (12,1), M = 24

Figure SI1.6: (12,2), M =22
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(12,2), M = 22
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4.1 Preamble

The experiments in this work have been conducted by Maximilian Luczak and
Christopher Wiehn in equal parts at RPTU Kaiserslautern’s FRITZ lab. The quantum
chemical models have been performed by Christopher Wiehn, using Gaussian 16
software package run on the RPTU Kaiserslautern computing center. The results were
discussed among Maximilian Luczak, Christopher Wiehn and Prof. Gereon Niedner-
Schatteburg. The following paper was drafted by Maximilian Luczak and Gereon

Niedner-Schatteburg.

4.2 Abstract

In this study we present IR-PD spectra of the anionic Ni11(N2)n- (n = 1-11) cluster-
adsorbate complex at cryo-conditions. We recorded every nitrogen adsorption step and
evaluated the results regarding the single fragmentation channels of the complex. The IR-
PD spectra indicate a icosahedral structure of the nickel cluster, lacking two atoms on

one side. This pocket-like structure offers an absorption side for a dinitrogen molecule in
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a bridged configuration. The bridged configuration leads to a highly activated dinitrogen

structure with its’ stretching mode recorded at 1895 cm™.

4.3 Introduction

Important chemical processes such as the Sabatier reaction!” or Raney nickel hydration
reactions!? rely on nickel for its’ catalytic activity. Studies on the catalytic processes are
often confined to either bulk materials or organometallic experiments using a single
nickel metal center. Isolated nickel clusters can pick up reaction gases at cryo-
temperatures and can present insights complementary to abovementioned studies.? In
this study molecular dinitrogen is brought into reaction with a size selected anionic Niq4
clusterto investigate both the cluster’s structure and the influence of the geometry on the

absorbed dinitrogen molecules with IR-photodissociation action spectroscopy.

The adsorption process of gaseous dinitrogen to transition metal (TM) clusters at cryo
conditions can be described by a o-donor - Tt-acceptor synergism. This mechanism has
been proposed by Blyholdert* for the absorption of carbon monoxide to bulk surfaces. He
postulated three binding motives: the on top (u1), on bridge (U2) and on hollow (us)
motives. In his work he was able to determine the different motives by their IR absorption
bands. The interaction of the carbon monoxide with the metal surface according to the o-
donor - T-acceptor synergism results in the weakening of the central bond of the
adsorbent and thus in a red shift of the observed IR bands. Since dinitrogen is
isoelectronic to carbon monoxide, the same synergism and redshift of the IR active
stretching mode at 2330 cm™ can be expected and has been observed in the past. In
organometallic chemistry the concept of Dewar, Chatt and Duncanson® is
predominantly cited to explain a redshift in stretching modes of multi bonded atoms after
the m*-antibonding orbital has been populated by electrons. Both models, Blyholder
derived from surface physics and Dewar-Chatt-Duncanson from organometallic

chemistry conclude in the same results and can be referred to in this study.

The interaction of nitrogen with TM clusters has been excessively studied by our group in
the past. Tantal cationic!®, ruthenium!”, cobalt, rhodium both cationic and anionic. Nikel

has been studied both cationic and anionic.l®! The experimental methods include both
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kinetic studies of the uptake of dinitrogen under cryo temperatures as well as IR-PD action
spectroscopy to probe isolated cluster-absorbate complexes. These studies highlighted
the influence of geometry, charge state, cluster size and electronic structure of the TM
cluster for both uptake and activation of nitrogen absorbents. The previous broader study
of anionic nickel clusters (see chapter 4) in the range from Niso to Nixi™ - dinitrogen
complexes revealed a particularly big redshift in the Niq~ structure as well as a very
complex IR-PD spectrum. In this study the focus will be on the sequential uptake of
dinitrogen by the Niq, cluster to identify both the structure of the structure of the cluster
as well as the binding situation leading to this strongly activated dinitrogen adsorbate. A
suggestion for the anionic Niq1~ cluster has been provided by K. M. Ho et al.,” relying on
computational methods to determine the geometric and electronic structure. They
propose a fourfold capped pentagonal bipyramid structure with D3, symmetry. However,
this highly symmetrical geometry seems to be unlikely to explain the complex IR-PD
spectrum of the fully saturated Ni1(N2)11~ cluster depicted in our previous study. In this
work we will try to provide evidence for alternative geometries which allow for an

explanation of the complex nature of beforementioned spectrum.

4.4 Experimental & computational methods

experimental We conducted all experiments with a customized Fourier-lon Cyclotron
Resonance (FT-ICR)-mass spectrometer (Apex Ultra, Bruker Daltonics), including cluster
production, isolation, N, condensation, InfraRed Photon Dissociation (IR-PD) and mass
analysis. We generated the metal clusters using a home-built laser vaporization cluster
ion source, where cobalt atoms are evaporated from a rotating cobalt target (thickness 1
mm) by a second harmonic pulsed Nd:YAG ablation laser (20 Hz, 20 mJ/pulse). The
resulting plasma expanded with a He gas pulse (40 us, 15 bar) provided by a piezoelectric
valve into the vacuum chamber. In the jet expansion atoms and ions were cooled and
aggregated into clusters. The charged cluster were turned 90° onto the prime
experimental axis by a quadrupole bender. A quadrupole mass filter isolated the desired
cluster size and guided the clusters into a hexapole ion trap which is connected to a
closed circle He cryostat. The ion trap was cooled to 26 K and filled with both He as a
buffer gas and the reaction gas, in this case N,. After a variable storage time (0-1 s) the
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adsorbate complexes were accelerated to the FT-ICR infinity cell. The cell was cooled by
a closed circuit He cryostat to 10 K to prevent heating of the cluster by black body
radiation. The generated ions were trapped in the ICR cell and irradiated with IR photons.
The ICR cell was also used to detect the ions and determine the mass to charge (m/z)

ratio.

As a light source a ND:Yag pump laser (Continuum DLS 8000, 10 Hz, 0,55 J/pulse) was
coupled with an OPO/OPA tunable IR laser (LaserVision, KTP/KTA). The resulting Idler 2
and signal 2 radiation generated a difference frequency radiation using an AgGaSe;
crystal. This results in IR-radiation in a range of 1000-2400 cm™. The IR spectra are
obtained with the action spectroscopy method. The IR-PD signhal was evaluated as 2iF/(
2;Fi+ 2iPj), where F; indicates fragment ion signal and P; the parent ion signal. By plotting
the fragmentation efficiency as a function of the laser frequency we received an IR-PD
spectrum. In this work we recorded IR-PD spectra in the 1870 — 2210 cm™ of the [Nin(N2)m]

(h=10-21,m=1, 2) species.

computational methods DFT calculations were performed using the hybrid functional
PBEOQ' and the effective core potential ecp10mdfi’ provided by the Stuttgart/Cologne
group and the Gaussian 16 program package!'l. All calculations were checked for

imaginary frequencies and calculated using the standard convergence criterion (108).

4.5 Results & Discussion

The recorded IR-PD spectra of cryogenically cooled Ni11(N2)y- (y=1-11) complexesin the
range of v=1870-2210 cm™ are depicted in figure 1 in solid black lines. Alle recorded IR-
modes are redshifted from the theoretical free stretching mode of dinitrogen at 2330 cm-~
1, whichis not IR active and could not be detected without a breach in symmetry occuring
after the adsorption to the nickel cluster. We observe a broader main signal starting from
2025t0 2050 cm™ for the Ni11(N2)1- complex, with the prak at 2040 cm™. This main signal
is presentin all successive complexes. The redshift observed of these main signals is less
pronounced with every uptake of dinitrogen. The main signal of Ni11(N2)10 is recorded at

2075 cm™ to 2125 cm™ with the main peaks at 2095 cm™ and 2110 cm™. The reduced
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redshiftisin accordance with the charge dilution model, which proposes a reduced ability
to populate the pi* orbital of the dinitrogen tripple bond when the negative charge of the

clusteris spread over a larger cluster-absorbates complex.
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Figure 4.1: Thefigure displays the IR-PD spectra of Ni11(N2)n- (n=1-11) in the range of
1870-2210 cm™. The total fragment yield is displayed in black solid lines. The location of

the free dinitrogen streching mode at 2330 cm™ is displayed in a dashed green line.

The IR-PD spectrum of Ni11(N2)2- shows two distinguishable IR signals at 2040 cm™ and
2060 cm™. Several signals like this can be atrributed either to a split in symmetric and
asymmetric stretching modes, or two geometrical different adsorption sites on the
cluster and thus a slight difference in the electronical interaction between the cluster and
the absorbed dinitrogen. To gain a better understanding of this phenomenon, we will look
at the fragmentaion channels individually to see which part of the total fragment yield is

contributed by each complex.

In Figure 2 the single fragmentaion channels of the IR-PD spectra of Ni11(N2)2-and Niq1(N2)s

are depicted in the colored lines. The total fragment yield is shown in a solid black line.
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The figure on the left shows the two distinct features at 2040 cm” and 2060
cm™. The purple line shows the IR-PD spectra which corresponds to the loss of the first
dinitrogen adsorbate, the blue line with the loss of both dinitrogen. The loss of the first
dinitrogen is reponsible for the IR-PD signal at 2060 cm™. The blue line, representing the
loss of the second dinitrogen and is more akin to the IR-PD spectrum of Nis1(N,)s. This
observation is suggesting that the absorption of the second dinitrogen is not equivalent
to the absorption of the first dinitrogen. Therefore the two observed sighals do not stem
from a symmetrical and asymmetrical coupling of the two absorbed dinitrogen
molecules, but from two nitrogen which have differences in their electronnical structure

and therefore have a differnece in the IR-streching mode of each dinitrogen absorband.
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Figure 4.2: Figure 2 displays IR-PD spectra of Ni11(N2)n- (n = 2,3). The total fragmentation

yield is depicted as a solid black line, additionally the single fragment channels are shown

as colored solid lines.

A similar observation is made with the single fragment channels of the IR-PD spectrum of
Nii1(N2)s. The loss of the first dinitrogen, depicted in the solid green line is responsible for
the shoulder observed at 2075 cm™. The loss of the second and third dinitrogen show a
similar behavior as discussed in the spectrum of Ni;1(N.)., both peaks being at the same
positions at 2060 cm™ for the loss of the second dinitrogen depicted in purple and 2040

cm™ for the loss of the final dinitrogen depicted in blue.

The IR-PD spectra of Ni(N2)y (y = 4-9) in figure 1 show a distinct signal to a higher

vibrational energy from the main band. It does not have a high fragmentaion yield, but is
52



distinctive and comparatively narrow. The blueshift of the distinct feature to the first
observed peak in the main band is increasing from 30 cm™ to 40 cm™. To further the
understanding of the origin of this feature we will again look at the multi fragment channel
depictions. (See figure 3) We exemplarary study the multichannel fragment spectrum of

Ni11(N2)s .
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Figure 4.3: Figure 3 displays IR-PD spectra of Nii1(N.)s. The total fragmentation yield is
depicted as a solid black line, additionally the single fragment channels are shown as
colored solid lines. The yellow solid line depicts the intensity of the Niq (N2)s fragment
channel, resulting from the loss of one absorbed dinitrogen molecules from the cluster-
adsorbate complex. The red solid line shows the intensity of the Ni1(N,)s fragment
channel, resulting from the loss of two absorbed dinitrogen molecules from the cluster-

adsorbate complex.

The multichannel fragment spectrum of Nii1(N2)ss shows the fragmentation yield of the
first dinitrogen as a solid yellow line, the total fragment yield is depicted as a solid black
line. The distinctive feature at 2110 cm™ is shown to be entirely originating from the loss

of the first dinitrogen molecule. The remaining dinitrogen adsorbates to not have a IR
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active mode corresponding to this wavenumber. The structure of the main band can be
entirely depicted by the fragmentation channels of the second dinitrogen loss. This

observation is also present at the other multichannel spectra of Niq1(N2), (y = 4-9).

We can interpred the blueshifted features with the o-electron donor and m-acceptor
synergism as proposed by Blyholder et al. Since the last adsorbed dinitrogen molecule
shows an IR signal of a stronger dinitrogen stretching frequency, we can assume that there
is less electron density transferred to the t* anti-binding orbital. The result therefore is a
incomplete activation of the last absorbed dinitrogen. The adsorption of the next
dinitrogen with the o-electron donation increases the electron density in the cluster-
adsorbate complex again. This increase in electron density allows the complex to
complete the activation process of the previously absorbed dinitrogen, but results in the
insufficient activation of the current absorption process. Since the cluster — adsorbate
complex is increasing in size, the deficit becomes larger with every absorption step and
the gap between the main signal and the feature of the last absorbed dinitrogen with every
additional dinitrogen adsorption. The situation seems to change with the adsorption of

the 10" dinitrogen. The IR-PD spectrum of Niq1(N,)." does not show a distinctive feature.
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Figure 4.4: Figure 4 displays IR-PD spectra of Ni11(N2)1o. The total fragmentation yield is
depicted as a solid black line, additionally the single fragment channels are shown as
colored solid lines. The red solid line depicts the intensity of the Niy(N2)s” fragment
channel, resulting from the loss of one absorbed dinitrogen molecules from the cluster-

adsorbate complex.

The multifragment channel IR-PD spectrum of Nis1(N2)1o” shows two peaks in the main
band at 2095 cm™ and 2110 cm™. The loss of the first dinitrogen molecule is depicted as
a solid red line. All the features present in the total fragment yield shown as a solid black
line are present in the first fragment channel. The spectrum reveals three features, the
two peaks in the main band and a shoulder at 2075 cm™. This indicates that Ni;1(N,)1o is a
highly symmetrical structure, having three absorption sites at most. We keep this

information in mind for the discussion of the cluster structure.

The Nis1(N2)11" IR-PD spectrum shows a multitude of IR signals and features. Most notably
two distinct features, one blueshifted to the main band at 2170 cm™ and one far redshifted
at 1895 cm™. Since the spectrum of Ni(N2)o has shown very few signals and thus
indicated a highly symmetrical structure, the symmetry is broken by the absorption of the

11" dinitrogen.
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Figure. 4.5: Figure 5 displays IR-PD spectra of Nii1(N2)11". The total fragmentation yield is
depicted as a solid black line, additionally the single fragment channels are shown as
colored solid lines. The green solid line depicts the intensity of the Niq(N2)1o” fragment
channel, resulting from the loss of one absorbed dinitrogen molecules from the cluster-
adsorbate complex. The red solid line shows the intensity of the Ni1(N,)s fragment
channel, resulting from the loss of two absorbed dinitrogen molecules from the cluster-

adsorbate complex.

The multifragment channel IR-PD spectrum reveals that the the loss of the first, symmetry
breaking dinitrogen, depicted in a solid green line is responsible for most of the IR signals
of the total fragment yield IR-PD spectrum shown in a solid black line. The loss of the
second dinitrogen absorbate, the remaining cluster — absorbate complex being Nii1(N2)1o
as discussed previously, is depicted as a solid red line and has the same features as the

previous spectrum.

The observations make the cluster geometry proposed by K. M. Ho et al. unlikely. The
proposed four-fold capped pentagonal bipyramid structure with Ds, symmetry has all
eleven nickel atoms being on the cluster surface. Therefore, it is unlikely for the 11
dinitrogen adsorbate to break the symmetry while the 10 dinitrogen previously adsorbed
lead to a highly symmetrical structure. Furthermore, there is no geometric feature

allowing to explain the significant activation of the final dinitrogen adsorbate.

Figure 4.6: On the left handside the anionic Ni11- cluster is depicted as proposed by K.M.

Ho et al.®. On the right handside our suggestion for a anionic Ni11- cluster is displayed.
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We propose as a possible structure an Icosahedron lacking two atoms forming pocket-
like structure. This structure has C,, symmetry and has 10 nickel atoms on the surface
and a 11" one in the pocket. It would allow for an p; end-on adsorption of the first 10
dinitrogen molecules. This would result in a highly symmetrical structure with two
distinguishable binding sites, four being on the icosahedral face of the cluster and six on
the rim of the pocket. This structure explains the two peaks in the main band observed in
the Niq1(N2)10” spectrum. The 11" dinitrogen would locate in the pocket and probably end
up in Y, bridge position. This disrupts the symmetry of the cluster — adsorbate complex
and also explains the IR signal at 1895 cm™, yielding from a highly activated dinitrogen

stretching mode.

Even though our observations are in favor of the “pocket”-structure, the difference to the
published structure by K. M. Ho et al. does not disproof the quantum chemical models
usedinthe study. It ratheremphasizes the role of the ion source in given experiment which

can lead to structures differing from setup to setup and being worth investigating.

4.6 Conclusion

The IR-PD spectra of Nis1(N2), (y = 1-11) indicate a icosahedral structure, lacking two
atoms forming a pocket like structure. The stepwise adsorption of dinitrogen molecules
indicates aincomplete activation of the final adsorbed dinitrogen molecule. This effect is
observed in the adsorption steps of Nii1(N.), - (y = 4-9). The absorption of the 10" leads to
a highly symmetrical structure of the cluster — adsorbate complex. This indicates a end-
on adsorption of dinitrogen on the cluster surface. The final dinitrogen is adsorbed to the
pocket structure, breaking the symmetry of the structure. The final dinitrogen forms a

bridge adsorption structure in the pocket, leading to a highly activated dinitrogen.
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5.1 Preamble

The experiments in this work have been conducted by Maximilian Luczak and
Christopher Wiehn in equal parts at RPTU Kaiserslautern’s FRITZ lab. The quantum
chemical models have been performed by Christopher Wiehn, using Gaussian 16
software package run on the RPTU Kaiserslautern computing center. The results were
discussed among Maximilian Luczak, Christopher Wiehn and Prof. Gereon Niedner-
Schatteburg. The following paper was drafted by Maximilian Luczak and Gereon

Niedner-Schatteburg.

5.2 Abstract

In this study we presented the IRPD spectra of adsorbed dinitrogen on anionic Nickel
clusters with a size range from 10 to 21 atoms. The recorded spectra reveal a motive of
asymptotic midigation towards a stable frequency of dinitrogen stretching mode for the
cluster-adsobate complexes. We compared the IRPD spectra of both cationic and anionic
cluster species displaying inverted behavior concerning the charge state. From the fitted
results we predict the signal frequency of a N, absorbed to a neutral Nickel cluster

surface.
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5.3 Introduction

Nickel showcases catalytic activity in many chemical processes such as the Sabatier
reaction ", and Raney-Nickel hydration reactions.? Isolated nickel clusters at cryo
temperatures are able to pick up dinitrogen and can be used as complementary studies

to bulk surface and organometallic single atom metal center experiments.

Dinitrogen being isoelectronic to carbon monoxide shows similar properties regarding
their coordination to transition metal atoms or bulk structures. The coordination can be
described with a o-donor - t-acceptor synergism postulated by Blyholder® and Dewar-
Chatt Duncanson!. The level of coordination, the N-N triple bond strength and its
possible activation have been studied using infrared photodissociation (IR-PD) action
spectroscopy. A redshift from the nitrogen-nitrogen frequency at 2330 cm™ indicates the
activation of the nitrogen adsorbate on the cluster surface and reveals information on the

binding motive of the adsorbate.

Geometry, charge state, cluster size and electronic structure of the transition metal
cluster influence both the uptake and activation of nitrogen absorbents.® Previous
studies exemplified the use of IR-PD spectra with the assistance of ab initio DFT-modeling
to draw conclusions on the transition metal cluster-adsorbate complexes properties.®’-
% The properties of nickel cluster nitrogen complexes have been studied for cationic
clusters of the size range n = 10-17.%"% |n this paper we present IR-PD spectra of anionic
nickel cluster nitrogen complexes inthe n =11-20 comparing the found properties to draw
further conclusions on the effect of the charge state with regards to the size dependent

changes in electronic structure.

5.4 Experimental & computational methods

We conducted all experiments with a customized Fourier-lon Cyclotron Resonance (FT-
ICR)-mass spectrometer (Apex Ultra, Bruker Daltonics), including cluster production,
isolation, N, condensation, InfraRed Photon Dissociation (IR-PD) and mass analysis. We
generated the metal clusters using a home-built laser vaporization cluster ion source,
where cobalt atoms are evaporated from a rotating cobalt target (thickness 1 mm) by a

second harmonic pulsed Nd:YAG ablation laser (20 Hz, 20 mJ/pulse). The resulting
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plasma expanded with a He gas pulse (40 us, 15 bar) provided by a piezoelectric valve into
the vacuum chamber. In the jet expansion atoms and ions were cooled and aggregated
into clusters. The charged cluster were turned 90° onto the prime experimental axis by a
quadrupole bender. A quadrupole mass filter isolated the desired cluster size and guided
the clusters into a hexapole ion trap which is connected to a closed circle He cryostat.
The ion trap was cooled to 26 K and filled with both He as a buffer gas and the reaction
gas, in this case N,. After a variable storage time (0-1 s) the adsorbate complexes were
accelerated to the FT-ICR infinity cell. The cell was cooled by a closed circuit He cryostat
to 10 Kto prevent heating of the cluster by black body radiation. The generated ions were
trappedinthe ICR cell and irradiated with IR photons. The ICR cell was also used to detect

the ions and determine the mass to charge (m/z) ratio.

As a light source a ND:Yag pump laser (Continuum DLS 8000, 10 Hz, 0,55 J/pulse) was
coupled with an OPO/OPA tunable IR laser (LaserVision, KTP/KTA). The resulting Idler 2
and signal 2 radiation generated a difference frequency radiation using an AgGaSe;
crystal. This results in IR-radiation in a range of 1000-2400 cm™. The IR spectra are
obtained with the action spectroscopy method. The IRPD signal was evaluated as ZiFi/(
2iFi+ ZiP)), where F; indicates fragment ion signal and P; the parent ion signal. By plotting
the fragmentation efficiency as a function of the laser frequency we received an IRPD
spectrum. In this work we recorded IRPD spectrain the 1870 — 2210 cm™ of the [Con(N2)m]

(n=11-20,m=1, 2) species.

computational methods DFT calculations were performed using the hybrid functional
PBEO14, the cc-pVTZ basis set15(N) and the effective core potential ecp28mdf16
provided by the Stuttgart/Cologne group!' and the Gaussian 16 program package17!"2.
All calculations were checked for imaginary frequencies and calculated using the

standard convergence criterion (10-8). cc-pVDZ & ecp10mdf.

5.5 Results & Discussion

The recorded IR-PD spectra of cryogenically cooled [Nin(N2):] reveal mostly well resolved
bands in the range of 2040 - 2095 cm™ (cf. Fig. 1, black solid line). The absorption limit for

the presented nickel clustersrange fromm=9-18. The resulting IR-PD spectra range from
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1890-2175 cm™ (cf. Fig 1, blue solid line). AlL IR signals are red shifted with respect to the

IR inactive stretching mode of free N, (2330 cm™).

The IR signals of the N, stretching mode of the first adsorbed Nitrogen molecule are red
shifted to 2040 cm™ for the n = 10, 11 size clusters. With increasing cluster size, the red
shift decreases from 2040 cm™ to 2095 cm™. The decreasing red shift with the increasing
cluster size can be interpreted with the charge-dilution model™], postulating a
diminishing electron density surplus in larger systems resulting in weaker contribution to
the anti-binding t-it* orbital. The recorded spectra do not show a linear trend however,
which has been observed in previous experiments on Co, Ru and Rh clusters”~'%. Previous
experiments with nitrogen adsorbed on cationic nickel clusters have shown a similar, but
mirrored trend of red shift and cluster size dependency (cf. Fig. 2).°! Considering IR band
signal positions of both cationic and anionic species, both trendlines are parallel at a
sufficiently large cluster size. This observation is in accordance with the charge-dilution

model.
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Figure 5.1: IR-PD frequencies of the N, stretching band of cationic cluster dinitrogen
complexes [Nin(N2)1]* (n = 5-20) and anionic cluster dinitrogen complexes [Nin(N2){] (n =
10-21) are depicted in blue and red respectively. All frequencies are red shifted to the

neutral N, stretching band at 2330 cm™, cationic species to 2270 cm™ to 2225 cm™,
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anionic species to 2040 cm™ to 2095 cm™. Both reveal a asymptotic solution toward 2158
cm™ with increasing cluster size, where we propose the neutral cluster dinitrogen
complex N IR stretching band to be located.

The IR signals of the anionic nickel clusters with the maximum amount of dinitrogen
attachable at cryo-conditions are displayed as solid blue lines in fig. 1. Here we can see
a general trend of all IR signals being less redshifted than the signal for the single
dinitrogen absorption complex. This is again in accordance with the charge-dilution
model. Since the cluster—adsorbate complexes are larger with more adsorbed dinitrogen
the negative charge becomes more diluted and is not available for the pi-backdonation
into the anti-bonding Tt-1t* orbitals of the dinitrogen triple bonds. The only exception to
this trend can be observed for the [Nis1(N2)11] cluster — adsorbate complex. Here, a IR
signal at 1895 cm-1 is detected. The nature of this feature is discussed in detailin its’ own

chapter.
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Figure 5.2: IR-PD spectra of [Nin(N2)m] (n =10-21; n =1, intermittent/maximum N, uptake)
from 1870 cm™to0 2210 cm™. The recorded N, streching bands in the IR-PD spectra for the
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[Nin(N2)1] (n = 10-21) (black line) reveal a red shift from the free N, stretching band
(2330 cm™) ranging from 2040 cm™ to 2095 cm™ decreasing with the size of the cluster.
This gradual change does not follow a linear trend. The recorded N, streching bands in the
IR-PD spectra for the [Nin(N2)m] (n = 10-21, m = intermittent/maximum) (blue line) show
significantly more features with the exeption of [Nin(N2)m] (n =12, 13) which show only one
dominant feature.

The structure of the maximum absorption IR-PD spectra can give us some advice on the
cluster geometry of anionic nickel clusters. The first observation is the single IR signhal
recorded for the [Niis(N2):2] cluster — adsorbate complex at 2115 cm-1. This is indicating
a highly symmetrical structure. 13 nickel atoms can form a icosahedron, presenting 12
equal nickel atoms on the surface and one atom in the center of the structure. Assuming
the dinitrogen molecules are adsorbed in an end-on configuration, or py, configuration as
it is described by Blyholder et. al., twelve equivalent IR active chromophores are to be

expected.

Following the cluster growth pattern, we can predict the formation of a double
icosahedral structure for the anionic Niqe- cluster. A double icosahedron has 17 atoms on
the surface and two enveloped in the structure. A maximum pickup of 17 dinitrogen
molecule supports this assumption. The IR-PD spectrum of [Niis(N2):7]" reveals three
distinct IR signals at 2100 cm-1, 2120 cm-1 and 2150 cm-1. An icosahedral structure
offers three different absorption sites. Two are located at the top and bottom ends of the
structure, five are at the equator of the structure and ten are located between the equator
and the ends of the structure. Therefore, the three distinct signals can be explained by the

proposed geometric structure.

The in-depth examination of the [Ni1(N2).]” (n = 1-11)cluster — adsorbate complex
indicated an icosahedral structure missing two atoms on one side, forming a pocket-like
structure and thus a precursor to the icosahedral structure suggested for the [Nit3(N2)n]
(n = 1-12) complex. Additionally, the appearance of the far redshifted IR signal was

assigned to a bridged p, adsorption to the pocket position.
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5.6 Conclusion

In this work, we compare the IR-PD spectra of anionic nickel cluster-dinitrogen complexes
with cationic species. The results can be interpreted with the Blyholder model as a
primary effect and the charge dilution model as a secondary effect. The position of the IR

signal for the neutral cluster-dinitrogen complex can be extrapolated from the data.
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6.1 Preamble

The experiments in this work have been conducted by Maximilian Luczak and Christopher
Wiehn in equal parts at RPTU Kaiserslautern’s FRITZ lab. The quantum chemical models
have been performed by Christopher Wiehn, using Gaussian 16 software package run on
the RPTU Kaiserslautern computing center. The results were discussed among Maximilian
Luczak, Christopher Wiehn and Prof. Gereon Niedner-Schatteburg. The following paper

was drafted by Maximilian Luczak and Gereon Niedner-Schatteburg.

6.2 Abstract

This study presents N, uptake kinetics at 26 K of anionic Ruthenium clusters [Run], n = 7-
12 and IR Photon Dissociation (IR-PD) spectra of selected Ruthenium cluster — adsorbate
complexes, [Run(N2)m], N =7-12, m = 1-3, together with DFT modelling of selected cases.
The uptake kinetics reveal large variations of the adsorption limit mmax by cluster size n,
and some evidence for N, desorption. The recorded IR-PD bands correspond to red
shifted stretching modes of end on coordinated N, adsorbates, and the band positions
correlate with the calculated polarizability of the host clusters, varying by cluster size and
structure, interpreted as o acceptor — 1t donor action amongst clusters and adsorbates.
IR-PD spectra of [Rus(N2).] require a DFT modelling in terms of an activated di-nitrido

motif, which gives rise to further work in progress. N, stretching band positions in cationic
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and anionic Ruthenium cluster — single N2 adsorbate complexes extrapolate well to

published values of large neutral Ruthenium clusters.

6.3 Introduction

Industrial catalysis. The enduring quest for most effective reduction catalysis has found
Ruthenium-based catalysts which operate with remarkable activity."® It is possible to
operate them at mild conditions, as e.g. in the ammonia synthesis by the Kellogg
Advanced Ammonia Process (KAAP), in contrast to iron-based catalysts as in use by the
Haber-Bosch process.** In KAAP, the rate determining step is the activation of dinitrogen
.71 which is mediated by highly coordinated sub surface atoms, so called B5 sites.!® This
finding hints to a structure sensitive cleavage of the N, bond. However, the reaction

mechanism is not yet fully understood.

Ru surface science studies. Ruthenium compounds and their reactivity received
repeated attention and characterization. Stern-Gerlach deflection studies reveal small
magnetic moments of neutral ruthenium clusters.!® IRMPD studies on Ruthenium-CO
adsorbate complexes found size dependent adsorption motives, either end-on or bridged
coordination.l' Combined spectroscopic investigations of N»/Ru(001) at low
temperatures depict an end on coordination of the dinitrogen.!"" '? Electron energy loss
spectroscopy (EELS) and thermal desorption spectroscopy (TDS) studies showed
preferentially dissociative adsorption of nitrogen onto a Ru(0001) surface at elevated
temperatures.l'” Ru loaded Ca-Al-oxide electride materials showed capable to donate
electrons and to receive hydrides whereby N, activation is enhanced and hydrogen

poisoning suppressed.['¥

Gas phase ion chemistry and cryo ion trapping. The long time established research on
gas phase ion spectroscopy and kinetics had largely focused in the past onto
atmospheric chemistry and astrochemistry, and on related fundamental processes. Not
so long ago, it received an eminent push forward by the advent of new ion generation
schemes and - equally important — by the advance of ion trapping under well controlled

cryo conditions which opened up new routes of research. There were established two
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routes of cryo ion research by either cryo RF ion traps ['*11'6-2% or by cryo penning traps 12"
241 as reviewed recently %!, [t was the group of Peter Chen which achieved a high definition
nominal 4 Kelvin isothermal trapping of isolated ions 1?4, and who managed to conduct
trail blazing studies on isolated organic and metalorganic complexes 2527,

Elementary steps by cluster research. Considerable effort had been spent on the
generation and characterization of isolated transition metal clusters, which proved well-
suitable as model systems to investigate initial elementary steps of catalytic
mechanisms, such as adsorption and adsorbate activation. 8 Qur laboratory has
contributed through cryo IR spectroscopy and cryo kinetic investigations of N, adsorption
and activation by various 3d TM cluster cations 22934 and by case studies of selected 6d

TM clusters 35371,

Ruthenium clusters. Research on size selected Ruthenium clusters is sparse, however.
Trapped ion electron diffraction (TIED) and Far-IR studies in conjunction with DFT
modelling revealed cubic structure motives of some small anionic ruthenium clusters
Ru,, n=8-13.% 31 Qur previous case study on the coadsorption of H./N, onto an
cationic ruthenium cluster revealed IR spectra that suggest a dissociative adsorption of
the hydrogen as well as a migration of the hydride on the cluster surface that experiences

some hindrance by N, adsorbates. 4%

The present study is first in a row of upcoming investigations on the characterization of
like processes by anionic TM clusters. We chose to characterize anionic Ru clusters for
their N, uptake and activation, by recording IR-PD spectra of size selected anionic
Ruthenium cluster dinitrogen adsorbate complexes, n=7-12, m< 3, and by recording
isothermal stepwise N, uptake kinetics under cryogenic conditions. Quantum chemical
modelling at DFT level augments the experimental findings and allows for some structural

conclusions.

6.4 Experimental and Computational Details

All experiments were conducted at a customized Fourier transform-ion cyclotron

resonance (FT-ICR) mass spectrometer (Apex Ultra Bruker Daltonics), specifically: cluster
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generation, isolation and selection, N, adsorption, infrared photodissociation (IR-PD)
spectroscopy, and mass analysis. The metal cluster ions were generated from a
monoisotopic '®Ru target (99.38%, Oak Ridge National Laboratories) by a home-built
laser vaporization source. We were able to generate clusters Ru,, n=4-12, withn=5
missing. Following mass selection through an RF quadrupole, Ru clusters of sizesnh =7,
8,9, 10, 11, or 12 were stored and thermalized in a cryogenic hexapole ion trap (at 26 K
with Helium buffer gas at 4.0 x 10°® mbar). The reaction gas (in this case N,) was
continuously introduced up to a pressure of 4.0 x 10-7 mbar, in order to yield sufficient
amount of cluster adsorbate complexes. After a variable storage time (0-2.5 s), the ions
were guided into the FT-ICR analysis cell, which was held at a temperature below 10 K.
This cell was used for second MS selection, further storage, IR-PD spectroscopy and for

ultimate ion detection.

When recording adsorption kinetics, the formed [Rus(N2)m] cluster adsorbate complexes
—originating from the prior RF hexapole cell - were detected in the downstream FT-ICR cell
upon variation of their storage time in the RF hexapole cell. We fit the obtained kinetic
data to a pseudo-first-order kinetic model, and thereby we determine pseudo-first-order
rate constants for the individual adsorption steps. For a more detailed description of the
kinetic data recording and analysis refer to Ref 22. We found cases were it showed
necessary to invoke noticeable N, desorption in order to obtain a fit of the recorded data.
For the sake of brevity, we utilize our previously introduced abbreviation [Ru.(Nz2)m] =:

(n,m) wherever appropriate.

The recording of IR-PD spectra required application of a Nd: YAG laser (Continuum DLS
8000, 10 Hz, 0,55 J/pulse) pumped OPO/OPA setup (LaserVision, KTP/KTA) with a
subsequent difference frequency mixing (DFM) stage to generate intense pulsed IR
radiation in the range of 1000 — 2400 cm™. The IR-PD spectra were obtained by exposure
of the selected cluster adsorbate complex to the IR radiation (2 — 4 laser shots at 10 Hz)
and by recording the fragment ion intensities within the FT-IC trap while continuously
scanning the IR frequency. The IRPD signal was evaluated as ZF/ (2Fi+ ZP)), where F;
indicates the fragment ion signal and P; is the parent ion signal. By plotting the

fragmentation efficiency as afunction of the laser frequency, we obtain the IR-PD spectra.
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In this work we recorded IR-PD spectra in the range of 1870 -2210 cm™ of the [Run(N2)m]
(n=7-12, m=1-3forn=7-9and m =1 for n = 10 - 12) species. By utilizing the

narrowband setup of our laser system (dv = 0.9 cm™) we obtain sharp bands.

We performed exploratory DFT calculations with the hybrid functional PBEO®!, the cc-
pVTZ basis set (N) “? and the effective core potential ecp28mdf (Ru)*?, as provided by the
Stuttgart/Cologne group. We utilized the Gaussian 16 program packagel*. All
calculations were obtained by application of standard convergence criterion (10®) and
checked for absence of imaginary vibrational frequencies. Harmonic frequencies were
scaled by a factor of 0.93 in order to match the experimental value of the N, stretching

frequency in [Ru7(N2)17.

6.5 Results and Discussion

The recorded IR-PD spectra of [Run(N2)1] with n = 7-12 revealed well-resolved bands
which locate in the region of 1990 — 2075 cm™ (cf. Figure 1). All of the observed bands are
significantly red-shifted with respect to the IR inactive stretching mode of free N, at 2330
cm™. Inthe cases of [Run(N2)m] , m=7-9, 12, we find single IR-PD bands. Itis only the IR-
PD spectra of [Ruio(N2)1] and [Ru11(N2)+], where we find two distinct bands. We attribute
these either to two N, adsorption isomers, or to two Ru cluster-core isomers. In any case,
the observed band positions indicate a most likely end-on pq coordination of the adsorbed
N, onto single atoms of the anionic Ru clusters, and this this assumption finds support by

all of our DFT modelling, to be discussed in the following.
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depicts a linear trend of slightly declining red shifts, with respect to the free N, vibration
at 2330 cm™ (notindicated). Obvious outliers are the single IR-PD bands of [Rug(N,):] and
[Rus(N2)4], and additional bands of [Ruio(N2):] and [Rus1(N2)1]. See text for further

The observed IR-PD band positions — besides the two cases of significant splittings —

clearly indicate some overall trend: There is a systematic decrease of red shift with
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increasing cluster size, as depicted by the dashed red line in Fig. 1, which we will discuss
in more detail later on. Nevertheless, there are two outliers, [Rus(N2)1]" and [Rus(N2)+]",

which reveal a smaller and higher red shift, respectively, than expected by a strictly linear

trend.
Fig. 6.2 Calculated most stable structures of [Run(N2)m], N=6-9, m =0 (top row) and

m=1 (bottom row), at the PBEO/cc-pVDZ(N)/ ecp28mdf(Ru) level of theory. Obviously, the

N, coordination induces little structural relaxation of Ru cluster cores.

The n=8 case could be due to a homogenous distribution of the net charge across a highly
symmetric D4, geometry of the Rus cluster core (cf. Figure 4). The second outlier, [Rug(N2)]
, reveals an opposite deviation from the trend, an increased red shift, which amounts to -
340 cm™ with respect to uncoordinated, free N2, which is record holding amongst all likely
end-on coordinated TM cluster — N, adsorbate complexes in a yi-kN1 coordination. It
would take a p2-kN1:kN1,N2 tilted side on motif toyield even higher red shifts of N, bands,

to as low as 1400 cm™as observed in the case of Ta,* before B,

Interestingly, our DFT modelling suggests a rough correlation of both IR-PD band positions
— both with respect to the trend and to the two outliers - with the static isotropic
polarizabilities of the reactant Ru cluster cations (cf. Tab. 1). When assuming an electron

exchange interaction amongst Ru cluster and N, substrate, it comes to our mind a 6 donor
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Tt acceptor synergism as initially devised for metal olefin interactions . Such Dewar-
Chatt-Duncanson (DCD) stabilization would affect N, bond strength’ largely through the
T back donation into an antibinding N, 1t* orbital, while the o donation from an N, terminal
lone pair orbital into partially filled d orbitals of the Ru cluster has little effect on the N,
bond strength’. Further discussion of charge and cluster size effects occurin the following
(cf. Fig. 7 and text below).

There are to discuss the reduced and enhanced redshifts of the N, chromophore
vibrations in [Rus(N2)+], and [Rug(N2)+], respectively. They correlate with the variations in
the isotropic polarizabilities of the naked Ru clusters (Tab. 1). The larger the
polarizabilities the larger the Tt back donation, and thereby the larger the N, redshift, and

visa versa.

Table 6.1 By DFT calculated isotropic polarizabilities of [Ru,]” and IR-PD band

positions in [Rua(N2):]

Ruy [Run(N2)1]

n Isotrop. Intensive Most stable | IR-PD Most
Polarizability | polarizability | multiplicity | band stable
[Bohr?] per atom position | multiplicity

[cm™]

6 380 63.3 18 - 18

7 412 58.9 22 2010 22

8 365 45.6 6 2070 6

9 483 53.7 8 1990 8

Beyond single N, adsorption we checked for stepwise addition of up to three N, ligands,
and the according IR-PD spectra show an increasing degree of complexity. The IR-PD
spectrum of [Rus(N2).]" reveals a sharp band at 2005 cm™ (FWHM: 8 cm™) and an
inhomogeneous broad band peaking at 2030 cm™ (FWHM: 20 cm™). The magnitude of this
splitting — about 25 cm” - resembles that of previous observations, which we
interpreted as a likely symmetric / antisymmetric coupling of adjacent N, oscillators.
Such interpretation might hold in the present case as well. The inhomogeneous
broadening of the latter band at 2030 cm™ points towards an additional adsorption site

isomerism.
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Fig. 6.3 Experimental IR-PD spectra of [Rus(N2)m], m=1-3 (in black) and

calculated IR spectraof m=2, 3 (in blue). The single observed IR-PD band of m=1at 2010
cm’ seems to evolve into multiple bands in cases of m= 2 and 3 which finds an

interpretation through DFT modelling. For further details refer to the text.

The IR-PD spectrum of [Ru,(N2)s] has two bands with an enhanced splitting of 50 cm™ -
twice as large as that of [Rus(N.).] - and neither of the two observed IR-PD bands are
broadened. Both bands are quite sharp with a FWHM of merely 10 and 8 cm™,

respectively. One may wonder about a structural and dynamic reasoning for such
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complex behavior. It seems most likely that the first N, ligand occupies a site of highest
polarizability. In the Cs structure of Fig. 3 there is the fivefold coordinated tip atom on top,
which might serve for such reasoning. A high red shift of the N, stretching vibration results.
The polarizability of the [Rum(N2)n] =: (m,n) =(7,2) complex is reduced with respect to the
naked (7,0) one, cf. Tab. 1. The second N, thus achieves less red shift upon coordination
— no matter where it coordinates. The lowest coordinated Ru site comes to our mind,
which is that tippy site which is the merely threefold coordinated adatom to the
octahedral scaffold, the second tippy atom at the top of Fig. 3. By virtue of its low
coordination it might allow for more flexibility and a softer tilting or wagging of its N,
adsorbate, and the resulting IR-PD band assumes a higher width. A third N, ligand might
favorably choose the same low coordinated site — at the expense of some reduced red
shift, and of mutual stiffing in the wagging coordinates of itself and of the prior ligand. The

according IR-PD band gets narrow.

Fig.6.4 Stepwise N, adsorption in the case of [Ru;(N2)m] m =0, 2, 3 as calculated at
the PBEO/cc-pVDZ(N)/ecp28mdf(Ru) level of theory.

The recorded isothermal kinetics of the N, adsorption reveal a stepwise uptake (cf. Fig. S1
in the supplement) of up to six molecules. The kinetic fits (Fig. S2 in the supplement)
indicate some modulation of the uptake rate, and an onset of competing N, desorption at
m = 3, namely a significantly high desorption rate k.z 3 of the third N, ligand, and of all
subsequent ones. Such behavior is well in line with our interpretation of the recorded IR-

PD spectrum of (7,3).
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Fig. 6.5 IR-PD spectra of [Rus(N2)m], m = 1 — 3. The dashed red line serves to

recognize a small shift of the recorded IR bands with increasing m.

The structure of bare [Rus]” had been determined before by trapped ion electron
diffraction experiments (TIED) 8], and it showed to be a highly symmetric D.n cubic cluster
with a slight Jahn-Teller distortion (Fig. 4). Note, that such a structure provides for all
equivalent adsorption sites.

The recorded IR-PD spectra of [Rusg(N2)m] m=1,..,3 reveal single, quite narrow, but
inhomogeneous bands around 2070 cm™ (Fig. 3). There is a minor blue shift of these

bands with increasing m, about less than 10 cm™, per additional N,. This finding is in
77



accordance with the predictions by a charge dilution model, which proposes a decrease
in red shift with diminishing charge per cluster atom['%, as is the case with increasing
number of adsorbates as well. However, the reduction in the red shift of the N, stretching
frequency is less than expected, which we attribute to the high symmetry of the cluster

core and its homogenous charge distribution.

Fig. 6.6 Cubic structure of [Rus] as calculated at the PBEQ/ecp28mdf level of theory

and confirmed by electron diffraction experiments 8
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Fig. 6.7 Isothermal kinetics of the stepwise N, adsorption by [Rus]” within 26 K He

buffer gas and 3.5 x 107 mbar of N, (solid points). Pseudo-first-order kinetic fits (solid
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lines) were performed. The kinetic measurements reveal three fast adsorption steps, and

the fourth one being particularly slow (cf. Fig. S3 in the SI).

The N, uptake kinetics of [Ru,] n=7, 9 are stepwise and much in line with equivalent
adsorption sites. (Figs. S1-S5) In contrast, the inspection of our recorded reaction
kinetics, [Rus] exhibited a rather unusual N, uptake performance (Fig. 5). There are three
initial fast adsorption steps which are followed by a fourth one that proceeds
exceptionally slowly (Figs. 5 and S3). The kinetic fits did not reveal any evidence for
desorption of any of the first three N, molecules attached to the [Rus] cluster. One may
assume that the nitrogen molecules coordinate to the Ru atoms in a distal manner, that
is such that they avoid direct neighborhood. Four such sites are possible at the edges of
a cube. The net anionic charge of the cluster may localize at the fourth edge, distal to the
three N, adsorbate bearing edges. Then adsorption of a fourth N, molecules would be

significantly inhibited as unveiled by the indeed observed low adsorption rate ks 4).

The IR-PD spectra of [Rus(N2)m] m=1,..,3 depict single N, adsorbate bands but shifted.
The (9,1) IR-PD band at 1990 cm™ reveals an exceptionally high red shift of 340 cm™ with
respect to the free N, vibration at 2330 cm™. This finds interpretation through a
conceivable cubic structure of the bare cluster with an additional, less coordinated
adatom that might serve as a preferred binding site for the first N, adsorbate. In
accordance with the previous discussion of polarizabilities (cf. Tab. 1), it might be this less
coordinated adatom which enhances polarizability, enables further T backdonation and
causes the large red shift.

The more it comes as a surprise to find the large red shift of 340 cm™ in (9,1) reducing to
merely 260 cm™ in [Rus(N2)2] = (9,2). Note, that two potential N, ligands in (9,2) would
signify through two IR-PD bands - but we find a single one. The experimental findings thus
question the presences of two N; ligands in (9,2). Our DFT modelling managed to model
(9,1) reasonably, cf. Fig. 6, but failed to find any [Rus(N>).] based structure that would yield
a 2070 cm™vibration (scaled). However, this was found possible when exploring activated
structures on the basis of di-nitride formation, namely [Rug(N)2(N2):], see Fig.6.
Apparently, the lowest coordinated Ru atom lost part of its local polarizability through the

advent of two vicinal p.-bridged nitrido ligands next to it. Thereby, it allows for less
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donation of electron density into the second N, entity and achieves less 1t back donation
and thus reveals a significantly reduced red shift of the observed N, stretching vibration.
Such an assumption is supported by the current, yet exploratory DFT calculations. Note,
however, that it implies inert attachment of the first N, adsorbate and subsequent
activation of the second one. Such a cooperative action amongst the N, adsorbates is

conceivable but speculative at this point. It shall be elucidated in more detail by

subsequent work.
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Fig. 6.8 IR-PD spectra of [Rus(N2)m] for m =1 — 3 (solid black line) and calculated IR
spectra of m = 1 and 2 (solid blue line, predicted structures as insets). Note the N;

activation in the case of m=2.

The achievable N, coverages m of the detected [Run(N2)m], N = 6-9 complexes increase
stepwise during the interaction time within the cryo ion trap, up to an adsorption limit
Mmax. A Langmuir type single surface site — single adsorbate behavior would lead to a
stoichiometric surface coverage of mmax = n, that would scale with the cluster size, up to
the limit, where clusters possess some purely internal atom that do not achieve any
exposure or access to the cluster surface. In the currently studied size range of n < 10, this
is clearly not the case. Nevertheless, the observed adsorption limits mmax stay clearly
below n (cf. Fig. S6), but for the sole exception of n = 6 where mu.x = 8. The found
adsorption limit mmax = 4 is lowest in the case of n = 8. In remarkable contrast, the
independently determined adsorption limit of the corresponding cationic clusters
[Rug(N2)m]* is high, mmax= 8 ¢1. None of these findings correlate with values of Table 1, and
it becomes clear, that naked Ruthenium clusters experience quite an electronic
reorganization upon covering with N, adsorbates. Further insights in these regards would

require further experimental and further quantum chemical studies.

Finally, it is justified to have a look at the influence of the net charge on the ruthenium
cluster properties. We have at hand some previously recorded yet unpublished data on
IR-PD bands of [Rua(N2):]* 1, and we compare these data to our current spectra of the
anionic clusters [Run(N2):] (Fig. 7). As to expect from a concerted ¢ donor - Tt acceptor
action, the anionic clusters achieve higher red shifts of the N, stretching vibrations than
the cationic ones. Some prior data of large neutral Ruthenium clusters ¥ fall in between.
Single size dependent variations of the observed IR-PD frequencies were discussed
above in terms of cluster structures. Other than these, both, the measured IR-PD band
positions of [Run(N2)1]* and those of [Run(N2):], follow linear but opposing trends. N,
stretching band positions of cationic cluster N, complexes reveal an increasing red shift
with increasing cluster sizes n. Those of anionic cluster complexes reveal a diminishing

red shift with increasing cluster sizes n. An extrapolation towards large clusters (dashed
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lines in Fig. 7), where a single extra charge would have almost no influence, would come

close to the previously determined value of neutral clusters, 2126 cm™.
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Fig. 6.9 Measured IR frequencies of [Run(N.):]*-, n =7 -13. The open blue squares

represent cations, and the open red squares represent anions. The blue and red lines
depict linear fits of the respective data, and the dashed lines extrapolate the observed
trends towards larger clusters. They would cross at an IR frequency that was observed

before for N, adsorbates on large neutral clusters.
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6.6 Summary and Conclusions

This study presents N, uptake kinetics of anionic Ruthenium clusters [Ru,], n=7-12 and
IR-PD spectra of selected Ruthenium cluster —adsorbate complexes, [Run(N2)m], N =7-12,
m = 1-3, both recorded under isothermal cryo conditions (26 K), and presented together
with quantum chemical modelling of selected cases. The uptake kinetics reveal large
variations of the adsorption limit mmax by cluster size n, and evidence for some cases of
notable N, desorption. The recorded IR-PD bands find interpretation as red shifted
stretching modes of end on coordinated N, adsorbates. The varying band positions
correlate with the calculated polarizability of the host clusters, which do vary by cluster
size and cluster structure as well. This finding is well in line with established models of
synergistic o acceptor — t donor action amongst Ruthenium clusters and N, adsorbates.
The case of [Rus(N.).] is particularly noteworthy, as the exploratory DFT modelling
necessitates N, activation towards a di-nitrido motif, in order to model the shifted
stretching band position of the other N, adsorbate. This finding shall be elucidated in
more detail by subsequent work, which is underway as of now. Further insights arise from
N, stretching band positions in cationic Ruthenium cluster — single N2 adsorbate
complexes in comparison to those of anionic ones, and there is a close correspondence

with published values of large neutral Ruthenium clusters.
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Text S1 On the nomenclature of N, adsorption and desorption steps
Fig. S1 Isothermal kinetics of the stepwise N, adsorption by [Ru7]

Fig. S2 Rate constants by the fitted uptake kinetics of Ru; + N,

Fig. S3 Rate constants by the fitted uptake kinetics of Rug + N,

Fig. S4 Isothermal kinetics of the stepwise N, adsorption by [Rus]

Fig. S5 Rate constants by the fitted uptake kinetics of Rug + N,

Fig. S6 Observed adsorption limits of [Run(N2)m], n =6-9

Fig. S7 Calculated structure of [Rus]

Text S1 On the nomenclature of N, adsorption and desorption steps.

The pseudo-first-order fits performed yield relative rate constants for all adsorption steps

kn,m) and desorption steps k_,,;m+1) according to the scheme:

k(n,m—l) k(n,m)
_— e
[Tan(NZ)m—1]+ + 2 NZ — [Tan(NZ)m]+ + NZ ¢ [Tan(NZ)m+1]+
k—(n,m) k—(n,m+1)

This nomenclature is in line with that of our previous publications, and it is defined as to

indicate, that a cluster-adsorbate complex [Ta,(N3),,]", potentially abbreviated as
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(n,m), adsorbs an N, molecule by the rate constant k,, ;) and desorbs an N, molecule by
the rate constant k_, ,,). Particular values of these rate constants stem from kinetic fits

to observed kinetic measurements.

ion intensity (norm.)

0.001 T T r T r I - ; :
0.0 0.5 1.0 1.5 2.0 2.5
collision cell delay / s
Fig. S1 Isothermal kinetics of the stepwise N, adsorption by [Rus]. The reactions

took place within a 26 K He buffer gas and at 3.5 x 107 mbar of N, (solid points), and they
were fitted by pseudo-first-order kinetic (solid lines). Consecutive uptake takes place up

to an adsorption limit of six N, molecules.
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Fig. S2 Rate constants by the fitted uptake kinetics of Ru; + N, as a function of N,

adsorption (knm), blue dots ) and N, desorption (Kn,m+1), red circles). For the definition of m

see Text S1.
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Fig. S3 Rate constants by the fitted uptake kinetics of Rus + N, as a function of N,

adsorption (blue dots ) and N, desorption (red circles). For the definition of m see Text S1.
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Fig. S4 Isothermal kinetics of the stepwise N, adsorption by [Rug]. The reactions

took place within a 26 K He buffer gas and at 3.5 x 10”7 mbar of N, (solid points), and they
were fitted by pseudo-first-order kinetic (solid lines). Consecutive uptake takes place up

to an adsorption limit of seven N, molecules.
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Fig. S5 Rate constants by the fitted uptake kinetics of Rug” + N> as a function of N,

adsorption (blue dots ) and N, desorption (red circles). For the definition of m see Text S1.
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Fig. S6 Observed adsorption limits of [Run(N2)m],, n = 6-9. The dashed line would

indicate a stoichiometric N, uptake, the case of mmax=n.

Fig. S7 Calculated structure of [Rus], obtained at the PBEO/ecp28mdf level of
theory. This cubic motif was assigned before by Waldt et al. on the basis of their trapped

ion electron diffraction (TIED) experiments.{Waldt, 2015 #33}
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7 Activation of dinitrogen on anionic ruthenium

clusters

7.1 Preamble

The experiments in this work have been conducted by Maximilian Luczak and Christopher
Wiehn in equal parts at RPTU Kaiserslautern’s FRITZ lab. The quantum chemical models
have been performed by Christopher Wiehn, using Gaussian 16 software package run on
the RPTU Kaiserslautern computing center. The results were discussed among Maximilian
Luczak, Christopher Wiehn and Prof. Gereon Niedner-Schatteburg. The following paper

was drafted by Maximilian Luczak and Gereon Niedner-Schatteburg.

7.2 Introduction

Ruthenium is a catalytical active transition metal. It is the catalyst of the ammonia
synthesis in the Kellogg Advanced Ammonia Process (KAAP).I' Contrasting to the iron
based catalysts used in the Haber-Bosch process!?, ruthenium catalysts allow for milder
reaction conditions and thus save energy and resources in one of the central chemical

processes worldwide.!

The industrial fixation of dinitrogen follows the steps proposed by Ertl. et al.'*! The first step
is the adsorption of molecular dinitrogen to the catalytical active metal. In the second
step the strong triple bond of the dinitrogen molecule has to be broken and cleaved. This
step is called nitrogen activation. In the following steps hydrogen, adsorbed to the metal

surface combines with the nitrogen atoms und form ammonia.

The adsorption and activation of dinitrogen follows a sigma donor-pi acceptor synergism,
as proposed by Blyholder et al.®¥y and Dewar-Chatt and Duncanson. Electron density is
transferred from the metal surface to the anti-binding pi* orbital of the dinitrogen triple
bond. This process can eventually lead to a cleavage of the triple bond and the generation

of nitrogen.

In industrial ammonia synthesis processes, such as the KAAP, ruthenium dotations are

places on electride structures. These structures often use promotors, such as potassium,
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to increase the electron density present in the catalytic centers to facilitate the cleavage

of dinitrogen. I"!

To study the elementary steps of nitrogen activation in great detail, cluster chemistry
studies provide complementary insights alongside studies of bulk systems or single atom
organometallic chemistry.®! The adsorption and activation of dinitrogen on transition
metal (TM) clusters under cryo-conditions have been studied with differing cluster sizes,
metals and charge states. Studies with cationic tantalum clusters were able to provide a
detailed reaction coordinate of the activation and cleavage of adsorbed dinitrogen.
Studies of positive ruthenium clusters were performed alongside hydrogen-nitrogen co-
adsorption studies. Lately more studies of anionic cobalt and nickel clusters have
provided insights into the activation process. In this study we will focus on anionic
ruthenium clusters with dinitrogen adsorbed to the cluster surface under cryo-

conditions.

The investigation of ruthenium — dinitrogen complexes under cryo-conditions allows us to
review the pick-up of dinitrogen by the cluster at 40 K. Furthermore, we perform IR-PD
experiments on size selected complexes with an IR light source to focus on the stretching
mode of dinitrogen at 2330 cm™, which will give us a good impression on the activation of
the triple bond. Additionally, the comparison to quantum chemical ab initio DFT modeling
will give further insights on the geometry of the cluster-adsorbate complex and the

elementary steps of dinitrogen activation.

7.3 Experimental

All experiments were conducted using a customized Fourier transform-ion cyclotron
resonance (FT-ICR) mass spectrometer (Apex Ultra Bruker Daltonics), specifically, cluster
production, isolation, N, adsorption, infrared photodissociation (IR-PD) spectroscopy,
and mass analysis. The metal cluster ions were generated from a monoisotopic 102Ru
(99.38%, Oak Ridge National Laboratories) foil using a home-built laser vaporization
source. We were able to obtain clusters in the size range of n =4 - 12, with n =5 missing
and n =6 will be the topic of a separate publication. Following mass selection, Ru clusters

of sizesn=7,8,9, 10, 11, or 12 were stored in a cryogenic hexapole ion trap (cooled to 26
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K). The reaction gas (in this case N,) was continuously introduced up to a pressure of 4.0
x 10-7 mbar to yield sufficient reaction products. Helium was used as a buffer gas (up to
4.0 x 10-6 mbar) to achieve efficient trapping and cooling. After a variable storage time
(0-2.5s),theionswere guided into the FT-ICR cell, which was held at a temperature below
10 K. The cell was used for isolation, further storage, and ion detection.

To record kinetics, the formed [Rus(N2)m]” cluster adsorbate complexes were detected in
the ICR cell in dependence to their storage time in the collision cell. A pseudo-first-order
kinetic model was used to fit the obtained data, which allowed us to determine the
pseudo-first-order rate constants for the individual adsorption steps. For a more detailed
description of the kinetic data recording and analysis refer to Ref 22.

A Nd: YAG pump laser (Continuum DLS 8000, 10 Hz, 0,55 J/pulse) was coupled with an
OPO/OPA setup (LaserVision, KTP/KTA) and a DFM stage to generate IR radiation in the
range of 1000 — 2400 cm™. IR spectra were obtained by recording the fragmentation
spectra of the ions while continuously scanning the IR wavelength. The ions were
irradiated for 0.2 - 0.4 s in the ICR Cell. The IRPD signal was evaluated as ZF/ (ZiFi+ ZP)),
where F; indicates the fragment ion signal and P; is the parent ion signal. By plotting the
fragmentation efficiency as a function of the laser frequency, the IR-PD spectra can be
obtained. In this work we recorded IR-PD spectra in the range of 1870 -2210 cm™ of the
[RUn(N2)m] (n=7-12,m=1-3forn=7-9and m=1forn=10-12) species.

DFT calculations were performed using the hybrid functional PBEO, the cc-pVTZ basis
set’®(N) and the effective core potential ecp28mdf provided by the Stuttgart/Cologne
group® and the Gaussian 16 program package.['™ All calculations were checked for

imaginary frequencies and calculated using the standard convergence criterion (108).

7.4 Results and Discussion

The IR-PD spectrum of Ru6(N2)n- does not show a IR signalin the range from 1860 to 2330
cm™.(See fig.1 fist spectrum) Two possibilities can lead to a absence of an IR stretching
mode in the spectrum. One is the absence of a fragmentation path. In order to record a
IR-PD spectrum with the action spectroscopy method, the fragmentation of the cluster-
adsorbate complex is necessary. The lighter charged fragment can be recorded and

correlated with the incoming wavelength yields an IR-PD spectrum. The second
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possibility is the absence of a chromophore in the used IR spectrum. This implies the
absence of dinitrogen and hence the splitting of the dinitrogen bond and generation of two

nitrides.

To determine which possibility is more likely, we recorded IR-PD spectra the following
adsorption steps. The IR-PD spectra of Rus(N2)2" and Rue(N2)s show IR signals at 2030 cm-
Tand 2040 cm™. This indicates the presence of intact dinitrogen in the cluster-adsorbate
complex, but the resolution of the band structure does not allow for a analysis of the
cluster geometry. The IR-PD spectrum of Rus(N2)s shows three IR signals at 2020 cm™,
2035 cm™ and 2045 cm™. The signals are well resolved and allow for an analysis of the

cluster structure with calculated IR spectra of DFT ab initio modeling.
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Fig. 7.1: IR-PD spectra of Rus(N2)." (n=1-4) in the range from 1900 cm™ to 2210 cm™. The
green dotted line represents the location of the free dinitrogen stretching mode at 2330

cm™.
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The comparison of the modeled structures with the experimental spectra are displayed
in fig. 2. The experimental spectrum is displayed on the top in solid black lines, the
calculated IR spectra are displayed as blue solid lines. The different simulated spectra
are labeled with the relative formation enthalpies, and a structural description. Nitrides
indicate the presence of cleaved dinitrogen, end-on represents intact dinitrogen

molecules adsorbed in a end-on position to the cluster surface.

The structure of the experimental IR spectrum is described well by the simulated IR
spectrum shown in the second, fourth and fith row. Since the absolute position of IR
signals in simulated spectrais not very well dependable and is influenced by the scaling
factor. The splitting between the IR signals gives a better indication of the comparability
of the simulated geometry and its’ IR spectrum and the experimental spectrum. The
proposed geometries containing two nitrides, meaning a nitrogen has been split, all give
reasonable matching IR signals. The energetic differences are within the tolerance of 5

kJ/mol from the best matching simulated IR spectrum.
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Fig. 7.2: IR-PD spectra of Rug(N.)s is displayed at the top of the stack. The additional
stacks show the calculated IR spectra of possible complexes. The designation nitride
represents a cleaved dinitrogen molecule, the designation end-on represents an intact

dinitrogen molecule absorbed end-on to the cluster surface.

102



On the other hand, simulated IR spectra of structures with four intact dinitrogen
molecules adsorbed to the cluster surface do not match the IR pattern of the experiment.

Additionally, they are about 25 kJ/mol disfavored by the calculated energy.

This information combined allows us to assume a nitrogen has been cleaved on the
cluster surface. We propose the structure with the best matching IR signals to be the
observed structure. Energetic differences are well within the accuracy of DFT modelling
and thus we will consider the IR spectra for our desighation. Within the geometries with

matching IR patterns we chose the structure with the lowest energy.

It is the only cluster geometry and charge combination of ruthenium clusters we have

observed this process.

Understanding the activation process further requires more DFT calculations. We
conducted a study comparing structures with end-on adsorbed dinitrogen molecules
with structures containing two nitrides. In Fig. 4, the red reaction coordinate describes
the pathway with the nitrides forming after the first absorption, the blue pathway

structures without a nitride formation.
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Fig. 7.3: Reaction coordinate, starting with the relative energy of the bipyramidal Ru6-
cluster and four independent dinitrogen molecules. The red line indicates a reaction path
assuming the cleavage of the first adsorbed dinitrogen. The blue reaction path displays a
cluster-adsorbate complex with intact dinitrogen molecules. The four steps represent the

sequential pick-up of four dinitrogen molecules to the structure.

We can observe that the relative energies of the two pathways do cross after the
adsorption of the third dinitrogen molecule. This suggests the formation of the nitrides
does only occur with the absorption of the third dinitrogen. For the cluster-adsorbate
complex after four adsorbed dinitrogen, a nitride structure is favored, agreeing with the
previous analysis of the Rus(N,)s spectrum. The theoretical study gives a energy gap of 49
kJ/mol suggesting the nitride structure to be less favorable after the adsorption of the first

dinitrogen.

However, we do not observe a IR signal for the first adsorbed dinitrogen and assumed the
reason would be the activation of the dinitrogen molecule and hence the absence of a
chromophore in the observed IR range. The IR spectra of Rus(N,)." (h=2,3) do not provide

enough information to determine a pathway with certainty.

There are multiple reasons for these observations. One is the dissociation energy of
Rus(N2)1 is greater than the energy transferred into the system with the adsorption of a IR
photon. We did however expose the complex to multiple IR photons, making this thesis
improbable, but not impossible. Secondly, the DFT modeling could have missed a

geometry energetically more favorable, possibly a intermediate position which does not
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allow for a dissociation und the given conditions. Combining the results, we can not give
a definitive answer to the findings but can ensure the presence of nitrides on the Rue(N2)4

cluster, where experiment and DFT modeling are in agreement.

The IR-PD spectra of Run(N2) (m=7-12) are displayed in Fig. 5. The IR signals shown can
be attributed to the stretching mode of the adsorbed dinitrogen molecules. They are all
redshifted from the IR frequency of free dinitrogen at 2330 cm™. The redshift of the IR
signal can be assighed to the level of activation of the dinitrogen molecule. According to
the Blyholder model electron density is transferred from the cluster to the antibonding pi*
orbital of the dinitrogen, weakening the triple bond. The position of the IR-signal shifts
from 2010 cm™ for the Ru,(N,) cluster to 20250 cm™ for the Ru2(N,) cluster, illustrated by
the solid red line in fig 5. This trend is referred to as the charge-dilution effect, correlating
the size of the cluster — adsorbate complexes with the electronic charge. In this case the
cluster size increases while the electronic charge is steady at -1. Thus the charge per
cluster atom is reduced together with the ability to transfer electron density into the anti-

binding pi* orbitals of the dinitrogen molecule.

An obvious deviation from the trend are IR signals of Rug(N2) and Rug(N2)". The IR signal for
Rus(Ny) is significantly less redshifted than the trend would suggest For the IR-signals of

Rus(N2) the opposite is true.
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Fig. 7.4: IR-PD spectra of Rum(N,) (m=7-12) in the range from 1860 cm™ to 2210 cm™. The
red line guides the eye on the peaks of the IR signals in the IR PD spectra of Run(N2) (m=7,
10-12). The outliers to this trend of Rum(N2) (m=8,9) will be explained in detail in the

discussion.

A similar effect could be observed for the anionic cobalt cluster — dinitrogen complexes
discussed in chapter 3. To discuss the effect, geometric models of the clusters were
calculated using DFT theoretical modeling methods. The isotropic polarizability of the
clusters give a measurement for the ability to donate electron density to the anti-binding

pi* orbitals, discussed previously.

Tab. 1 shows the isotopic polarizabilities calculated for the defined cluster geometries.

The results suggest a diminished polarizability for the Ru8- cluster, corresponding to a
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lessened activation of the dinitrogen molecule. This effect corelates with a sharp drop in
spin multiplicity. The Rug cluster has a heightened multiplicity corresponding again to the

observations made in the IR-PD spectra.

Tab. 7.1: IR-PD band positions in relation to polarizability of clusters

n IR-PD band  Isotrop. Intensive polarizability per multiplicity
position [cm™  polarizability atom
" [Bohr?]

7 2010 412 58.9 22

8 2070 365 45.6 6

9 1990 483 53.7 8

7.5 Conclusion

The results show a similar trend to the observations made in the anionic cobalt study.
Observing the same effect with multiple transition metal clusters suggest a general trend
in cluster-adsorbate interaction. One a general redshift, as suggested by Blyholder, as
well as Dewar-Chatt and Duncanson, secondly the charge dilution effect observable in
all cluster-adsorbate IR-PD experiments. Additionally, we can observe a effect of the
isotropic polarizability on the effectiveness of the dinitrogen activation. This tertiary effect
can only be observed in cases where the isotropic polarizability has sharp differences
which lead to visible breaks in trends. However, outliers from the general trend are
observable in most systematic cluster-adsorbate studies and should therefore be

considered when interpreting activation processes.
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8 Summary, conclusion, and outlook

Transition metal clusters are model systems which we use for the study of elementary
steps of catalytic processes. This work is based on previous studies, both theoretical
models and experimental setups. This work enlarges the scope of previous research by
adding the analysis of adsorption analysis of size selected anionic transition metal

clusters at cryo-conditions.

Since the experimental setup has been used to study mostly cationic transition metal-
dinitrogen complexes, we now have a database to study the differences and trends of
anionic and cationic cluster-adsorbate complexes. To summarize the found effects, an
overview of both the cationic and anionic trends yields a better understanding of the

processes governing the adsorption of dinitrogen to transition metals.

Anionic clusters of cobalt, nickel, rhodium and ruthenium were analyzed with IR-PD
action spectroscopy. Fig. 1 shows the IR-PD spectra of anionic cobalt clusters (n=11-20)
with one or two dinitrogen adsorbed to the surface. As discussed all IR signals are
redshifted from the free dinitrogen stretching mode, but adhere to both the Blyholder
model and the charge-dilution effect. To guide the eye, the red line shows the general
trend of the IR signal position of the Con(N,) dinitrogen stretching modes. The guiding line
emphasizes the outliers to this effect, especially observable with the Co+s(N2) and

Co20(N2)spectra.
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Figure 8.1: IR-PD spectra of [Con(N2)m] forn=11-20and m =1, 2. The dotted red line
serves to guide the eye. The prevailing linear trend in the decreasing red shift of the N,
stretching vibration frequency with increasing size of the cluster aligns with the
decreasing charge per atom of the cobalt clusters. The spectrum of the first N,
adsorbate of each cluster size shows only one peak, which indicates only one
predominantisomer. [Co20(N2)1] shows a stronger red shift compared to n=17-19 which

might hint to a reorganization of the cluster core.

Our analysis shows a dependence of these outliers to the effects with the isotropic
polarizability. In short, the polarizability has a direct effect on the interaction of the
transition metal cluster with the dinitrogen molecule, which follows a sigma-donor-pi-
acceptor synergism. Polarizability is a measurement of the cluster to donate electron
density to the antibonding pi* orbital. The effect we see is the redshift of the dinitrogen
stretching mode, which is larger with a higher amount of electron density in the

antibonding pi* orbital.
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Figure 8.2: IR-PD spectra of Rum(N,) (m=7-12) in the range from 1860 cm™ to 2210 cm™.
The red line guides the eye on the peaks of the IR signals in the IR PD spectra of Rum(N2)
(m=7, 10-12). The outliers to this trend of Rum(N2) (m=8,9) will be explained in detailin the

discussion.

This effect is also observable in Fig. 2, which displays the IR signals of Run(N.) (n=7-12).
The red line illustrates the general trend of the position of the IR signals of the dinitrogen
stretching mode, in accordance with both Blyholder and charge-dilution models. Rug(N2)

and Rus(N2)" are obvious outliers on both sides of the trend. The isotropic polarizabilities
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of the clusters reflect the effects and therefore confirms the conclusions laid out for the

anionic cobalt dinitrogen complexes.

Fig. 3 and Fig.4 show similar spectra to the previous two, for anionic rhodium and nickel
cluster-dinitrogen complexes. While the spectra for Rh,(N2) (n=5-13) shows a trend
following Blyholder and charge-dilution models, the IR signals for the nickel -dinitrogen

complexes Nin(N2) (n=10-21) do not adhere to a linear trend.
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Figure 8.3: IR-PD spectra of [Rhn(N2)m] (n =5-13; n =1, intermittent/maximum N, uptake)
from 1870 cm™ to 2190 cm™. The recorded N, streching bands in the IR-PD spectra for the
[Nin(N2)1]" (n = 10-21) (black line) reveal a red shift from the free N, stretching band
(2330 cm™) ranging from 2040 cm™ to 2095 cm™ decreasing with the size of the cluster.
This gradual change does not follow a linear trend. The recorded N, streching bands in the

IR-PD spectra for the [Nin(N2)m] (n = 10-21, m = intermittent/maximum) (blue line) show
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significantly more features with the exeption of [Nin(N2)m] (n =12, 13) which show only one

dominant feature.
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Figure 8.4: IR-PD spectra of [Nin(N2)m] (n =10-21; n =1, intermittent/maximum N, uptake)
from 1870 cm™to0 2210 cm™. The recorded N, streching bands in the IR-PD spectra for the
[Nin(N2)4] (n = 10-21) (black line) reveal a red shift from the free N, stretching band
(2330 cm™) ranging from 2040 cm™ to 2095 cm™ decreasing with the size of the cluster.
This gradual change does not follow a linear trend. The recorded N, streching bands in the
IR-PD spectra for the [Nin(N2)m] (n = 10-21, m = intermittent/maximum) (blue line) show
significantly more features with the exeption of [Nin(N2)m] (n =12, 13) which show only one

dominant feature.

The comparison of the anionic nickel-dinitrogen complexes with studies of cationic
nickel-dinitrogen complexes conducted with the same experimental setup yields a
similar non-linear trend (see fig. 5). In general the IR-sighals of the anionic cluster-

adsorbate complexes show a larger redshift of the dinitrogen stretching modes from the
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free dinitrogen molcule. Since the anionic TM clusters have more electron density to
donate tot ehantibonding pi* orbital of the absorbed dinitrogen molecule, this trend is to

be expected.

Between the anionic and cationic IR signals we can propose the position of a dinitrogen
molecule adsorbed to a neutral cluster at 2158 cm-1. With our experimental set-up we
are not able to examine neutral clusters, but compared to literature values we are in

agreement with the current state of research.
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Figure 8.5: IR-PD frequencies of the N, stretching band of cationic cluster dinitrogen
complexes [Nin(N2):]" (n = 5-20) and anionic cluster dinitrogen complexes [Nin(N2):] (n =
10-21) are depicted in blue and red respectively. All frequencies are red shifted to the
neutral N, streching band at 2330 cm™, cationic species t0 2270 cm™ to 2225 cm™, anionic
species to 2040 cm™ to 2095 cm™. Both reveal a asymptotic solution toward aprixmatly
2160 cm™ with increasing cluster size, where we propose the neutral cluster dinitrogen

complex N: IR streching band to be located.
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Comparisons of anionic and cationic cluster - dinitrogen complexes for cobalt, rhodium

and ruthenium are presented in fig. 6, fig.7 and fig.8. Trends according to the Blyholder

and charge-dilution models are displayed as solid lines. The linear effects can be

assigned a slope. If we prolong the slope and find the intersection of the linear fits of the

anionic and cationic IR signal positions, we find a theoretical IR frequency we assign to

the neutral cluster.
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Figure 8.6: Recorded IR frequencies of [Con(N2):]" for n=10-19, cations in blue, anions

in red. The dashed lines represent a linear fit of the data. The black line represents a

hypothetical frequency of N, adsorbed onto a neutral cobalt surface. In both charge

states a linear change in frequency with increasing cluster size is observed. The absolute

value of both gradients is approximate.
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The IR signals of the anionic and cationic clusters are however not expected to intersect,

rather an asymptotic development, similar to the observations of the nickel complexes

is probable.
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Figure 8.7: Recorded IR frequencies of [Con(N2):]* for n=10-19, cations in blue, anions
in red. The dashed lines represent a linear fit of the data. The black line represents a
hypothetical frequency of N, adsorbed onto a neutral cobalt surface. In both charge
states a linear change in frequency with increasing cluster size is observed. The absolute

value of both gradients is approximate.

The slopes of cationic and anionic cobalt cluster-dinitrogen complexes have the same
absolute values of -6.7 cm-1/n and 6.8 cm-1/n. The slopes for rhodium and ruthenium
cluster-adsorbate complexes are not symmetrical (see fig. 7 and fig. 8). The slopes range
from absolute values of 3.2 cm-1/nto 5.8 cm-1/n, but the asymmetry is inverted in both

cases. Therefore, no general trend can be concluded from the observations.
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Figure 8.8: Recorded IR frequencies of [Con(N2):]" for n=10-19, cations in blue, anions
in red. The dashed lines represent a linear fit of the data. The black line represents a
hypothetical frequency of N, adsorbed onto a neutral cobalt surface. In both charge
states a linear change in frequency with increasing cluster size is observed. The absolute

value of both gradients is approximate.

In this work, we analyzed the activation process of dinitrogen on transition metal surfaces.
Transition metal clusters allow us to correlate the geometric and electronic structures.

The cleavage of dinitrogen could only be observed for the anionic ruthenium 6 cluster.

The implication of this study points to a significant influence on the correlation of
electronic and geometric structure to the activation process in the nitrogen activation.

The need for electron replenishment follows from the reduction process.
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Empirical studies of catalysis point in the same direction. Electron surplus and a specific

geometry are key elements in catalyst design.

Cluster chemistry studies develop a better understanding of elementary steps in
dinitrogen catalytic processes. Anionic clusters give an additional angle to observations

commonly made in cluster chemistry.
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9 Short Summary

This thesis presents research studies investigating the activation of molecular dinitrogen
oh anionic transition metal clusters at cryo temperatures. In these studies we correlate
the effects of both geometric and electronical properties of the adsorbate surface to the

activation of dinitrogen.

The LVAP ion source produced transition metal cluster anions containing Cobalt, Nickel,
Ruthenium and Rhodium. The FRITZ setup allowed the storage of the clusters and a
reaction with added molecular dinitrogen. IR-PD spectroscopy was performed to
investigate the vibrational modes of the cluster-adsorbate complexes. Together with
quantum chemical modeling allowed the designation of geometries and electronic

structure of the cluster-adsorbate complexes.

In agreement with previous studies performed with the FRITZ setup, the Blyholder effect,
correlating the activation of dinitrogen with the charge of the transition metal cluster
was observed. Additionally, the charge dilution model which postulates a correlation of
the present charge surplus of the cluster with the degree of dinitrogen activation is in

agreement with the experimental data obtained in the presented studies.

Furthermore, an additional effect connecting the polarizability of the surplus charge
with the dinitrogen activation was observed and is described in the study in detail.The
present data reveals three separate effects impacting the activation of dinitrogen, the
charge itself, the available surplus charge, and the ability of named surplus charge to be

donated to the dinitrogen facilitating the activation.

In the case of anionic Rus cluster, we were able to studz the complete activation of
dinitrogen, forming the nitride species. This result, linking dinitrogen activation to a
specific geometry and electronical structure underlines the importance of both
geometry and electronic structure of the adsorbent surface for the successful activation

of dinitrogen.
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10 Kurzzusammenfassung der Dissertaion

Diese Arbeit prasentiert Forschungsstudien, die die Aktivierung von molekularem
Distickstoff auf anionischen Ubergangsmetallclustern bei Kryotemperaturen
untersuchen. In diesen Studien korrelieren wir die Auswirkungen sowohl der
geometrischen als auch der elektronischen Eigenschaften der Adsorbatoberflache mit

der Aktivierung von Distickstoff.

Die LVAP-lonenquelle erzeugte Ubergangsmetallcluster—Anionen, die Kobalt, Nickel,
Ruthenium und Rhodium enthielten. Die FRITZ-Anordnung ermdglichte die Speicherung
der Cluster und eine Reaktion mit zugesetztem molekularem Distickstoff. Zur
Untersuchung der Schwingungsmoden der Cluster-Adsorbaten-Komplexe wurde IR-PD-
Spektroskopie durchgefuhrt. Zusammen mit quantenchemischen Modellen konnten die
Geometrien und die elektronische Struktur der Cluster-Adsorbaten-Komplexe bestimmt

werden.

In Ubereinstimmung mit fritheren Studien, die mit dem FRITZ-Aufbau durchgefiihrt
wurden, wurde der Blyholder-Effekt beobachtet, der die Aktivierung von Distickstoff mit
der Ladung des Ubergangsmetallclusters korreliert. Dariiber hinaus stimmt das
Ladungsverdinnungsmodell, das eine Korrelation zwischen dem vorhandenen
Ladungsuberschuss des Clusters und dem Grad der Distickstoffaktivierung postuliert,

mit den in den vorgestellten Studien gewonnenen experimentellen Daten tberein.

Daruber hinaus wurde ein zusatzlicher Effekt beobachtet, der die Polarisierbarkeit der
Uberschussigen Ladung mit der Dinitrogenaktivierung in Verbindung bringt und in der
Studie ausfuhrlich beschrieben wird. Die vorliegenden Daten zeigen drei separate
Effekte, die sich auf die Aktivierung von Dinitrogen auswirken: die Ladung selbst, die
verfugbare Uberschussige Ladung und die Fahigkeit der genannten Uberschussigen
Ladung, an das Dinitrogen abgegeben zu werden, wodurch die Aktivierung erleichtert

wird.

Im Fall des anionischen Ru6-Clusters konnten wir die vollstdndige Aktivierung von
Dinitrogen untersuchen, wodurch sich Nitridspezies bildeten. Dieses Ergebnis, das die
Dinitrogenaktivierung mit einer bestimmten Geometrie und elektronischen Struktur in

Verbindung bringt, unterstreicht die Bedeutung sowohl der Geometrie als auch der
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elektronischen Struktur der Adsorbensoberflache flr die erfolgreiche Aktivierung von

Dinitrogen.
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