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1 Introduction

Coordination compounds such as transition metal (TM) complexes have been utilized by
humanity since antiquityl-4. They exhibit a broad variety of properties and features,
which makes them ubiquitous in everyday life and scientific researcht. TM catalysts
mediate important (industrial) chemical reactions’-11 by homogenous catalysisand
activate small molecules such as Nor CQ for subsequent functionalizatiort2-15. The
reactivity of TM complexes relates to their three dimensional structureThus, molecular
structure elucidation is paramount in order to gain fundamental insight into their

catalytic properties.

Unpaired electrons within TM complexes give rise to intrinsic magnetic phenomea
like magnetization of the complexes in the preseh A T £ AT A@OAOT Al
i1 AABGI A -ACTAGO j3--q AOA AiipiAgGAO A
magnetic field is switched off?’. The intrinsic molecular magnetism of SMM’s sets them
apart from traditional bulk magnets and promises a variety of application$g-20,
Archetypical SMM’s contain a small number (~4o0 30) of paramagnetic TMcenters,
which are linked together by bridging atoms or molecules (e.g. 29 CRCQ") and
stabilized by further organic ligand$1. Optimizing magnéic properties of TM complexes

demands fundamental understanding of their intermetallic magnetic couplings.

The elucidation of cooperative effects between two or more metal centers within TM
complexes and clusters stands out as a very active field msearch?2. A cooperative
effect in TM clusters or TM complexes is defined as a new magnetic, optical, oratege
effect or function emerging by combining two or more TM centers. This definition
implies, that neither the participating TM centers nor the wole complex exhibit this
function if the two TM centers are sufficiently far apart. Oligometallic systems have been
investigated to elucidatehow cooperative effects determine their magneti¢, catalytic4
as well as their optical properties>. Investigations on free moleculesin vacuoexclude
superimposing effects (e.g. solvent or crystal packing effectgnd benefits insights into

such intramolecular properties.

Soft ionization techniques like Matrix Assisted Laser Desorption/lonizatio?f-28 (MALDI)
and Electrospray lonizatior?9-31 (ESI) enable the transfer of intact ionic TM complexés

35 into vacuum. Subsequent mass spectrometric analy$fs*® determines their mass to

1]

[ ACT A
AOECT



| Introduction

charge (m/z) ratios and allows for an isolation of ion ensembles by m/z selection. A low
ion density in the gas phase excludes molecule characterization by classical absorption
spectroscopy, since any light attenuation would be®1 T x OEA AAOAAOEIT 1 E
OPAAOOT OAT P4 provide® B Gblukigh Eto this problem: Light may cause
measurable changes of the ion ensemble’s m/z rati@g.by dissociation) depending on
the wavelength and photon flux. Collisions of the ionwith background gas molecules
provide an additional source of information. The ions may cool down, heat up, and
undergo dissociations or reactions along sole or competing pathways. Various
experimental methods*-46 employ action spectroscopy as well as molecular collisions to
extract information on moleaular properties like geometrical structuret’-49,
magnetisnmP0. 51 reaction barriers®2 53, binding strength$4 55 and fragmentation
pathways6. 57, Such molecular properties may interdepend and modulate each other.
Thus, combining several experimental methods in parallel favors a complete
understanding of the TM complex. Quantum chemical calculations (e.g. density
functional theory38. 59) support interpretations of experimental data and deepen the

fundamental insight thereof.

InfraRed (Multiple) Photon Dissociation (IRj - Q0$Qq EO Al AOOAAIT E(
OPAAOOI OAI BPUO OAAET ENOA Oi I AOAEIT ET OECEO
compositions of isolated TM complexeg0-66, At resonance, photons in the infrared

spectral region excite molecular vibrations. An intramolecular vibration redistributiorf?

(IVR) process transfers the excess energy into internal vibrational degrees of freedom

(internal energy). This allows for repeated absorption of several photons by one
absorbers8-70, The trapped ions fragmentize (measured as change their m/z ratio) if

their internal energy reaches the dissociation threshold: 72 High dissociation

thresholds and/or inefficient IVR processes may prevent fragmentation within one laser

pulse, which results in undetected vibrational band® 78 O0- AOOAT CA®B OAAE]
circumvent this problem by collisional cooling of the trapped ions. At cryo temperatures

the ions form adducts with background gas atoms or molecules (e.g2 bir He). These

iT1T AAOI A6 AAO AO Oi AGOAT cCAOOGe T &£ OEA OEAOA(
thresholds allow for dissociation by single photon absorption. A resonant-2olor (2c)-

IR-MPD technigue enhances fragmentation efficiency of Tebmplexe$0 by utilizing two

IR lasers. The resulting 2dR-MPD spectra depend crucially on the temporal delay

between the two laser pulse8. A detailed vibrational and structural analysis of the

|2
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IR-(M)PD spectra arises via comparison with calculated IR spectra of molecular
structures with adequate geometries. Density Functional Theory (DFT) has been proven
to be a capable and cost efficient approach to compute geometry optimized energy

minima structures, linear absorption spectra as well as other molecular propertiés 83,

Collisions between trapped ions and background gas atoms/molecules can increase the
internal energy of the ions by thermal heating*. Such collisional activation results in
collision induced dissociatiors. 86 (CID). Historically, CID was observed in mass spectra
by diffuse fragment peak§’. 88 Since then it has evolved to a widely used technique in
mass spectrometry,e.g.for protein sequencing® %. In the context of TM complexes, CID
is very useful b investigate activation barriers of catalyst precursorg!. 92, ligand binding
energie3-9 and intramolecular fragmentation pathway$6. 97. Theexperimental results
are compared with accompanying geometry optimized fragment and transition state
structures along the reaction coordinate. The combination of CID experiments and DFT
modelling provides fundamental insight into the intramolecular fragmenation

processeg8-100,

The element selective Xay Magnetic Circular Dichroism%! (XMCD) spectroscopy allows

to investigate magnetic properties of samples such as deposited nanoparticlés 103,

Spin and orbital contributions to the total magnetic moment of the investigated
compounds can be deconstructed by sum rule analy$?4-106, Recently, the XMCD

technique has been adopted as@A O DEAOA OAAOQEI T ODPAAOOI OAI P
the magnetism of i®lated clusters and complexe®7-109, XMCD spectra provide
information on intrinsic magnetic properties, i.e. void of any alterations such as crystal

packing or surface induced effects. The broken symmetrgpproacht10. 111 js useful to

simulate intramolecular magnetic couplingsvia DFT modelling. The combination of

XMCD experiments and Broken Symmetry/DFT modelling provides fundamental insight

into the molecular magnetism in isolated complexes-2.

This thesis comprises studies on isolated mononuclear and oligonuclear TM complexes.
It applies ESI in conjunction with mass spectrometry to isolate species of interest as
gaseous ions. Their molecular structurg, fragmentation pathways and magnetic
properties are elucidated by combining several experimental and computational

methods (cf.Schemel). The thesis contains five independent research studies (chapters

3]



| Introduction

3 to 7) utilizing IR-(M)PD, CID and XMCD investigans as well as DFT modelling in
various combinations depending on the nature of the investigated TM complexes and
individual scientific questions. Each research study provides an independent
introduction, a short description of the experimental and theoréical methods, a

discussion and a conclusion.

Minima Structures
and Linear

Broken

Absorption Spectra Symmetry

InfraRed
(Multiple) Photon Molecular Molecular
Dissociation Geometry Magnetism
(IR-(M)PD)

X-Ray Magnetic
Circular Dichroism
(XMCD)

Transition
Metal
Complex
o Molecular Local Minima and
Collision Induced . "
s aitton (E13)] Fragmentation Transition State
Pathways Structures

Scheme 1: Overview of the experimental methods (grey oval shapes) and
associated computational modelling (green oval shapes) utilized in this thesis
to investigate molecular properties of isolated TM complexes.

- sz z Lo~ N

Chapter 3 reports onGon-A1 AOOEAAIT 6  OdhidsCoA dritrbgerA mholedilesO A
coordinated to trinuclear iron (Ill) oxo acetate complexes [F€O(OAc}]* (OAc= acetate).

It presents IR-PD spectra of cryo cooled complexes in conjunction with DFT modelling.
Molecular orbital analysis serves to rationalizethe increasing NN bond strength and
provides insight into the nature of the N-Fe bonding in [FEO(OACk(N2)n]* (n = 1,2,3).

Chapter 4 elucidates the cationization of a bimetallic [AuZnglcomplex by coordinating
alkali metal ions. It characterizes strutural features of the charged adductvia IR-MPD
spectroscopy and DFT modelling. CID experiments and calculated stationary points

along the fragmentation pathway reveal molecular reorganizations upon CID activation.

Chapter 5 showcaseslelay dependent 2elR-MPD spectroscopy in conjunction with DFT
modelling. The investigation reveals laser induced torsional isomerization in a

mononuclear silver (I) complex.

Chapter 6establishes magnetostructural correlations in trinuclear iron (lll) oxo acetate
pyridine complexes [Fe@O(OAck(Py)n]* (Py = pyridine, n =0,1,2,3). It utilizes CID/DFT to

|4
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determine pyridine binding strengths and IRMPD/DFT to characterize the geometrical
evolution of the triangular Fe&sO core upon stepwise coordination of pyridine ligands.
XMCDinvestigations in conjunction with Broken Symmetry/DFT modelling serve to
characterize the magnetic couplings of the triangular E® core in dependence of its

geometry.

Chapter7 characterizes structural features and fragmentation pathways of mononuclear
and binuclear palladium catalysts by IRMPD and CID experiments as well as DFT

modelling.
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2 Experimental and Computational Methods

2.1 Electrospray lonization (ESI)

Electrospray lonization (ESI) is a widely used method to transfer molecular ions from
solution into the gas phasé 2 with minimal fragmentation of the analyte iors. It has
enabled massspectrometric investigations on biomoleculed 4 as well as on transition
metal (TM) complexes. ESI ion sources have been continuously advanced in the last
decade$® in order to generate labile non covalent complexés 10 or intermediate

structures from catalytic cycles!1-13,
initial (um) final (nm)

droplets droplets
ESI capillary —

+++Taylcr cone
T AL He®e, T
50l

+ +
ution -+ _ +* + | spectrometer
S )
+ +

Scheme 1: Release of charged droplets and ions by thé&lectrospray

lonization (ESI) process$.
On a fundamental level, ESI proceeds as follows (cf. Scheme 1): An analyte solution flows
into an ESI capillary (also called spray nefte). A power supply generates a strong
electrostatic field between the capillary and the orifice of the mass spectrometer. This
electrophoretically separates cations and anions within the solution and leads to the
formation of a Taylor Coné>. 16 at the exit of the capillary. The tip of theTaylor Cone
releases charged droplets as soon as the coulomb repulsion between the ions within the
solution overcomes the surface tension of the solvent. Subsequently, the droplets shrink
by thermal induced desolvation.Reaching the Rayleigh limit” the droplets undergo
Coulomb explosions. Repeating this process, the analyte ions completely desolvate and
remain as bare free molecular ionsin vacua ESIModels!® like the charge residue
model'®. 20 and the ion evaporationmodel?!. 22 describe the desolvation mechanism o
qualitative basis. Polar solvents with low boiling points suit the ESI process since they

stabilize ions and facilitate the desolvation process.
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2.1.1 Apollo Il ESI Source

The Bruker Apollo Il ESI source (cf. i§.1) is used in combination with the Bruker
amazonSL mass spectrometer (cf. chapter 2.2.1) and the customized FRITZ tandem
mass spectrometer (cf. chapter 2.2.2). AleSI Sorayer (1) houses the spray needle.
Hamilton™ gas tight syringes serve to inject ample solutions into the spray needle
through a peek capillary (inner diameter=0.13 mm). A syringe pump provides a
constant solution flow rate of 2ul/min. A constant flow of nitrogen gas (nebulizer
pressure ~400mbar; flowrate ~2.5 L/min) along the spray needle supports the
formation of small aerosol particles in theSpray Chambe¢2). An electrostatic field is
generated by applying a high voltage (4.6Vz3.5kV) on the Spray Shield (3)and
grounding the spray needle The Glass Capillary (6serves as the entrance to the mass
spectrometer. It is metal coated on both ends (platinum coating). Nitrogen gas heated by
the Dry GasHeater (5) (gastemperature ~220 °C)flows in the opposite direction of the
droplet stream (4 - 6 L/min) and supports the desolvation of the ions. An electrostatic
potential between the Spray Shield (3|and the Glass Capillary6) focuses the ion to the
capillary entrance. An additional electrostatic gradient between the entrance and exit
coatings of theGlass Capillary (bguides the charged particles into the vacuum of the

vacuum of the subsequent instrumentation.

(1) ESI Sprayer
(2) Spray Chamber
(3) Spray Shield
(4) Waste

(5) Dry Gas Heater
(6) Glass Capillary

Figure 1: 3D model of the Bruker Apollo II ESI sourcé.
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2.1.2 Custom ESISource

A custom ESI sourc# 25 developed by the research group of Thomas Schlathdlter
(University of Groningen, The Netherlands) is coupled to the NanoClusterTrap
apparatus (cf.chapter 2.2.3). It consist of a stainless steel spray needle, a stainless steel
transfer capillary and a home build radio frequency (RF) ion funn&. Hamilton™ gas
tight syringes serve to inject the sample solutions into the spray needle through a peek
capillary (inner diameter =0.13mm). A syringe pump provides a constant solutiofiow
rate of 2ul/min. A Xx,y,z translation stage allows to optimize the position of the spray
needle for maximum signal intensity. A voltage (33.5kV) between the spray needle
and the transfer capillary generates the electrostatic field needed for theSE process.
The transfer capillary is heated by an additional applied voltage of ~1¥ to support
desolvation. After passing the transfer capillary the ions are captured by a home build
RF ion funnel consisting of 26 ion lenses with declining inner diamets. It operates at a
frequency of ~250kHz and peak to peak amplitudes of ~30¥. This alternating RF field
is overlaid by a static voltage declining from the first to the last lens (120 to 25V).
Passing the ion funnel the ions enter the vacuum of thexgerimental apparatus for

further investigations.

2.2 Mass Spectrometric Instrumentation

Mass spectrometry is a versatile method allowing for the chemical analysis of gaseous
ions?7-29, |t has as its basis the determination of mag®-charge (m/z) ratios of these
ions. A huge variety of analytical methods exploit m/z specific interactions of charged
particles with electric and/or magnetic fields to extract its m/z ratios30. In addition, the
ions can be trapped! within the vacuum of the instrument (ion traps). Paul type? traps

as well as linear multipolesutilize RF voltagesapplied on metal rods (linear multipoles)

or hyperbolic electrodes (Paul trap) to generate an alternating trapping potentiabs-37.
Wolfgang Paul has been awarded the Nobel Prize for Physf&s honor of this method.
Fourier Transform lon Cyclotron Resonance ion traps utilize homogenous magnetic
fields39-42 to trap the ions. The following chapters provide descriptions of the utilized

mass spectrometric instrumentation of this work.
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2.2.1 AmaZonSLMass Jectrometer

The modified Bruker amaZonSL mass spectrometer s&s to conduct Collision Induced
Dissociation (CID) and InfraRed Multiple Photon Dissociation (HMPD) studieg3. 44, It is
equipped with an Apollo Il ESlion source (cf. chapter 2.1.1) and compriseseveral
differentially pumped vacuum chambers (cfFig.2). Gaseous ions exit the transfer
capillary and enter the first vacuum stage (pressure-l mbar). A double arrangement of
ion lenses with declining inner diameters forms a dual ion funnel. It focuses the
voluminous ion cloud by combining radio RFand direct current (DC) voltages. The dual
EiIT £OITTAI EO AZEOOAA O ££ AGEO6Hh EIT OAlI AOEI
arrangement it blocks the flow of neutral gas molecules from the ESI source, thereby
providing an optimal vacuum gradient. Two Ihear RF- octopoles serve to guide the
focused ions to the final vacuum chamber (pressure 10-¢ mbar). A Paul type ion trap

accumulates the ions and allows for their m/z determination and isolation.

ESI Transfer Dual Dual Paul Type Bipolar
Source Capillary  Funnel Inlet Octopole Ion Trap Detector
e g —
= Ui N (1] ! }:'

alll] ) [{ —
il —\'Y

4-stage, differentially pumped vacuum system

Figure 2: Schematic cross section of the BrukeamaZonSL mass spectrometét.

The Paul trap is a three dimensional quadrupole ion trap. It consists of a ring electrode
and two end caps (cf. Fig 3) forming a nearly hyperbolic inner profile. The ions enter and
exit the trap through pinholes in the end cap. A high voltage RF potential (78kHz) is
applied to the ring electrode, while the end caps are grounded. The resulting oscillating
guadrupolar electric field allows for the accumulation of the ions within the three
electrodes. Depending on the amplitud®f the RF voltage, the field traps ions within a
wide mass range. An auxiliary dipolar voltage is fed to either the exit cap or both
end caps of for subsequent ion isolation and fragmentation. It is vital to slow down the
arriving ions in order to trap them effectively. A proportional integral derivative (PID)

gas controller maintains a partial Helium buffer gas pressure of ca0-3mbar inside the
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trap. The ions decelerate by collisions with the He atoms, which allows for their efficient
trapping. It is possible to accumulate weak signals over an extended period of time.

Typical accumulation times vary between 0.0Ins and200 ms.

Entrance Cap
Ring Electrode
Exit Cap

lon Cloud

HWwNE

ground primary RF amplitude | | auxilliarydipolaramplitude

Figure 3: Schematic cross section of a Paul type ion trép

The motion of ions in an electric field comprises oscillations both the radial as well as

the axial direction. The oscillations depend on the m/z ratios as well as on the field
parameter (voltage, amplitude, frequency etc.). The solutions of the Mathieu equatidhs
describe such notions analytically and provide a two dimensional stability diagram,

which indicates stable orbits of ions within the trap (cf. Fig4). An orbit is stable if its

I OAEI T AOT OU Ai bl EOOAAO ET OAAEAI ) &€ @A OET 1
AEOAAOQEIT T | AAOAOE A Aefbetviesn 0GRdAL. CEnArOrAils Ar©uhable

AT A OEA EITO AAT AT 11 EAA xEKEA &ilverselpl 1 O 1
proportional to the mass of the ions and directly proportional to the RF voltage. In a
particular field the m/z ratio of an ion determines the stability of its orbit. The axial

i T OET))lis of primary importance because this is the direction of ion injection and

ion ejection. In RF only mode (during accumulation of ions) the stability diagram reveals

a boundary of stability alongO E A} =A1TAis determines the lowest m/z ratio in the
particular field, which allows for a stable orbit. All ions exhibiting lower m/z ration have

unstable orbits. Therefore, the range of m/z ratios that can be stored simultaneously in

the trap hasa lower cut-off that is determined by the RF amplitude at the ring electrode.
Theoretically, there is no upper limit to the storable mass range. However, for practical

purposes ard thermal reasons, there isan upper limit. This upper limit is about 2730
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times the lower cutoff m/z ratio. lons with an m/z above this limit are not efficiently
trapped by the RF field.

Operating line for
7 the RF-only mode
L [

Increasing

DC voltage
Increasing
RF amplitude
\
Figure 4: Stability diagram for ions in a Paul trap®. Oscillation in radial o
AEOAAOQGET T EO AAOAOBEAdkhe ostillatioD&xidl didiahAl AOA O

EO AAOAOEAAA Alsta@aohitsexiibd 8 $STAQRIO0
Variation of RF voltages in addition to applying DC voltages allows for the continuous
ejection of the trapped ions under m/z control. The ejectedons are detected bya Daly
detector4s. A scan of ion ejection with various m/z rations yields a mass spectrum
(MSScan). Typical scan speeds lie around 325@/z)/s (Ultrascan mode). This mode
yields resolutions of ~0.3FWHM / m/z. Isolation of ions with particular m/z ratios is
possible by applying specific voltages, such that all other ions have instable orbits. A

subsequent mass san(MS' scan; n=2,3, ...) exhibits only the isolated species.

Several modifications of the amaZonSL mass spectrometeallow for IR-MPD
experiments: Two pinholes drilled in the ring electrode of the Paul trap create an optical
path through the center of the ion trap passing the ion cloud (cf. Fig. 5). The holes
tamper from 6 mm on the outer side to 2nm on the inner side b limit Helium loss of
the trap. Associated windows and mirrors have been installed to guide the laser beam

inside and outside the mass spectrometer. The software of the instrument has been

| 18



Experimental and Computational Methodsi

updated to allow for a synchronization of the duty cycle of the nss spectrometer to the
10 Hz trigger signal of the pump laser. Further details on the modifications of the
amaZonSL mass spectrometer are available in the PhD thesis of Fabian S. Méiges

IR beams

w1 w2

RE

A

M1 M3

Figure 5: Scheme of the modified ring electrode (REdf the Paultrap. IR
laser beams pass the BaFwindows (W1, W2) and are reflected by two
mirrors (M1, M2).
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2.2.2 FRITZ- Tandem Mass Sectrometer

The customized Fourier Transform-lon Cyclotron Resonance (FICR)}mass
spectrometer850 0 & 2 ) 4 : 6 6) eAvéB8o ca&nBuCt 8emperature controlled IRM)PD
studies. It is based on a BrukerApex Ultra FT-ICR andis equipped with an Apollo 2 ESI
source (cf.chapter 2.1.1). An additional Laser VAPorization Sourgke 52 (LVAP) stands
by, but was not utilized in this work.The ESI generated ions are injected into a cryogenic
hexapole ion trap passing different ion lenses, a 90 degrees ion beam bender and a

guadrupole mass filter.

He cryostat

ESI source

laser
vaporization
source

superconducting
solenoid (7 T)

hexapole
_ion trap

Figure 6: 3 D model of the FRITZ setuf. The inset shows a  model of the
hexapole ion trap.

The hexapole is cooled by a two stage closed cycle Helium cryostat (Sumitomo SRDK

101E). Two sensors (LakeShore, Cern8%) monitor the temperature of both cooling

stages. Heating resistors (Catridge ¢hter, Janis Research, R50mq ET AT I AET AOET
a temperature controller (LakeShore, model 336) provide a constant temperature of

26 K for the measurements of this thesis. Lower temperatures up to 1K are possible.

Buffer and/or reaction gas can be ntroduced into the hexapole both pulsed and
continuously. In this work two continuous gas inlets were used. The pressure is first
increased by N gas from 1.7x107"mbar up to 3.0x107"mbar and subsequently

increased with He gas up to 4.8 106 mbar to accomplish N attachment as well as

efficient trapping and cooling of the ions. Storage of the ions for a variable timezT0 s)
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allows them to react with No. The product ions are guided by electrostatic lenses into the
FT-) #2 AAlT 1 1 £ &BETAis BlIGskcbolEtdt aténipéraiure@faBout 1K with
a two stage closed cycle Helium cryostat (Sumitomo) to prevent heating of thens by
black body radiation. Three temperature sensors (LakeShore, CernoxTM) monitor the

temperature within the ultra high vacuum region.

Figure 7: Infinity ™ type ICR Cell: (1) front trapping plate, (2) excitation
plate, (3) detection plate, (4) back trapping platé2.

The ICR cell (cf. Fig. 7) is located in the high field region Tj of a superconducting
solenoid and serves to trap, isolateand mass analyzehe ions of interest. It consists of
six plates. The ions enter the cell through the front plate. The strong magnetic field
induces Lorentz forces on the ions whicHead to a circular ion trajectory within the
trap>4-56, Electrostatic fields applied to the front and back plate serve to trap the ions. A
RFis applied to the two excitaion plates. Frequency sweepspplied to the excitation
plates accelerate the ionson their trajectory. As a result, their orbits increase while they
retain their specific cyclotron frequency. lons passing the two detection plates induce an
image current. Recording the time dependence of thessignals yields a spectrum in the
frequency domain. Fourier transformation of this data yields a mass spectrum of the
trapped ions. Frequency sweeps can also be applied to eliminate ions with unwanted
m/z ratios from the trap and therefore isolate ions ofinterest. A Bak window on the
backside of the high vacuum chamber and a hole in theack trapping plate of the ICR
cell provide optical access to the isolated ions in order to conduct {@V)PD
experiments. Further instrumentational details of the FRITZandem mass spectrometer

are available in the PhQhesis of Jennifer Mohrbac??.

21 |



| Experimental and Computational Methods

2.2.3 NanoClusterTrap

The custom build NanoClusterTrap instrumerft’-60 (cf. Fig.8) serves to measure Xay
absorption (XAS) and XMCD spectra of isolatéliM complexes and clusters. It has been
build by the groups of Thomas Médller, Bernd von Issendorff and Tobias Lau and is
located at the UES52PGM beamline at the BESSY Il (Helmhotz Zentrum Berlin)
synchroton facility. In this work the NanoClusterTrapis coupled with a custom build
ESI- ion source(cf. chapter 2.1.2) kindly provided by the group of Thomas Schlathdélter,

University of Groningen.

quadrupole
qqadrupole mass filter
ion trap
Wiley-McLaren hexapple
accelaration stage ion guide

einzel-lenses

reflectron

Superconducting
selenoid, 5T_ quadrupole electrostatic
~ jonguide lenses

Figure 8: Schematic cross section of the NanoClusterTrap instrumeit The
ESI ion source is omitted for clarity.

Gaseous ions of interest are mass selected in a linear quadrupole mass filter (Extrel; 40
4000 m/z) and transported through several electrostatic lenses into the quadrupole ion
bender. It bends the ion beam by 90 onto the axis of the superconducting soleid and
the X-ray propagation direction. The electrostatic lenses compensate for deflection of
the ions by the stray field of the superconducting solenoid. Passing the ion bender the
ions are constantly injected into a (liquid helium cooled) linear quadrpole (cf. Fig 9),
where they are stored for cooling and irradiation by the XRay beam. The trap is
operated between 2 and MHz (~500 V peak to peak voltage) depending on the mass of
the investigated ions. The quadrupolar electric field of the linear quadipole focuses the
ions to the XRay beam axis benefitting the overlap ldeveen the light and ion cloud.
Static potential on entrance and exit pate serve for axial ion trapping. Evapaation of

the liquid Helium (pressure of ~8 x 107 mbar within the vacuum chamber) cools down
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the ion trap to cryo temperatures around 4K. Collisional cooling of the trapped ions
leads to thermalized ions at sligtely elevated temperatures of 15 K62 due to RF
heating. The ion cooling is necessacy to reduce temperature induced orientation
randomization of the magnetic moments of the investigated species. The ion trap is
located inside the high field region of a superconducting solenoid (up to-54.5T) to
allign the magnetic moments of the investigated ions to the light pass of theRay beam.
Accordinglly, all rods and side electrodes of this linear quadrupole are made of non
magnetic molybdenum.Irradiation of the ions with circularly polarized X-Ray radiation
from the UE52PGM beamline (10 15 s irradiation time per set photon energy) leads to
their fragmentation. After Irradiation the parent ions aswell as the associated fragment
ions are ejected from the ion trap into an in line reflectron time of flightmass
spectrometer (~100 Hz) to record the resulting mass spectra, specifically to record the
intensity of the X-Ray induced fragments. Further instrumentational details of the

NanoClusterTrap is available in the PhD thés of Andreas. Langenbefd.

Figure 9: Schematic drawing of the cryogenically cooled quadrupole of the
NanoClusterTrap!. It comprises four parallel rods (d=6 mm, L=25cm)
along with four side electrodes, which increase trapping efficiency. The rods
and side electrodes are made of nemagnetic molybdenum, since the
guadrupole is located in the high field region of a superconducting solenoid.
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2.3 Light Sources
2.3.1 Optical Parametric Oscillator/Amplifier IR Laser Systems

The wavelength of laser radiation can be converted within non linear optical crystals by
means of second order non linear optical interactiof®. This provides an approach to
tune the frequency of laser radiatiof4. Non linear optical process demand very
intensive and coherent light (laser light) as pump sources, since their frequency
conversion efficiency is intrinsically lowf>. An optical parametrical oscillatofé (OPO)
essentially consists of a non linear optical crytal and an optical resonator (e.g. two

i EOOT 06qs )6 Ai1OAOOO 11A Al OAOGEIC 0POI B
energies, called signal and idler photons. Changing the incident angle between laser
beam and crystal surface allows to tune the outgng signal and idler frequencies by
phase matching’. An optical parametric amplifie8 (OPA) consists of one or several non
linear crystals and serves to amplify seeded (tunable) laser light. The gemion of
intensive and tunable laser radiation makes OPO/OPA laser systems extremely useful

for laser spectroscopic investigation&°.

Yyl OEEO x1 OEh Oxi ATi i AOCAEAI T U AOGAEI AAI A
systemg© enable (two color) IR(M)PD investigations on isolated TM complexes. The
laser systems are coupled to the amaZonSL (cf. chapter 2.2.1) as well as the FRITZ
(cf.chapter2.2.3) instruments and provide identical frequency conversion schemes
(cf. Scheme2 and Figure 10):

Continuum fundamental w : } signal 1: } signal 2: }
Nd:YAG-laser | 1064 nm 2 9394 cm 14000 -11300 cm™ 7400 - 4700 cm
10 Hz 2 w: . .
550 m]/pulse A 187 , ddlerl: idler 2:
J/p 532 nm £ 18789 cm 2400 - 4700 cm-t 4700 - 2200 cm-t

fundamental w

‘l’ signal 2 .

v signal 1
siG | 20 [ oro F——/ | ora - > DFM Mass
KTP >| grp |idlerl s KTA ““TTZ .| AgGaSe, Spec.
1

Scheme 2: Non linear optical processes and frequency conversions of the
LaserVision OPO/OPA laser systems. Potassium titanyl phosphate (KTP)
crystals serve for second harmonic generation (SHG) and for the optical
parametric oscillator (OPO) process. Potassium titahyarsenate (KTA)
crystals serve for the optical parametrical amplification (OPA) process.
AgGaSecrystals enable difference frequency mixing (DFM).
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a) Pump laser Nd:YAG (1064 nm)

S

= 5] OPO prism OPA

2| £ 4}
&l (2 filter filter

HlE .
o 7 / :E DFM
| OPO grating

\ _ // b)
20
':I;]: attenuator

vl
N B i

Figure 10: a) Optical setup of the LaserVision broadband OPO/OPA laser

system. Lines and arrow indicatelte pathway of the incoming and outcoming

laser beam.b) The inset shows the OPO configuration for the narrowband

system.
An injection seeded Nd:YAG laser (ContinuusRL8000; 10Hz, 540z 560 mJ/pulse)
provides intensive fundamental laser radiation pulses atl064 nm (9394 cml) and a
pulse length of ~71 68 4EEO &£O01 AAT AT OAT AAAI 5 DHOIipPO
OPl EOOAO COEAAO 1T A OEEOA 1T £ OEA crystapxg®)OT1 T O
for second harmonic generatiof5(SHG). The intensity of théundamental A AAT 5 AAI1d
attenuated by al T¢ xAOA bBI AOA8 4x1 5 PETOITO 1T £ OE
PET 011 xEOE OEA Al OhinAdrsoaod 8 O A Bhdathentetsthg v o ¢
/ 0/ OAOITTAOI O8 4EA 0/ AT 1T OAOOO risiakigndlilOAOET ¢

and an idler 1 photon. Per definition, the frequency of the signal photon is higher than

) (@}

the frequency of the idler photon. The frequencyv) of these photons can be tuned by
OAOUET ¢ OEA ETAEAAT O AT ClI A AAbe«HiRErystBETRe ¢ 5 A}
photon energy sum of signal 1 and an idler 1 has to be identical to the photon energy of
¢S pdd1Ead 2) due to energy conservation.
Cd voga v 0 (1)
CO puxhao U O (2)
A silicon filter blocks the signal 1 beam and the idler 1 beam enters the OPA stage

consisting d four potassium titanyl arsenae (KTA) crystals. Within the OPA stage the
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iderp AAAI 1T OAOI ADPO xEOE Oxi OEEOAO 1T &£ OEA £0
OEA 5 PETOI1T OPIEOO ET Oxi PDPETOITOh A OECITAI
amplified by this process since the generated signal 2 photon has the same freqagms

the idler 1 photon (cf. eq. 3 to 5). Thus the frequency of idler 1 determines the frequency

of the new photoncalledidler 2. The intensity of the OPA output can be attenuated by a

17¢ xAOA bi AOGA AT A A OEET A&EII bDil AOEUAOS
0 v (3)
P TUEETA U v (4)
WO WwId v v (5)

The idler 2 and signal 2beamsexhibit different linear polarizations of their electric field
vectors. A silicon filter tuned to the associated Brewster angle selectively filters out
either the signal 2 or the idler 2 beam. This provides IR laser light radiation in the
spectral range 0f7400z2200 cml (idler 2: 2200 - 4700 cmr1; signal 2: 4700 - 7400 cmr1).
Difference frequency mixing! (DFM) of the idler 2 and signal2 beamsin an AgGaSe
crystal generates an new beam, hose frequency (U ) is the differencefrequency of
the idler 2 and signal 2photons (cf.eq.6). The DFM process extends the available
spectral range to 800- 2200 cml. Residual idler 2and/or signal2 photons are filtered
out by a ZnSe filter.
¥ 0 v (6)
The two utilized laser systems differ bytheir OPO resonators (cf. Figl0). The
OAOT AAAAT Ao /1 0/ AT1TOEOOO 1T &£ OxI Di OAMOEOI OE
I DPOEAAIT OAOIT 1T AOI 08 4EA O1 AOOT xAAT A6 10/ Al
implements a grating within its optical resonator (cf. Figl0b). The grating reduces the
linewidth of the resulting radiation’2 enabling a resolution of <0.3cm1 (hence the name
Ol AOOT xAAT Aogqs 4EA AOI AAAAT A 0/ d@BAEAAO A
lasers are synchronized with each other and the mass spectrometers by a delay
generator (Stanford Research Systems, DG645). The wavelengths of the OPO outputs are
calibrated and monitored of by wave meters (Bristol Instruments: 821BNIR and
TopticaPhotonics:HighFinesse IRHWS7). Power detector heads (i.a. gentezn. UR19K-
H5DO0) serve to record pulse energies during scanning. The beam profiles of the pump
lasers are continuously monitored by beam profiler cameras (WinCamD, DataRay Inc) to

avoid hot spots.
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2.3.2 X-Ray Synchrotron Radiation @ BESSY Il (UE52PGMBeamline)

Large scale synchrotron facilities provide very intense and coherent light in a wide
spectral range3. Brilliant synchrotron X-Ray radiation’ is very useful for various
analytical and spectroscopic application®: 76, Electrons are accelerated to relativistic
energies and transferred into a storage ring. Dipole magnets bend the electron beam
path into a circular trajectory, due to radial acceleration of the electrons within these
dipoles. Concurrently the electrons emit characteristic synchrotron radiation, which is
monochromatized and used for subsequent experiments. Within the straight sectie of
the storage ing AAAEOQOET T Al ET Oinduiiorddl pfodde ArAadditddal O
approach to generate synchrotron radiation. Undulators consist of several neighboring
permanent magnets with alternating polarity. The magnet field accelerates the ekeans
and induces an oscillatory electron motion (cf. Fidl1), which induces the emission of
synchrotron radiation. The (tunable) gap between the magnets within the undulator

determines the emitted photon energy”.

a)

gap @ « “

A,
horizontal polarization

shift 0 A,

- -

b)

|4 < |4
> o— etz (00—
QTP ® = =

t|* t|*

—

A
circular polarization

shift 1/4 A,

Figure 11: Arrangement of the perman&t magnets within an APPLE 2. 7°
(advanced planar polarized light emitter) undulator’7. a) Horizontal photon
polarization. b) Circular photon polarization.
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The NanoClusterTrap (cf. chapter 2.2.3) is connected to the UEBZM undulator
beamline at the BESSY Il synchrotron facility of the Helmholtz Zentrum in Berlin. An
APPLEZ28. 7 (advanced planar polarized light emitter) undulator (cf. Figll) provides
photons with variable polarization in the soft XRay spectral range (8% 1600 eV). The
APPLE 2 undlator consists of four rows of permanent magnets of alternating
polarizations. Al rows can be shifted independently from each other. Depending on the
arrangement of these magnets the APPLE 2 undulator generates horizontal or circularly
(left or right handed) polarized XRay photons. A grating serves to provide
monochromatic light with photon fluxes of 102 photons/s. New electrons are constantly
injected into the storage ring to compensate electron loss by collisions with the tube or
OAOGEAOAT OAR68 Opb OBPAOAOETIT OEA OOI OACA OET C
300 mA.

2.4 InfraRed (Multiple ) Photon Dissociation (IR -(M)PD)

The vibrational fingerprint of a molecule provides vital information to understand its
structure and reactivity80. Electrospray lamization Mass Spectrometry (ESMS) allows to
transfer molecular ions into the gas phase (cf. chapter 2.1 and 2.2). Isolation of these
molecular ions enables their investigation without any solvent influences. However,
classical absorption spectroscopy médtods reach their limits, since the ion density in the

gas phase is often too low (408 cm3) to observe a light attenuation due to absorptioft.

InfraRed-(Multiple) Photon Dissociatior2 (IR - Q0$q ODBPAAOOI OAT BPU bPOI C
OPAAOOIT OAi bUd OUDA ADPDPOI AAE OiF OAAT OA OEAOA
Absorption of a single or multiple IR photons results in a fragmentation (change of the

m/z ratio) of the isolated ion, which is detected by a mass spectrometer. IR photon

energies lie in a range of 140 kJ/mol (800 - 4000 cm?), which is sufficient to break

noncovalent bonds, e.g. hydrogen bors# or messenger tag®: 85 The cleavage of

stronger (covalent) bonds requires theabsorption of multiple IR photons to pump

enough energy into the moleculé. 87, This makes the usage of coherent and intensive IR

laser light sources (cf. chapter 2.3) mandatory.
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Scheme 3: Representation of the noncoherent IRMPD processe®: A
resonant IR photon is absorbed by the isolated ion. The additional energy is
redistributed within the ion by internal vibrational redistribution 8 (IVR).
This process repeats until the dissociation limit of the ion is exceeded and it
fragmentizes. The irradiation time is ~ 7 ns (a single IR laser pulse).

An isolated molecular ion absorbs one IR photon if the photon frequency is in resonance
with a molecular energy transition (cf. Scheme3). In the noncoherent IRMPD model
internal vibrational redistributio n8® (IVR) rapidly results in dissipation of the additional
energy into molecular vibrational degrees of freedom. This effectively heats up the
isolated molecular ion. The original oscillation mode is thereby able to absorb additional
IR photons. This procss repeats until the molecular dissociation threshold is exceeded
and it fragmentizes. The weakest bond of the ion breaks even if it has not been excited
directly by the IR lasef0. 91, since the absorbed energy is stored in the entire molecular
ion. The R-(M)PD fragmentation yield (@ U ) is defined by eq. (6).

B O

'’ 6
o B o (6)

where 'O = intensity of the fragment ions and’O= intensity of the parent ions.An

experimental IR-(M)PD spectrum arises from a plot of théragmentation efficiencyas a

function of laser frequency ().

IR-(M)PD spectra provide a multitude of information on the isolatedons, which are to
be compared with quantum chemical calculations to extract valuablestructural
information. In practice, the IR(M)PD spectra combine with calculated linear absorption

spectra of geometry optimized energy minimum structures. Note, that the HIPD band

29 |



| Experimental and Computational Methods

intensities may not linearly dependent on the laser intensity and the awrption
intensity of the oscillation mode due to the multi photon process. High dissociation
thresholds and/or inefficient IVR processes may prevent fragmentation within one laser
pulse. This may result in undetected vibrational bands. 93. Utilizing two IR lasers in a
resonant 2-color (2c)-IR-MPD scheme enhances fragmentation efficiency of
TM complexe®4. The wavelength of the additional laser (IR) is set to a fixed frequency
at resonant absorption, while the secondaser scans the IR spectral regiorfIRscar 800 -
4000 cmrl). This schemeallows to investigate isomer populations?®: 9 by systematically

varying the temporal delay between the two laser pulses.

Within this work, 1c/2c-IR-(M)PD measurements have been performed utilizing the
modified Bruker amaZonSL mass spectrometer and the FRITZ tandem mass

spectrometer (cf. chapters 2.2.1 and 2.2.3).

2.5 Collision Induced Dissociation (CID)

Molecular fragmentation induced by collisional activation (CID) has been noticed in the
form of diffuse peaks in the mas specta®’ %8 since the early days of mass spectrometry.
With the advancement of mass spectrometers, CID has matured to a standard tandem

MS method?: 190 for the characterization of organic molecule®¥! and TM complexe&2.

In the case of a Pautrap (cf. Fig. 12), application of DC voltages (in addition to the
trapping potentials) accelerate the massselected precursor ions on their trajectory. This
increases the kinetic energy of the ions as well aki¢ number of collisions of the ions
with the buffer gas (Helium). Inelastic collisions with the Helium atoms transfer the
additional kinetic energy into intramolecular degrees of freedort?3. The transferred

energy accumulates in the inner degrees of freedo of the molecular ion until its

dissociation threshold is exceeded and it fragmentizé%*. lonic fragments can be
detected by the mass spectrometerThe mass of the fragments and the fragmentation

pathways may yield information about the structure on the precursor ion.
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Figure 12: Schematic representation of the processes during the CID process
in a Paultrap. Precursor ions are activated by an aeteration voltage and
collide with the buffer gas. The precursor ion fragmentizes and forms neutral
and activated ionic fragments, which decelerate by collisional cooling.

An additional method to investigate the stability and fragmentation pathways of isated
ions is to continuously increase the acceleration voltage while recording the relative
frequency of the precursor ions and the resulting fragment ions. A corresponding plot of
the acceleration voltage versus the relative intensity of fragment ion iseferred to as a
CID appearance curve. The D@xcitation amplitudes within the laboratory frame
(% in V) determine the internal energy scale of the mass spectrometer. Thus, relative
fragment ion abundances are calculated by eq. (7):

B'O O

0 80 (7)
B'O O B 'O 0

where "O = intensity of the fragment ions andO= intensity of the parent ions.

The amount of energy transfer by inelastic collisions depends on both the mass of the
ion (& ) and the mass of the Helium atomsd( ). Therefore, the excitation amplitude
(ELag) is corrected by a center of mass transformation (cf. eq. (8)).

a

@ a ¢ © (8)

Note, that the current application of the Cliechnique by RF excitation in presence of

i 61 OEpI A ATTT1EOEITO OAOOI OO ET A O1 AAIT A}

operation0s,
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The CID curves are modeled and fitted by sigmoidal functions (cf. eq. (2)8ing a least

squares criterion.

0 ©° 9
5 0 (9)

The %  fit parameter is the excitation amplitude at which the sigmoid function is at
half maximum value, whereas B describes the rise of the sigmoid curve. Due to the
correlation of excitation amplitude and relative fragment intensities, it is feasible to
assume, that%  values can be associated to the relative stability of the complex. This

provides anexperimental access to activation energi€§6-108,

2.6 X-Ray Absorption and X -Ray Magnetic Circular Dichroism (XMCD)

Synchrotron facililities provide very intensive and coherent XRay synchrotron radiation
(cf. chapter 2.3.2) for various spectroscopic applicationsThe element selective Xay
Magnetic Circular Dichroisni® (XMCD) spectroscopy allows tonvestigate magnetic

properties of isolated TM Complexes and Cluste$-112,

Resonant as well as non resonant-Ray photon absorption may excite core shell

electrons of a given ator#!3. In this case the atom is part of an investigated molecule.
Resonant &sorption (cf. Fig.13) excites the core electrons into empty valence states

i OOAT AT AA ETT1AGeoqh xEEITA T11T OAOGITAT O AAOI O
continuum with subsequent ionization of the molecule. Both cases lead to the presence
ofempOU AT OA OOAOAO | OAT OA EiT 1 AbOoQqs wl AAOOITO
OEEO AT OA EITAO AU OAOI PPEIC AixT O ETOI
Concurrently, these electrons release the difference energy eigher by photons

(fluorescence) orauger electrons14,

.
»
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=
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electron energy

i)
Figure 13: Resonant XRay absorption in an one electron picturé'®. A core
electron is excited fromthe core states@into empty valence sheligx
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In the following discussion resonant absorption takes place exclussivelgy an one

electron process. In such a case, the time dependent pertubation of the molecule by the

X-Ray’s electromagnetic field leads to an immediate excitation from the initig@into

the final statestix EOET OO AOT OOET ¢ AT U ETIOADARAEADA 0D
as derived by Diraéé describes the transition probability from s@to s (T, cf. eq. 10)

as well as the XRay absorption resonance intensity{'O , cf. Eq. 11)

13

% % WO Q| - - " - (10)

"0 0 KIBES (11)

with 'O =interaction Hamiltonian11?, - 5 =energy of the initial and final state,

- =density of the final state per unit energy, A = probability factd#s,7 Eunit photon

polarization operator andi Hulenght operator.

X-ray Magnetic Circular Dichroismj 8 - #$q EO AAOAOEAAA AU A OOOA
model (cf. Fig14):

1.) The circular polrized XRay Photon is absorbed by an electron in a spiorbit split
ground state $Q (e.g. 2p2 and 2pw2 in the case of k3 edges). Theangular
momentum of the photon is transferred partly to the spin of the core electron
leading to its spin polarization. The spin polarization is opposite for the two core
levels, since their spin orbit couplingis opposite (I+s and |- s). The quantizaion
axis of the excited electrons is identical to that of the photon angular momentum
(parallel or antiparallel to the X-Ray propagation axis)

2)4EA AQGAEOAA j OPET DIl AOEUAAQ Al OA Al AAGO
Opd AT A OODPET Al ¢elg.oempiyA3d Aibifald) wikhi diffdredt
transition probabilities. This results in different X-Ray absorption depending on
the helicity of the circular polarized photons (XMCD). The epty valence holes
thus act as adetector for the spin polarization of the core electrons. The
maximum dichroic effect can be detected if the spins of the valence shell are
alligned to the photon angular momentum(the X-Ray propagation direction).
Allignment of the spin is achived by an high magnetic field of a superconducting

solenoid.
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The angular momentum of the photon is not completely transferred to the core electron

spin. It is partly transferred into the electron’s angular momentum. This angular

iTi AT 001 1T &£ OEA AGAEOAA Al AAOOIT 1 theQaleAde OT OA,
shell exhibits an angular momentum. The spin and orbital contributions to the

difference in XRay absorptions have been derived by Thole and Carra in the form of the

nOOI  @3¥. AleGum rules have ben confirmed experimentally by Chen et &po

for the Ls 2 edges.

3d band

F

62.5 % 25 %
75 %

+h

\ / +h
N N

2p1/2

Figure 14: Relative transition probabilities for spin up () and spin down ()

electrons from the 2p3z2 (a) and the 2p12 (b) core states upon excitation
with circularly polarized photons (helicity g = +2 (black) and g =-2 (grey)).

The transition probability of spin up ( ) and spin down electrons( ) switches
if the photon helicity is reversed!3. 115,

In this work XMCD spectroscopy is on utilized isolated TM complexasa AT OAAOQET 1
OPAAOOI OAil bUbd ADPDPOT AAE8 4EA . AlTiT #1 OOOA0O40AD
facility in Berlin (cf. chapter 2.2.3) offers an ion dud of mass selected complexes-RKay

absorption of the trapped ions induces their fragmentation due to the excess energy.

The fragment ions can be detected by the mass spectrometric instumentation. Resonant

X-Ray absorption results in drastically increased fragmentation yields as the absorpti

intensity increases. We gain Xay absorption spectra by plotting the intensity of the

fragment ions as a function of the »>Ray photon energy. A GaAdiode records the XRay

beam intensity from the undulator beamline (cf. chapter 2.3.2), which serves to
normalize the recorded spectra for photon flux. The spectra were recorded on the Fe

absorption edges with a spectral resolution of 500neV at 711eV and an increment size
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of 200meV. For a single data point exhibiting a single photon ener@d EA O O&T CI A ¢
i AOO O BictoDfiyAt dnstrument were added over 10- 15 s with a frequency of

80 - 120 Hz. Several spectra for left and right handed circularly polarized lightwere

recorded in an alternating manner to generate XMCD spectra.-% raw spectra were

added for both XRay polarizations for further analysis. Further details of the XMCD data

evaluation is available in the PhD thesis of Matthias Tombé&#s.

2.7 Density Functional Theory (DFT)

The interpretation of experimental data significantly benefitsfrom comparisons with
guantum chemical calculations. A widely utilized approach to calculate molecular
properties is the Density Functional Theory21-123 (DFT).

In the 1920°s Thomas and Fermi formulated the basic idea of DFT: All information
required to calculate the energy E of a molecule (and other properties) is given by the
electron density ” b of the moleculé24 125 Hohenberg and W. Kohn provedhe
correctness ofthis idea in the 1960 svia the 1st HohenbergKohn-Theorem!26, The 2d
HohenbergKohn Theorem proved that the variational principle is applicable to compute
electron densities providing more accurate results. A significant simplification of the
energy E minimization by the variational principle was obtained by W. Kohn and L.

Shant2?. They described the energy E as a function’ofie as in eq. (13).

0" "Y' Qb & b g- b O (13)
“Y " is the kinetic energy of the system with the electron density . The electron
density depends on the distance r of the electrons from the nucleus. b is the Coulomb

potential and’ O " defines the exchangecorrelation energy.

The electron density corresponds to a normalizedvave function of a system with N
electrons. The KohrShamwave functionis a single Slater determinant constructed from
a set of orbitals that are the lowest energy solutions to the Schrodinger equation (14).
indicates orbital energies of corresponding KohsSham orbitals i. The electron density of

the whole N electron system is defined in eq. 15.

9 s . .
—n -
a w b B I B i (14)
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[> S (15)

Y” and, Q1" P w B -* b ineq. (L3) are relatively easyto compute, since

they comprise only one electron or two-electron integrals. O consists of all

unknown factors and is not negligible. In fact, the approximation oD plays a

crucial role within DFT and is the main difference in relation to other methods.

The local spin density (LSD) approaci? approximatesO according to eq. 16:

o Q" b- "V PR b (16)

"W pHi 8 b describes the exchangecorrelation energy per particle in a
homogeneous electron gasA distinction is made between the spin ug” ¥ ) and spin
down (" 8 ) electron density. The LSD approach is applicable to systesnwith
constant electron densities, such as ideal metal¥he more the electron density varies,
the less accurate is this approximation. Gradientorrected functionals expand the spin

density according to their gradient.

Hybrid functionals129. 130 gre often usedto compute atomic and molecular properties.
Their exchange terms (cf. eq. 17) consist of exchange terms from HartrEeck theory!3l
(O ) and correlation terms originating from DFT O ). & and® are parametric
prefactors, which are estimated empirically by adjusting the calculated results to

experimental data (e.g. ionization potentials).

0 w O w O (17)
The methodical advancements throughout the years established DFT astandard tool
for quantum chemical calculatiors. It is routinely used by scientists from various fields

of research.
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2.7.1 Geometry Optimization and Vibrational Frequencies

The Born-Oppenheimer approximatiort32 serves to compute the electronic energy of
molecules with an arbitrary arrangement of N nuclei. The energy is a function of 3l
coordinates (for a molecule with tree translational and three rotational degrees of
freedom) and thus forms a potential energ surface. So called stationary points along
this energy surface occur, if its first derivative with respect to 3N6 spatial degrees of
freedom equals zero. Such stationary points indicate nuclei arrangements (geometries)
in energetic minima (minima structures) as well as geometries in energy saddle points
(transition state structures). The second derivatives of the potential energy surface
discriminate between energetic minima structures and transition state structures: If all
values of the second derivaties with respect to 3N6 spatial degrees of freedom are
positive an energetic minimum structure is reached. Transition state structures are
indicated by exactly one negative second derivative among positive second derivatives
with respect to 3N-6 spatial degrees of freedom. The process of finding geometries
corresponding to the stationary points of the energy surface is called geometry
optimization. It is usually achieved by iterative methods for energy gradient

optimization.

Minima structures represent steéble isomers of a molecule, which may also exist in
experimental environment. Computed molecular properties (e.g. linear absorption
spectra) can be compared to experimental data to confirm or exclude the existence of
such isomers. Transition state structure separate adjacent energetic minima along the
minimum potential energy surface path. Transition state structures are very useful to

characterize reaction mechanisms (e.g. isomerization processes).

Vibrational Freguencies

Geometry optimization of the molealar geometry of a molecule provides structures
located at stationary points of the potential energy surface. Such structures can be
analyzed with regards to their vibrational frequencies. Their second derivatives are
transformed to massweighted coordinates and 3N eigenvectors/eigenvalues are
determined. Rotational and translational motions of the molecule are sorted out and 3N
6 vibrational modes emerge (or 3N5 for linear molecules). Vibrational frequencies are

calculated by these vibrational modes. Mimha structures exhibit no negative
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frequencies as their second derivatives are all positive per definition. Transition state
structures exhibit exactly one negative frequency (imaginary vibration) since it exhibits
exactly one negative second derivative. & imaginary vibration corresponds to a force

constant associated to the motion along the reaction coordinate.

In the present work all geometry optimizations and frequency calculatios have been

performed using the Gaussian 093 program package. The usagef basis set as well as
functionals is addressed individually in the corresponding chapters. The calculations
were gratefully performed on the computing clusters of the department of the

Theoretical Chemistry group of Prof. C. van Willen.

2.7.2 Magnetic Couplin gs: Broken Symmetry Approach

Unpaired electrons within TM complexes give rise to intrinsic magnetic phenome##
like a magnetization of the complexes in the presence of an external magnetic field. The
magnetic interaction between multiple paramagnetic medl centers within one complex

is wusually referred to as magnetic coupling. This magnetic coupling is
phenomenologically rationalized in terms of model spin Hamiltonians such as the

isotropic HeisenbergDirac-van Vleck (HDvV) Hamiltoniai3% in eq. 18.

"0 0

(18)

where J are the magnetic coupling constants of metal centers i andThey govern the

energy differences between the different spin states-.||;;;;;; and-|

are the total spin

operators for the metal centers i and j.Ferromagnetic coupling (spirs allign parallel) is
represented by a positive J value while a negative J value indicatastifierromagnetic
coupling (spins allign antiparallel). The ferromagnetic case presents no problem for DFT
calculations, as a single Kohsham determinant is readily constructed that describes
the whole oligonuclear system as good as the corresponding mononuclear species. In
contrast, the representation of antiferromagnetic couplings demand several
determinants which are not provided by bag DFT36-138, The Broken Symmetry
approacht39-143 provides a solution to this problem. Itpermits to localize antiparallel,
unpaired spins separately on the metal centers (e.g. A and B) of the system. A Broken
Symmetry state]  is constructed from a single determinant wavefunction that reflects

the antiferromagnetic coupling, butis ofthedx OT T ¢6 OPET OUi i AOOU
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[ LI BT S (19)

Structures with one spin up electron on atom A and one spin down electron an atom B
would exhibit regions of positive (atom A) and negative (atom B) spin density. This is
qualitatively wrong, since proper singlet wavefunctions have zero spin density at each
point in space. The orbitals &) in T are optimized by applying the variational
principle. While 8 | and B T are orthogonal by their spin parts, they are not

orthogonally restricted withi n their space parts.

In the case of multiple magnetic centers it is very difficult to find the eigenfunctions of

the HDvV Hamiltionan. An Ising model Hamiltoniakt4 145 ("0 |, eq. 20)helps to solve

this problem. The total spin operators—||;;§;;are substituted by the associated -zomponent

Y

(@) C 0 "Y; Y (20)
The eigenvalues of the Ising Hamiltonian and the HDvV Hamiltonian are not identical.
However it is possible to extract coupling constants {J from energy differences of
appropriate broken symmetry configurations by assuming that all interactions are
additive146. 147 A linear system of equations based on the Ising operator serves to

calculate the coupling constants.

In the present work Broken Symmtey calculations have been performed using the
CANOSSH8 program as implemented in a local, customized installation of the
TURBOMOLE 6.5 programm packaé-151, The CANOSSA program was provided by the
research group of Prof. C. van Willehe usage of bas set as well as functionals is

addressed individually in the corresponding chapter.
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We present “non-classical” dinitrogen Fe(i) oxo acetate complexes
in vacuo utilizing Infrared Photodissociation (IR-PD) at cryo
temperatures. The IR-PD spectra reveal a blue shift of the N, stretching
vibration frequencies in the complexes. Density Functional Theory
(DFT) calculations confirm the experiments and indicate strengthened
N-N bonds due to pronounced ¢ bonding and a lack of n back
donation.

The discovery of transition metal dinitrogen complexes in 1965"
launched the ever growing research field of N, coordination
chemistry.>® One of the main goals is the conversion of N, to
ammonia under mild conditions’ by homogenous catalysis.®
The basic idea is to weaken N-N bonds upon coordination to
enable subsequent functionalization. Precursors to N, activation
manifest by elongated N-N distances and by red shifting of
stretching frequencies”® with respect to the vibration of the free
N, molecule. Such bond activation and vibrational red shifts have
been interpreted before, e.g. in terms of the Dewar-Chatt-Dun-
canson (DCD) model,” and the Blyholder surface coordination
(BSC)'® model. Theoretical as well as spectroscopic investigations
confirmed these interpretations.'' However, FT-IR studies on N,
coordinated to Lewis acid centers in zeolites’* and alumina'®
revealed blue shifted vibrational N, stretching frequencies (up to
24 em ). This indicates N-N bond strengthening rather than
weakening - much beyond these established models. A similar
effect has been observed in the case of isoelectronic carbon
monoxide: so called “non-classical” metal carbonyl complexes'*'?
exhibit blue shifted vibrational CO stretching frequencies (up to
138 em ').'® Gas phase studies of isolated non-classical metal
carbonyl clusters'”'® proved the intrinsic molecular origin of this
effect. The cause for the CO blue shift was a topic of debate'” and
is now understood in terms of an interplay between m back
donation and electrostatic effects.*” It is paramount to characterize
the geometrical and electronic structures of such complexes in

Fachbereich Chemie and Forschungszentrum OPTIMAS, Technische Universitt
Kaiserslautern, 67663 Kaiserslautern, Germany. E-mail: jlang@chemie.uni-kl.de
¥ Electronic supplementary information (ESI) available. See DOI: 10.1039/c6¢c07481b
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order to acquire a fundamental insight into the prevailing
interactions leading to such non-classical behaviour.

The combination of Electrospray Ionization Mass Spectrometry”"
(ESI-MS) and infrared (IR) laser spectroscopy is suitable for the
characterization of isolated coordination complexes with defined
stoichiometry. Infrared (Multiple) Photon Dissociation (IR-(M)PD)
provides direct access to structural and vibrational information,
both under cryogenic conditions®*** and at room temperature.**
The experimental results and dedicated ab initio calculations are
combined in order to obtain detailed insight into the geometrical
structure and intrinsic properties of the isolated molecular ions.

In this work we investigate isolated dinitrogen complexes
[Fe;0(0Ac)6(Ny),]" (n = 1-3, OAc = CH;CO, , ¢f Scheme 1),
which exhibit a significant blue shift (17 em ™) of N, vibrations in
the complex with respect to the free N, molecule. We examine the
N, coordination in detail to rationalize the blue shift and N-N
bond strengthening. This is, to the best of our knowledge, the first
report on the “non-classical” behaviour of isolated N, complexes.

We utilize a customized Fourier Transform-Ion Cyclotron
Resonance (FT-ICR)-mass spectrometer (Apex Ultra, Bruker
Daltonics) equipped with an ESI ion source (Apollo 2, Bruker).

a) 7/ /J’\ i) cio;

L + " + N b
I | TS o Y
CID N, l
b [ AN ' N 4
e ™ o o . ‘wﬁ’l
I

Scheme 1 (a) Molecular structure of the precursor [FesO(OAc)s(H20)3)(ClO.)
salt. In solution the water molecules exchange with solvent molecules (L = e.g.
acetonitrile). (b) ESI-MS reveals the formation of [FesO(OAc)s(L)* (n =0, 1, 2, 3).
Collision induced dissociation (CID) of L yields the under-coordinated
[FesO(OAC)6]* complex, which binds 1-3 N, molecules at 26 K.
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We coupled the ICR cell with a KTP/KTA optical parametric coordination sites. The calculated Gibbs energies at various
oscillator/amplifier (OPO/A) IR laser system (LaserVision). Optimized  temperatures reveal N, binding energies of 11, 9, and 8 k] mol ' for
minimum energy structures and linear IR absorption spectra were the first, second, and third N, (26 K; BSSE corrected, ¢f Fig. S3,
calculated at the B3LYP*® level of theory using cc-pVTZ basis  ESIF). The N, binding Gibbs energies diminish with increasing
sets®® and Stuttgart RSC 1997 effective core potential basis sets ~ temperature, vanishing above 80 K.

(Gaussian 09°%). We present calculations with 15 unpaired alpha We recorded IR-PD spectra of cryocooled [Fe;O(OAc)6(N,),]"
electrons yielding a spin multiplicity of 16 with other multi- (n =1, 2, 3, Fig. 1, black traces) and conducted DFT simulations
plicities (2-18) found to be significantly less stable (c¢f. Fig. S12, to obtain their linear IR absorption spectra (Fig. 1, green traces).
ESIT). We scale the calculated frequencies with two different The DFT calculations reveal optimized minimum structures as
scaling factors: one scaling factor (0.951) is specifically designed  depicted in the insets of Fig. 1. We observe several bands between
to elucidate N, stretching bands in [Fe;0(OAc)4(N,),]". It scales 1300 em ' and 1500 cm ™', coinciding with the predicted CH;
the calculated N, stretching frequencies such that a calculated bending modes of the acetate ligands. While the calculated band
free N, stretching vibration frequency matches the experimental ~ frequencies around 1423 cm ' and 1467 cm ' agree well with the
value*® of 2330 em™'. This approach conveniently reveals any IR-PD spectrum, the calculated intensities differ significantly.
effects of Fe-N, coordination on N, stretching frequencies. Switching the DFT functional from B3LYP to PBEO yields a much
A second unspecific scaling factor (0.986) is applied for all other  better match of IR intensities but significant deviations of
bands below 1800 cm . It scales the calculated asymmetric ~calculated and observed vibrational frequencies (¢f. Fig. S5, ESIT).
carboxylate stretching vibration frequencies of [Fe;0(0Ac)s(N,),]" Neither of these empirical functionals predicts both entities
to match our own experimental value of 1587 em '. Unscaled correctly. In the following we utilize the B3LYP results for further
spectra are provided in the ESIT (¢f. Fig. S4). discussion.

Upon spraying the sample solution and recording mass spectra The amount of N, coordination (n = 1, 2, 3) has no significant
in the ICR-cell, we observe a series of isotopic peaks matching influence on the frequency and intensity of the CH; bending bands
convincingly with simulated isotopic patterns (¢f: Fig. S1, ESIT). We  (neither in the IR-PD experiments nor in the DFT calculations). This
assign those peaks to [Fe;0(OAc)s(L),]" (L = H,O, acetonitrile, finding likely originates from the spatial separation of the affected
acetic acid; n = 0, 1, 2, 3). Elimination of L by Collision Induced methyl groups from the Fe-N, coordination sites.

Dissociation (CID) and subsequent coordination of N, in the We find a strong IR-PD band at 1587, 1590, and 1591 cm
hexapole at cryo temperatures (26 K) leads to the formation of in the cases of n = 1, 2, 3. We assign this band to carboxylic CO
[Fe;0(0Ac)6(N>),]" (¢f: Scheme 1b and Fig. S2, ESIT). Note that stretching bands of the six coordinated acetate ligands. The
we observe np,,, = 3, thus “titrating” the three available Fe 1n = 1 CO stretching band is red shifted by ~3-4 em ! with
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Fig. 1 Left: IR-PD spectra of [FesO(OAc)s(N2),1* (n = 1, 2, 3) at 26 K (black and blue curves) and calculated IR absorption spectra of optimized
[FesO(0AC)6(N2),)* (n = 1-3) (green curves) in the range of 1300-2400 cm . The blue IR-PD spectrum shows the CO stretching band (recorded with
highly attenuated laser power to avoid saturation effects). The calculations were performed at the B3LYP/cc-pVTZ (H,C,N,O) and Stuttgart 1997 ECP (Fe)
level of theory. The multiplicity is 16 and frequencies are scaled with 0.951 (0.986) above 2300 cm™* (below 2300 cmY). Calculated stick spectra were
convoluted with a Gaussian envelope of FWHM = 7 cm ™. Right: A zoom into the N, stretching vibration region. Calculated lines were convoluted with a
Gaussian envelope of FWHM = 3.5 cm™ Insets show associated geometry optimized structures.
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respect to the n = 2, 3 bands, and with respect to the corres-
ponding band of the free acetate anion®" at 1591 ¢cm '. The
DFT calculated asymmetric carboxylate stretching frequencies -
scaled to match the experiment at n = 1 - reproduce well the
reduced redshift of the experiments on n = 2, 3. The coordinated
carboxylate groups thus sense N, coordination through their
common Fe centers. We provide an illustrative visualization of
the calculated displacement vectors of these modes in Fig. S6 of
the ESL i Note that the n = 1 and 2 coordinations lift the sixfold
degeneracy of these asymmetric stretching bands of the six
coordinated acetate ligands. The recorded bands (slightly broadened
to FWHM x 7 cm ') may well contain the predicted splittings
of 0.5 cm ' - yet unresolved (cf. Fig. S7, ESI¥).

We observe sharp bands (FWHM x 3.5 cm ') above 2300 cm ™ *
revealing the IR active N, stretching vibrations of [Fe;0(OAc)s(N,),]”
(¢f the displacement vector visualization of these modes in Fig. S8,
ESIY). Isotope labeling of the N, molecule confirms our assignment
of these IR-PD bands to the N, stretching frequencies. We observe a
red shift of the ""N-""N vibration band relative to the “N-"'N
vibration band (79 em™'; ¢f. Fig. $17, ESI{) and the same blue shift
with respect to the free N, in both isotopomers.

In all cases (n = 1, 2, 3) the solitary '*N, stretching bands of
the experimental IR-PD spectra shift to the blue (17-18 em )
with respect to the (IR inactive) stretching frequency of the free
YN, molecule (2330 cm ').*° These blue shifts indicate N-N
bond strengthening upon coordination. Our DFT calculations
predict this blue shift remarkably well (18-20 cm '). Multiple
coordinated N, molecules have almost identical stretching
frequencies. There seems to be no coupling between the N,
molecules adsorbing at distinct, equivalent Fe sites. In contrast
to the carboxylate asymmetric stretching bands the N, stretching
bands shift slightly to lower frequencies with increasing n (IR-PD
spectrum: 1 cm '; DFT: 1.5 cm'). However, in all three cases
(n = 1-3) the N, stretching band is blue shifted with respect to
the free N,.

The DFT calculations reveal subtle distortions of the triangular
Fe;0O-core upon coordination of N, (¢ Scheme 2 and Table S2,
ESI¥). Each N, molecule binds end on to the respective Fe atom. In
general, the coordination of N, enlarges Fe-Fe distances and
Fe-Oceneral bond lengths (by 0.03 A resp. 0.01 A) of those bonds
which involve the N, coordinating Fe-center. All the other Fe-Fe
distances and Fe-Oepra1 bond lengths shorten by approx. 0.03 A
or 0.01 A. Natural Population Analysis (NPA) of [Fe;0(OAc)s(N,),]’
(n =0, 1, 2, 3) reveals the dependence upon n of local charge
densities within the triangular Fe;O-core (¢f Scheme 2). The Fe
centers gain 0.058-0.064 e electron density per coordinating N,.
The non-coordinated N atoms donate 0.121-0.134 e electron
density in about equal parts to the coordinating N and Fe atoms.
Free, non-polar N, molecules thus polarize and oxidize significantly
upon Fe coordination, both magnitudes decreasing with n - as does
the blue shift of the N, stretching bands. Note that the N-N bond
length contracts slightly upon coordination (—0.002 A). The high
positive charge on the Fe centers (1.862-1.922 e) diminishes their
electron donating capability and thus inhibits the © back donation.
Such charge effects seem to increase the “non-classical” effect
in metal carbonyl complexes.’

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Calculated geometries and natural charge distributions of the
Fe;O-core and the coordinated N in [FesO(OAc)s(N2),* (n =0, 1, 2, 3).

Non covalent interaction (c¢f. Fig. 2 for n = 1 and Fig. S11 for
n =2, 3, ESIT) analysis reveals a rather strong attractive, but non
covalent interaction between the Fe atoms and the coordinated
N atoms at rather long Fe-N coordination distances of
2.451-2.501 A (n = 1-3). At such distances the 1 back donation
is doomed to weakness due to scant m orbital overlap. Instead,
it stands to reason that o-donation of the N, molecule constitutes
the driving force of attraction in the Fe-N, coordination in
[Fe;0(0OAc)s(N,),]". Besides the obvious attractive Fe-N interaction,
we identify repulsive interactions between the carboxylate O atoms
and the coordinated N atoms.

Simple considerations as e.g. by the DCD and BSC models do
not explain the observed blue shift of the N, stretching vibrations
upon coordination. To rationalize this effect in a fairly perspicuous
way we refer to the molecular orbital (MO) diagram of N, (cf.
Scheme S1, ESIT): all bonding MOs are populated. When ruling
out short range m back donation into empty anti-bonding MOs
(inhibited by the net positive charge of the coordinating complex),
there is a way to increase the formal N-N bond order (and thus
strengthen the N-N bond and increase the stretching frequency):
this is a depopulation of the antibonding 4c* orbital into
appropriate Fe centered acceptor orbitals. We have elucidated
the prevailing coordination and bonding by inspection of
computed molecular orbitals in [Fe;O(OAc)s(N,),]". Indeed, we
found that the 46* MO of the N, unit overlaps efficiently with
MOs located at the Fe centers and at the carboxylate oxygen
atoms of the [Fe;0(OAc)s])” subunit (¢f Fig. 3 for n = 1 and

Attraction Repulsion

Fig. 2 NCI plot of geometry optimized [FesO(OAc)s(N2)i]* (cf. Fig. S10 for
n =2, 3, ESI7). The NCI plot reveals attractive interaction between the Fe
center and the coordinated N atom (1) and repulsive interaction between
of the O atoms and the N atom (2).

Chem. Commun
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Fig. 3 Left: 46*/50 molecular orbitals of free N. Right: Selected molecular
orbitals of [FesO(OAC)s(N,)1]* involving the former 46*(N,) and 56(Ny)
orbitals. 46*(N,) electron density delocalizes into the whole complex, thus
strengthening the N-N bond.

Fig. S13 for n = 2, 3, ESI{). The electrons of the anti-bonding
46*(N,) orbital delocalize into a 46* MO of the whole complex,
whereby the 406*(N,) orbital polarizes towards the Fe center.
Note that the node plane of 46*(N,) (between the N atoms)
shifts somewhat towards the Fe center. The depletion of the
anti-bonding electron density along the N-N bond increases the
net bond order of N, and blue shifts the N, stretching vibration.
The bonding 55(N,) contributes to a 56 MO of the complex.
This is expected to result in N-N bond weakening counteracting
the effect of 46*(N,) delocalization. However, 56(N,) receives a
partial 46*(N,) character to form the 56 MO via hybridization.
The strengthening effect of 46%(N,) electron density delocaliza-
tion thus seems to be the critical factor for the “non-classical”
behavior of [Fe;0(0Ac)(N,),]". The involvement of the 46*(N,)
orbital in the M-N, bonding scheme as well as 46*/5¢ hybridization
has been suggested in the context of X-ray absorption studies
of N, adsorbed on metal surfaces.’> Inspection of all other
delocalized MOs in the [Fe;0(OAc)s(N,),]" complex reveals a
total lack of © back donation from the [Fe;0(OAc)s] unit to
empty 7*(N,) orbitals. Considering the high charge on the Fe
center and the long Fe-N, distance (see above) this seems
reasonable. The N, coordination and thus the “non-classical”
behavior of [Fe;0(OAc)s(N,),]" originate from ¢ bonding effects.

Our fundamental insight into the class of “non-classical”
N,-Fe complexes is remarkable in view of the industrial use of
bulk iron for N, activation and hydrogenation. It might help to
advance a general understanding of dinitrogen chemistry beyond
established coordination models.

This work was supported by the German Research Foundation
DFG within the Transregional Collaborative Research Center

Chem. Commun.

ChemComm

SFB/TRR 88 “Cooperative effects in homo and heterometallic
complexes” (3MET).

Notes and references

1 M. D. Fryzuk, Chem. Commun., 2013, 49, 4866-4868.

2 J. L. Crossland and D. R. Tyler, Coord. Chem. Rev., 2010, 254, 1883-1894.

3 N. Khoenkhoen, B. de Bruin, J. N. H. Reek and W. L. Dzik, Eur.

J. Inorg. Chem., 2015, 567-598.

4 S. F. McWilliams and P. L. Holland, Acc. Chem. Res., 2015, 48, 2059-2065.

D. V. Yandulov and R. R. Schrock, Science, 2003, 301, 76-78.

H. Tanaka, K. Arashiba, S. Kuriyama, A. Sasada, K. Nakajima,

K. Yoshizawa and Y. Nishibayashi, Nat. Commun., 2014, 5, 1-11.

7 N. Lehnert and F. Tuczek, Inorg. Chem., 1999, 38, 1659-1670.
8 N. Lehnert and F. Tuczek, Inorg. Chem., 1999, 38, 1671-1682.

9 J. Chatt and L. A. Duncanson, J. Chem. Soc., 1953, 2939-2947.

10 G. Blyholder, J. Phys. Chem., 1964, 68, 2772-2777.

11 F. Studt and F. Tuczek, J. Comput. Chem., 2006, 27, 1278-1291.

12 K. Hadjiivanov and H. Knozinger, Catal. Lett., 1999, 58, 21-26.

13 R. Wischert, C. Coperet, F. Delbecq and P. Sautet, Chem. Commun.,
2011, 47, 4890-4892.

14 H. Willner and F. Aubke, Angew. Chem., Int. Ed., 1997, 36, 2402-2425.

5 A.]. Lupinetti, G. Frenking and S. H. Strauss, Angew. Chem., Int. Ed.,

1998, 37, 2113-2116.

16 P. K. Hurlburt, J. J. Rack, J. S. Luck, S. F. Dec, J. D. Webb, O. P.
Anderson and S. H. Strauss, J. Am. Chem. Soc., 1994, 116, 10003-10014.

17 J. Velasquez, B. Njegic, M. S. Gordon and M. A. Duncan, J. Phys.
Chem. A, 2008, 112, 1907-1913.

18 A. Fielicke, G. von Helden, G. Meijer, B. Simard and D. M. Rayner,
J. Phys. Chem. B, 2005, 109, 23935-23940.

19 A.S. Goldman and K. Krogh-Jespersen, J. Am. Chem. Soc., 1996, 118,
12159-12166.

20 G. Bistoni, S. Rampino, N. Scafuri, G. Ciancaleoni, D. Zuccaccia,
L. Belpassi and F. Tarantelli, Chem. Sci., 2016, 7, 1174-1184.

21 J. B. Fenn, Angew. Chem., Int. Ed., 2003, 42, 3871-3894.

22 N. Heine and K. R. Asmis, Int. Rev. Phys. Chem., 2014, 34, 1-34.

23 J. Jasik, J. Zabka, J. Roithova and D. Gerlich, Int. J. Mass Spectrom.,
2013, 354-355, 204-210.

24 ]J. Lang, M. Gaffga, F. Menges and G. Niedner-Schatteburg, Phys.
Chem. Chem. Phys., 2014, 16, 17417-17421.

25 A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

26 T. H. Dunning, J. Chem. Phys., 1989, 90, 1007-1023.

27 M. Dolg, H. Stoll, H. Preuss and R. M. Pitzer, J. Phys. Chem., 1993, 97,
5852-5859.

28 M. ]. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A.
Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.
Izmaylov, J. Bloino, G. Zheng, ]J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, ]J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J. ]J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell,
J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, ]. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. ]J. Dannenberg, S. Dapprich,
A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and
D. . Fox, Gaussian 09, Revision E.01, Gaussian, Inc., Wallingford CT, 2009.

29 K. P. Huber and G. Herzberg, Constants of Diatomic Molecules, Van
Norstrand, New York, 1979.

30 J. D. Steill and J. Oomens, J. Phys. Chem. A, 2009, 113, 4941-4946.

31 A. M. Ricks, J. M. Bakker, G. E. Douberly and M. A. Duncan, J. Phys.
Chem. A, 2009, 113, 4701-4708.

32 A. Nilsson and L. G. M. Pettersson, Surf. Sci. Rep., 2004, 55, 49-167.

(=009}

This journal is © The Royal Society of Chemistry 2016




4 Intermetallic Competition in the Fragmentation of
Trimetallic Au -Zn-Alkali Complexes

Johannes Lang, Merve Caykcukdisli, Simon P. Walg, Patrick Di Martin&umo,
Werner R. Thiel and Gereon NiedneBchatteburg

Fachbereich Chemie and Forschungszentrum OPTIMAS,
Technische Universitat Kaiserslautern,
67663 Kaiserslautern, Germany

4.1 Preamble

The following chapter is a reprint of a publication in the ET 001 A1 O#EAI EOO
%O 0T PAAT Sippldméritady inforehation is availablein chapter 10.2

| conducted the measuremerg, data evaluationsand the quantum chemical calculations.
| received experimental support by Patrick Di MartineFumo. Merve Cayir-Kiicukdisli
and Simon P. Walg sythesized the precursor complex. | wrote and revised the

manuscript with the help of Gereon NiedneiSchatteburg and Werner R. Thiel.

Full Reference:

Intermetallic Competition in the Fragmentation of Trimetallic AZnzAlkali Complexes
J. Lang M. Cayir, S. P. Walg, P. Di MadifRumo, W. R. Thiel and G. Niedn&chatteburg,
Chemistryz A European Journa2016, 22, 23452355

http://dx.doi.org/ 10.1002/chem.201504093

51 |


http://dx.doi.org/10.1002/chem.201504093

\ Intermetallic Competition in the Fragmentation of Trimetallic AuZn-Alkali Complexes

4.2 Reprint

Reprint Licence

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Mar 08, 2017

This Agreement between Johannes Lang ("You") and John Wiley and Sons ("John Wiley and
Sons") consists of your license details and the terms and conditions provided by John Wiley
and Sons and Copyright Clearance Center.

License Number
License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date
Licensed Content Pages
Type of use

Requestor type

Format

Portion

Will you be translating?

Title of your thesis /
dissertation

Expected completion date

Expected size (number of
pages)

Requestor Location

Publisher Tax ID
Billing Type
Billing Address

Total

4064231190298

Mar 08, 2017

John Wiley and Sons

Chemistry - A European Journal

Intermetallic Competition in the Fragmentation of Trimetallic
Au-Zn-Alkali Complexes

Johannes Lang,Merve Cayir,Simon P. Walg,Patrick Di Martino-
Fumo,Werner R. Thiel,Gereon Niedner-Schatteburg

Jan 19, 2016

11

Dissertation/Thesis
Author of this Wiley article
Print and electronic

Full article

No

Structure, reactivity and magnetism of isolated mononuclear and
oligonuclear transition metal complexes elucidated by action
spectroscopy and theory in concert

Apr 2017
200

Johannes Lang
RaiffeisenstraBe 3

Kaiserslautern, 67655
Germany
Attn: Johannes Lang

EU826007151
Invoice

Johannes Lang
RaiffeisenstraBe 3

Kaiserslautern, Germany 67655
Attn: Johannes Lang

0.00 EUR




Intermetallic Competition in the Fragmentation of Trimetallic AuZn-Alkali Complexes\

CHEMISTRY

®%ChemPubSoc A European Journal
R Europe DOI: 10.1002/chem.201504093 Full Paper

I Mass Spectrometry
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Au-Zn-Alkali Complexes

Johannes Lang, Merve Cayir, Simon P. Walg, Patrick Di Martino-Fumo, Werner R. Thiel, and

Gereon Niedner-Schatteburg*®

Dedicated to the memory of the late John Fenn

rAbstract: Cationization is a valuable tool to enable mass
spectrometric studies on neutral transition-metal complexes
(e.g., homogenous catalysts). However, knowledge of poten-
tial impacts on the molecular structure and catalytic reactivi-
ty induced by the cationization is indispensable to extract in-
formation about the neutral complex. In this study, we cati-
onize a bimetallic complex [AuZnCl;] with alkali metal ions
(M¥) and investigate the charged adducts [AuZnCl;M]* by
electrospray ionization mass spectrometry (ESI-MS). Infrared
multiple photon dissociation (IR-MPD) in combination with
density functional theory (DFT) calculations reveal a p® bind-
ing motif of all alkali ions to the three chlorido ligands. The
cationization induces a reorientation of the organic back-

bone. Collision-induced dissociation (CID) studies reveal
switches of fragmentation channels by the alkali ion and by
the CID amplitude. The Li" and Na™ adducts prefer the sole
loss of ZnCl,, whereas the K*, Rb*, and Cs* adducts prefera-
bly split off MCl,ZnCl. Calculated energetics along the frag-
mentation coordinate profiles allow us to interpret the ex-
perimental findings to a level of subtle details. The Zn**
cation wins the competition for the nitrogen coordination
sites against K, Rb ", and Cs* , but it loses against Li* and
Na® in a remarkable deviation from a naive hard and soft
acids and bases (HSAB) concept. The computations indicate
expulsion of MCl,ZnCl rather than of MCl and ZnCl,.

Introduction

The advent of homogenous catalysis for industrial applications
has led to a great interest in organometallic and coordination
chemistry."’ Novel complexes are introduced regularly as cata-
lysts for new reactions.” The elucidation of cooperative effects
between two or more metal centers stands out as a very
active field of research,”’ and bimetallic systems for organic
synthesis have dramatically gained interest throughout the
past decade. It is of paramount importance to characterize the
three-dimensional structure of such complexes in order to ac-
quire a fundamental insight into their functionality. It is equally
relevant to elucidate structural changes upon activation, which
often precedes catalytic activity.

Soft ionization techniques such as electrospray ionization
(ESI) enable mass spectrometric investigations on solvent-free
organometallic complexes in vacuo, and of their activation by
either photons or collisions. Tandem-MS-based methods® such
as infrared multiple photon dissociation (IR-MPD)”' and colli-
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sion-induced dissociation® (CID) provide direct access to struc-
tural information, both under cryogenic conditions® and at
room temperature.”"'” Two color IR-MPD schemes are applied
to overcome internal vibrational redistribution (IVR) bottle-
necks" or to investigate isomer populations."? The experi-
mental results and dedicated ab initio calculations combine to
obtain detailed insight into the structure and intrinsic proper-
ties of likely binding motifs."®'*! Furthermore ESI-MS studies of
reaction mixtures are useful to intercept and investigate key in-
termediates of catalytic reaction pathways and thus gain infor-
mation on the reaction mechanism.""

Neutral complexes can be charged by several methods. One
approach is the exchange of a neutral ligand by a similar, al-
though charged ligand (charge tag)." This is a widely applied
and successful method, however, not without drawbacks. The
presence of the charge tag may influence the functionality of
the tagged complex in the course of a catalytic cycle."® Cat-
ionization by coordination of (alkal) metal ions is particularly
useful in the cases of organic molecules such as peptides"” or
fatty acids."® Alkali ion cationization has also been utilized for
mononuclear organometallic complexes."” There is a quite
widespread impact of alkali coordination—sometimes labeled
as the chaotropic effect®”—on the structure and reactivity of
biomolecules, macromolecules, and surfaces.”" To the best of
our knowledge, there are no reports on the effect of alkali cat-
ionization on bimetallic coordination complexes. It is of para-
mount importance to acquire insight into the structure and re-
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