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ABSTRACT
Transition metal (TM) cation - nitrogen complexes of the form TM"(N,), are investigated
via infrared photodissociation spectroscopy (IRPD) and density functional theory (DFT). The
bonding characteristics of a single nitrogen molecule to first row transition metal cations from
Sc’ to Zn" are explored with DFT. The computed geometries and energetics indicate nitrogen
prefers to bond in the end-on configuration to the cations. All the complexes are predominantly
bound by charge-quadrupole forces with some exhibiting partial covalent character. The degree
of covalent character is determined by the extent of 3d-4s orbital hybridization of the metals.
The early transition metals cause a greater perturbation of the N-N bond than the late row metal
ions. However, the dissociation energies of the late row metal cations are larger than the early
metal ions. The calculated energetics are compared to experimental data to test the accuracy of
DFT methodologies.
Complexes of the form V+(N2)n and Nb+(N2)n are generated in a pulsed nozzle laser
vaporization cluster source, size selected and studied by IRPD spectroscopy by probing the N-N
stretch of nitrogen. In both systems, the IR forbidden N-N stretch of free nitrogen becomes

active upon binding to the metal ions. Vibrational excitation of the complexes near 2200 - 2300



cm’ leads to photodissociation. The complexes fragment by the loss of intact N, molecules and
the IRPD spectra are obtained by monitoring the fragmentation yield as a function of the IR
wavelength. The fragmentation mass spectra indicate that V" and Nb" have a coordination
number of six. The IRPD spectra for both complexes have resonances red-shifted with respect to
the N-N stretch in free nitrogen. The red-shifts are consistent with the Dewar-Chatt-Duncanson
complexation model that is used to model such TM-ligand systems. DFT calculations are used
to predict structures, energetics and ground electronic states of the small TM"(N,), complexes.
The IRPD spectra in conjunction with DFT calculations suggest that the metal ions undergo a
spin-state change due to progressive ligand binding. The spectroscopy and theoretical
predictions of these metal ion-ligand systems offers new insight into their chemistry.

INDEX WORDS: Ion Spectroscopy, Infrared Photodissociation, Metal-Nitrogen Complexes,

Density Functional Theory, Spin-State Isomers, Metal Ion Solvation,
Clusters, Mass Spectrometry, Molecular Beams
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CHAPTER 1

INTRODUCTION

Gas phase ion chemistry studies have been studying metal ion containing compounds for
nearly 50 years now. Metal ions have interested chemists because they are ubiquitous
throughout all of the physical, chemical and biological disciplines and are crucial to modern
industry and research. In surface science, the catalytic base for numerous synthetic reactions are
pure metal and metal oxide surfaces.'” For example, the synthesis of ammonia from nitrogen
and hydrogen is carried out on iron and nickel oxide surfaces.*” In biochemistry, the centers of
enzymes contain different metals which largely determine their function and chemistry.®®
Terrestrial soil, water and the earth's atmosphere contain metal ions that influence the chemistry

9-11

of these systems.”~ Metals ions come to be present in the earth's atmosphere from meteor

10,11

ablation. Neutral and ionic metal-ligand complexes form the very foundation of coordination

chemistry and organometallic chemistry.'*"*

In nature, metals are predominantly present as ions
in solution or ionic compounds rather than an isolated neutrals. This is because both main group
and transition metals have very low ionization potentials and therefore donate their valence
electrons readily to form bonds.'”"* Hence, the chemistry of metal ions plays a significant role
in metal-molecule interactions. Metal ion chemistry in the gas phase is particularly suited to
study metal-ligand systems since the gas phase isolates these molecules from interactions that
occur in the condensed phase. As a result, the validity of theoretical models of metal-ligand

bonding can be directly tested with spectroscopic investigations in the gas phase. The work

described in this dissertation involves the characterization of transition metal cation-nitrogen



complexes by gas phase infrared (IR) spectroscopy and density functional theory (DFT). This
introduction will survey the work of various groups, including ours, in the area of gas phase
metal ion chemistry. These studies have discovered fascinating new features of the bonding
mechanism of these metal-molecular systems.

Gas phase metal ion complexes have been studied by various spectrometric and
spectroscopic studies. Mass spectrometry techniques such as collision induced dissociation

17,18

(CID)"'® and equilibrium mass spectrometry' "'® can measure binding energies of metal-ligand

complexes. Other mass spectrometry methods such as Fourier transform ion cyclotron resonance

19-24 .
924 These studies

mass spectrometry have explored gas phase reactivities and thermodynamics.
have probed the size-specific reactivity and chemical properties of metal clusters and complexes.
Such mass spectrometric methods are particularly adept at separating ions with different masses
and can track the changes in chemical characteristics as a function of their size. Most of these
studies have focused on transition metals since they are highly reactive and can undergo insertion
and elimination reactions. Mass spectrometry has focused on the ligation and solvation of single
metallic ions. Interesting chemistry can occur when multiple ligands bind to a single metal ion
and mass spectrometry has investigated such chemistry.'>** However, these studies have a
fundamental drawback in that they cannot directly determine the structure of the metal
complexes. The relative binding energies, thermodynamics and reactivities measured by these
experiments can only provide clues to the structure, coordination numbers and electronic states
of the complexes. Direct experimental elucidation of structure requires spectroscopic techniques
to be applied to species produced and isolated by mass spectrometry.

The availability of lasers in the mid-1970's led to the development of laser vaporization

sources that produce high densities of metal atoms and ions in the gas phase.”” Subsequently, the



spectroscopic techniques such as laser resonance enhanced ionization spectroscopy and
photodissociation spectroscopy emerged as methods to characterize gas phase metal clusters and
complexes .**>! All these spectroscopic techniques are referred to as "action spectroscopy”
where the molecular species initially absorbs radiation and then undergoes an "action" such as
ionization or dissociation which can be monitored to obtain a spectrum. Gas phase spectroscopic
techniques on metal complexes usually entail action spectroscopy because direct absorption or
emission spectroscopy is not feasible. Even with laser vaporization sources, the metal densities
that are produced in the gas phase are quite low and are not tractable for direct absorption
spectroscopy. The resonance ionization and photodissociation experiments irradiate the metal
complexes and monitor an event (ionization or fragmentation) to study them. Most of these
spectroscopic experiments were done in the UV-visible regions of the spectrum because high
energy pulsed lasers were available that operated in these regions. Laser resonance enhanced
ionization spectroscopy has been applied to study neutral complexes while the photodissociation

. . . . . . 26-31
experiments have investigated ionic species.

Utilizing fixed-frequency UV-visible
photodissociation our group studied numerous cationic metal clusters such as Pb,Sbu ', BinCrm ,
Te,', Sn," and M, Oy, and single metal cation-multiple ligand complexes such as M (benzene),,
and M"(Coronene),.” The fragmentation patterns from the photodissociation studies of these
complexes provided insight into the bonding framework. The fundamental drawback of these
single frequency photodissociation studies is that they too do not provide a direct determination
of structure and bonding. Although the fragmentation schemes may identify stable cores of
clusters or metal-ligand complexes, the structure of these systems can only be inferred.

Electronic and vibrational spectroscopy can provide more information on the structure of

metal ion complexes than fixed-frequency photodissociation experiments. Several groups have



studied the electronic spectroscopy of metal ion systems to investigate structure.”*>* The
studies, however, focused on metals bound to only a single molecule or a noble gas. Our group
focused on the bonding of main group metals such as Mg and Ca" to small ligands such as CO,,
N, C,H,, CH30H and H,O as well as to noble gases such as Ne and Ar. Other groups like
Brucat and co-workers have studied complexes of transition metals with small molecules.*® The
transition metals studied have included V', Ni" and Co'. Metz and co-workers have explored the
chemistry Fe", Ni"and Co".** The binding of these metals to ligands is especially interesting
since transition metals have low lying excited states that can form bonds. As a result, these
excited states become the ground state in the metal-ligand complex and such phenomena can be
identified by electronic spectroscopy. The electronic spectra of such metal ions bound to single
ligands often contain vibrational bands. Analysis of the vibrational structure can be used to
determine the binding energies of the complexes. Additionally, some of the spectra may also
contain rotational structure, which can be analyzed to determine accurate structural parameters of
the complexes. The bonding in metal-molecular complexes often involves interplay between
ionic and covalent bonding forces and electronic spectroscopy provides the means to investigate
these forces.

Although electronic spectroscopy is an effective technique to study metal ion chemistry,
it is not without disadvantages. The most basic problem with electronic spectroscopy occurs
when metal ions bound to more than one ligand are studied. Such complexes are prone to
predissociate and their electronic spectra are essentially featureless. Upon irradiation by UV-
visible light, the molecule possesses enough energy to overcome any reaction barriers and can
undergo a metal-ligand reaction. Such an effect results in lifetime broadening that renders the

electronic spectra with broad vibrational structure. Even though photochemistry of gas phase



metal-ligand systems is an exciting area of research, electronic spectroscopy is not convenient to
study them. The low lying excited states of transition metals often participate in bonding which
can convolute the electronic spectra. Additionally, transition metals ions are extremely reactive
and initiate metal-ligand reactions, even in the absence of light. Such reactions too, are very
interesting but not feasible to study by electronic spectroscopy because they lead to broad
spectra.

Zero electron kinetic energy (ZEKE) photoelectron spectroscopy is an attractive
alternative to traditional electronic spectroscopy to probe the ground electronic states of metal-
ligand complexes. Such studies have been carried out by several groups.*®*° ZEKE
spectroscopy is utilized to characterize the ground state of the metal cation-ligand complex by
ionizing the neutral, or characterize the neutral by ionizing its corresponding anion. The spectra
are obtained by detecting the threshold photoelectrons (electrons with zero kinetic energy) that
are produced as a tunable light source causes ionization of the neutral complex. Yang and co-
workers have successfully used this technique to study numerous pure metal, metal oxide and
metal-ligand systems such V,, Nb;N,, NbsO, Zr;0, InNH3, AIN3, GaNH3, and YO(CH3),.*
Sometimes a ZEKE spectrum provides rotationally resolved spectra and the geometric structure
and electronic states of the clusters can be determined. However, ZEKE spectroscopy usually
entails Frank-Condon factor calculations for complete analysis since there is a large change in
structure between the neutral complex and its corresponding ion. ZEKE spectroscopy has its
drawbacks, the biggest being that size selection of the complexes is not possible. This, however,
is usually overcome by using mass dependent ionization thresholds as a way to mass select.

The other alternative to electronic spectroscopy in gas phase metal ion chemistry is IR

spectroscopy. As mentioned above, direct absorption or emission spectroscopy is not possible



due to the low density of ions. A technique known as infrared photodissociation (IRPD)
spectroscopy using line tunable CO; lasers initially showed that IR spectra of metal-ligand
systems could be acquired.** However, because of the limited tuning range of CO, lasers, the
IR spectra measured had poor resolution. The advent of free electron lasers and IR optical
parametric oscillator/ amplifier (OPO/OPA) systems has changed all this by providing good
resolution and tunability from the mid-IR to the far IR region of the spectrum. IRPD
spectroscopy provides information on structure, coordination number, and electronic states of
metal-multiple ligand systems that is impossible to acquire using other forms of spectroscopy.
IRPD spectroscopy is useful for metallic systems as well as non-metal systems. Several groups
have successfully applied this technique to investigate non-metallic neutral and ionic

31 IRPD studies of metal ion complexes were initially limited to alkali metal

complexes.
cations.” Since then, our group has applied IRPD spectroscopy to main group and transition
metal cation-ligand complexes utilizing desktop OPO/OPA systems.”®" Our group has also
studied metal oxides, metal carbides and metal-benzene systems using a free electron laser by
collaborating with Meijer and co-workers.** Additionally, Meijer and co-workers and Maitre
and co-workers have independently investigated metal oxide and metal-ligand systems using a
free electron laser.**%*

Our IR studies of metal-ligand complexes performed at the University of Georgia uses an
OPO/OPA system whose tunability is from 2000 to 4500 cm™. Using this laser system we have
investigated various metal cation-ligand systems of the form M'(L), where L = CO,,” CoH, ™
CeHe,” H,0,  and N,.>® After purchasing an AgGaSe, crystal for the IR source which provides

a greater tuning range into the far IR region, we measured the IR spectrum of M (acetone) M'=

Mg, Ca, and Al near the carbonyl stretch of acetone at 1700 cm™. Our studies of these systems



have helped understand the coordination mechanism of metal ions as well as determine structure
and ground electronic states. Our studies of M'(CO,), complexes, where the ion was a transition
metal, showed that CO, binds with its oxygen end to the metal ion. With two CO; ligands,
transition metals such Fe" formed linear structures whereas Mg" formed bent structures.”> The
M"(CO,), systems were excited near the asymmetric stretch of free CO5 at 2349 cm™. This
frequency is blue shifted upon complexation to the metal due to the nature of the interaction.
Ton-quadrupole forces bind the M (CO,), complexes and the asymmetric vibration experiences
an added repulsion as it vibrates against the metal. This added repulsion causes the asymmetric
vibration to blue shift. Our IR studies of these complexes in conjunction with theoretical
calculations have identified their bonding characteristics.

Our IRPD studies also focused on M'(H,0), complexes by probing the asymmetric and
symmetric O-H vibrations of H,O.’® The studies indicated that the O-H vibrations red-shift upon
complexation. In M"(CO,), systems, the blue shift of the ligand frequencies indicates the highly
electrostatic nature of the bonding. In M'(H,0), there is a large covalent factor in the bonding,
which results in a red-shift of the ligand frequencies. The IR spectra of a few mono-ligated
complexes were rotationally resolved allowing us to determine structural features such as bond
lengths and angles.”® Analysis of the rotational structure led to the identification of the
rotational temperature of the complexes. The progressive solvation of the Ni" by H,O was
systematically investigated up to nearly twenty H,O molecules.”®® This study showed the
formation of hydrogen bonding networks beginning with Ni"(H,0)4. IRPD studies of H,O
solvating of other metal ions are currently underway in our lab.

The IRPD studies were extended to study organometallic complexes such as

M (benzene),”” and M*(C,H,)>* in the gas phase. M (benzene), complexes were studied using



IR OPO/OPA sources and a free electron laser.®’ Using the bench top OPO/OPA system, the
changes in the C-H stretching modes of free benzene near 3000 — 3100 cm™ in M'(benzene),
systems were investigated.” Using the free electron laser, benzene vibrational modes in the far
IR region were examined. Periodic trends in main group and transition metal binding to benzene
were studied and catalogued. In M'(C,H,), complexes, the asymmetric and symmetric CH
frequencies near 3300 and 3400 cm™ were excited to acquire the IRPD spectra. Unlike the
M'(CO,), complexes, where the ligand frequency blue shifted upon binding, the C-H vibrational
frequencies red-shifted in the M"(C,H,), complexes. This was indicative of the bonding nature.
The bonding in M (CO,), is dominated by electrostatic forces with little covalent bonding. The
M"(C,H,), complexes possess large covalent character and this is exhibited by the frequency
shifts of the ligands. We found the magnitude of the red-shifts for different metal cations such
V', Fe’, Co", and Ni" differed, which also indicated significant details of the bonding. The IRPD
results also showed evidence for the possibility of intracluster reactions induced by
photochemistry, ligand solvation, the reactive nature of the metal ions or a combination of these
factors. The intracluster reaction was an extremely interesting result since C,H; is known to
react on metal surfaces in the condensed phase to form aromatic hydrocarbons.®* Another
surprising result from these experiments was the appearance of the symmetric C-H frequency in
the IRPD spectrum. For a molecular vibrational frequency to be IR active, the vibration must
produce a net change in the dipole moment of molecule. Since the symmetric C-H stretch does
not produce this, it is not IR active in isolated C,H,. However, upon binding to the metal ion, the
overall symmetry of the complex must be taken into account and the symmetric C-H does

become IR active. The IRPD work on these organometallic systems such as M'(benzene), and



M"(C,H,), has provided considerable insight into how these metal cationic complexes interact
and bond.

The IR activity of the symmetric C-H stretch of free acetylene being "switched on" in the
M+(C2H2) complex was an important result as it eventually led to our IRPD studies of M+(N2)n
where the free ligand has no IR active mode. As our recent studies on M'(N,), have shown, the
N, ligand "acquires" IR activity upon complexation to the metal ion.”® The N-N stretch of free
nitrogen occurs at 2330 cm™ which has been measured by Raman spectroscopy.” The N, ligand
can bind in either the "end-on" or "side-on" configuration to metal ions, preferring the former.’"”
7 Our IRPD work on M"(N,), complexes near the free N-N stretch provided evidence for the
end-on bonding configuration of N», the red-shifting of the N-N frequency upon binding,
coordination number of the metal ions and ground electronic states of the complexes. To our
knowledge, these gas phase studies of isolated M"(N,), complexes using IRPD spectroscopy are
the first of its kind. This dissertation catalogues these studies where the metal cation is V' and
Nb".

A review of gas phase metal ion chemistry would be incomplete without surveying the
substantial contributions from theory. Experimental groups such as ours have usually
complemented our IRPD studies with DFT calculations to elucidate structure and bonding.
Theoretical groups have investigated metal ion-ligand species with high end computational
techniques such coupled cluster singles and doubles method (CCSD), multiconfiguration
interaction, modified pair coupled functional, Meller-Plesset (MP2) and hybrid density

functional methods.”®”

The chemical bonding theory that is most often applied to metal ion
chemistry is ligand field theory.”” The implementation of ligand field into ab initio quantum

chemical methods requires extensive computational time even for modestly sized systems. As a



result, DFT has emerged as single most effective theoretical technique to study metal-ligand
bonding since relatively large metal-molecular systems can be calculated with comparatively
little computational time.*

The success of DFT methods in accurately calculating molecular properties such as
structure, binding energies, vibrational frequencies, and other characteristics stems from the
implementation of gradient-corrected functionals that are fit to experimental data to better
describe reality. Metal ion-ligand bonding usually entails a synergistic mix of electrostatic and
covalent bonding that ab initio methods find difficult to model. Since DFT contains functionals
that are experimentally fit, it is well equipped to deal with complexes with competing bonding
forces. In comparison to the Hartree-Fock (HF) method, which does not take full account of
electron-electron correlation, DFT has proven to be more effective. DFT utilizes Kohn-Sham
orbitals that include electron correlation in calculating bonding features. Several functionals
have been proposed by numerous groups and of these the Becke-3-Lee-Yang-Parr is the most

widely used.®"

The B3LYP functional provides accurate estimates for metal-ligand bond
energies, IR frequencies and intensities. However, DFT does have its fundamental drawbacks.
Transition metals often involve low lying excited states in their bonding and it is difficult solely
with experiment to determine which states are involved in the bonding. DFT is notorious for
miscalculating the energy differences between electronic states of metal ion complexes, often
favoring the lower spin states. Even when the ordering of the states is calculated correctly, the
absolute energy between the states can have huge errors. This can only be overcome by looking
to other computational methods such as CCSD and MP2. DFT is also known to overestimate

metal-ligand dissociation energies, but usually by no more than 6-10 kcal/mol. Finally, DFT is

inept at modeling van der Waals molecules and purely electrostatic molecules. This is because

10



the functionals are not designed to treat dispersion forces, which dominate in such complexes.
For such complexes, DFT usually does provide correct structural parameters, but inaccurate
energetics and electronic states. Since electrostatic and covalent forces bind the M+(N2)n
complexes, DFT has proved to be an ideal theoretical technique to use. Our IRPD spectroscopy
on metal ion-nitrogen complexes is supplemented by theoretical calculations that have aided in

our understanding of the bonding in these systems.
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CHAPTER 2

EXPERIMENTAL

Metal ion complexes are generated in our laboratory by laser ablation of rotating metal
rods located in a pulsed nozzle source. An inert gas (usually He or Ar) carrying a small partial
pressure of the molecular ligand of interest is used in a supersonic expansion to create the metal
ion clusters. The metal-nitrogen complexes are produced in pure expansions of nitrogen gas
with small amount of water added in. It has been empirically shown in our experiments that
water enhances the cluster growth in the nozzle source. The pulsed-nozzle source and details of
the molecular beam apparatus has been described in literature.'™ Figure 2.1 shows a schematic
of our apparatus which includes the cluster formation chamber and a differentially pumped
reflectron time-of-flight (RTOF) mass spectrometer. The cluster formation chamber is
commonly referred to as the "source" chamber and is under a vacuum of approximately 10”- 10
torr. The mass spectrometer section of the instrument is under a vacuum of nearly 10 Torr. A
General Valve (series 9) operating with a backing pressure of 60-80 psi is utilized to create a
supersonic beam where cluster growth occurs. Light from the second or third harmonic of a
Nd:YAG laser (532 nm, 355 nm) is employed to vaporize a rotating metal rod. The vaporization
laser operates at a 10 Hz repetition rate and hence the entire pulsed experiment is run at 10 Hz.
The normal pulse energies used range from 1-15 mJ/pulse. The rod is placed in a specially
designed rod-holder known as the “cutaway” rod holder and the whole set-up is shown in Figure
2.2. The cationic metal complexes grow directly in the molecular beam or can be produced by

photoionization of the neutrals with light at 193 nm from an ArF laser. The source can be
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Figure 2.1 The molecular beam machine with the reflectron time-of-flight (RTOF) mass

spectrometer.
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Figure 2.2 The laser vaporization cluster source showing the General Valve pulsed nozzle,

the rotating rod, and the "cutaway" rod holder.
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modified in various ways to produce different cluster sizes and compositions. For example, a
cutaway source optimizes growth of single metal-multiple ligand (M'-L,) complexes whereas
addition of a growth channel leads to clusters containing more than a single metal atom such as
M., and My, -L, systems. The expansion produced is skimmed into the differentially pumped
RTOF mass spectrometer chamber.

The RTOF mass spectrometer consists of acceleration plates that can be utilized in the
pulsed mode to extract cationic clusters out of the beam or in the DC mode to study neutrals that
are ionized by the ArF excimer laser. The extracted ions enter the first drift tube of the RTOF
mass spectrometer where they may be size selected using a pair of pulsed deflection plates
known as a “mass gate”. These plates are pulsed to ground when ions of interest pass by it,
allowing them to pass through to the reflectron area of the mass spectrometer. The mass selected
ions then enter the reflectron or “turning” region, where a field gradient is applied to bring the
ions to zero velocity before reaccelerating them into the second drift tube. The ions then strike
an electron multiplier tube (EMT) where they are detected. The output of the EMT is first
amplified by a pre-amplifier and fed into a digital oscilloscope (LeCroy WaveRunner 341). The
signal of the ions emerges as voltage spikes as a function of the flight time through both arms of
the MS. The oscilloscope is interfaced to a personal computer (PC) via an IEEE-488 digital card
so that the signal can be read. Figure 2.3 shows a mass spectrum of V'(N,), complexes obtained
using our cluster source and RTOF mass spectrometer. The third harmonic of a Nd:YAG was
used to ablate a }2" vanadium rod placed in the cutaway rod-holder. The complexes are
produced in expansions of pure nitrogen. The intermediate masses in the mass spectrum
correspond to V' (H,0)(Ny)y and are a by-product of the water that is added to the expansion gas

to improve cluster growth.
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Figure 2.3  The mass spectrum V'(N3), and V' (H,0)(Ny)y complexes produced by laser

vaporization in a pure nitrogen expansion.
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In preliminary runs, the mass gate is maintained at ground and all the ions that are
generated in the cluster source or produced by photoionization by 193 nm are allowed to reach
the detector. Analysis of the flight time is done in the following manner to deduce the masses of
the ions. The ions from the source first enter the electric field produced by two plates known as
the "repeller plate" and "draw-out-grid" (DOG), which are placed at the entrance of the mass
spectrometer. Typical voltages on the repeller and DOG are 1000 V and 900 V respectively.
The electric field produced by the plates is the difference between the voltages divided by their
separation distance. The ions moving through this electric field experience an acceleration,
which can be calculated from simple kinematics. After moving through the field, the kinetic
energy (KE) of the ions is related to the ions' mass and velocity by the following equation:

KE = (%)mv’
where m is the mass of the ion and v is its velocity. Since the velocity is given by v=d/t where d
is the distance or length of the tube and t is the time taken to traverse it, the KE equation can be
written as

m =2 (KE) (t/d)?
Since the experiment is pulsed, the time when the voltages are applied to the repeller and the
DOG are known which in effect is time zero. Then the time for the ions to reach the detector is
measured using the oscilloscope. The ion masses are assigned by using a reference mass to
calculate the masses of all the other ions. Since all the ions pass through the same electric field,
they acquire the same kinetic energy. Therefore the kinetic energy of ion with mass m; is equal
to the kinetic energy of ion with mass m,:

KE, =KE,

This can be written as:

34



myv,> = myvy®
After some rearrangement, the equation now reads as:

m; =m, (ti/t)*
Since t; and t, are measured and if mass m, is known, then mass m; can be calculated. In such a
manner, we first obtain a mass spectrum of all the ions present in the molecular beam. After
assigning the peaks in the mass spectrum to specific ions, we identify species of interest. Since
the mass flight time of all the ions are measured using the oscilloscope, we may turn on our mass
gate at the appropriate time to deflect all other ions, allowing only the ion of interest to enter the
reflectron.

To obtain an infrared spectrum, IR light is used to excite the mass selected complexes in
the turning region in order to induce dissociation of the complexes. An IR OPO/OPA (optical
parametric oscillator/amplifier) from Laser Vision pumped by a Continuum 8000 or 9010 seeded
Nd:YAG provides the tunable infrared radiation used in our experiments. The pump energy
from the Nd:YAG lasers ranges from 550 - 650 mJ/pulse of 1064 nm light. Figure 2.4 is
generalized schematic of the operation of the OPO/OPA. The 1064 light is first split in a 30:70
ratio with the smaller portion passing through the OPO and the larger portion, through the OPA.
Before passing to the OPO, the 1064 nm light passes through a frequency doubling crystal to
convert the light to 532 nm. The OPO consists of two 532 nm pumped KTP crystals whereas the
OPA consists of four 1064 nm pumped KTA crystals. The 532 nm light passing through the
OPO is divided into a two beams known as the signal and idler beams. The signal and idler

beams are related by the following equations :

Msignal > Midler
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Figure 2.4  The infrared optical parametric oscillator/amplifier (IR OPO/OPA) system from

LaserVision.
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Osignal 7 Midler
Opump = Dsignal T Oidler

where o is the frequency (cm™). The signal beam from the OPO is tunable light from 11,800 -
14,000 cm™, which passes into the OPA. Tunable IR light is produced from 2000 — 4500 cm’™
(2.2-4.9 um) with difference frequency generation using the signal output from the oscillator and
residual 1064 from the amplifier. The pulse energies range from 2 — 15 mJ/pulse with spectral
linewidths on the order of 0.3 cm™. Typical scans are acquired over 250 laser shots at 0.5 cm™
increments. Near 2200 cm™ where most of the metal-nitrogen complexes were studied, the pulse
energy ranged from 5 - 12 mJ/pulse. The metal-nitrogen spectra were obtained by usually taking
0.5-1.0 cm™ steps. Using this experimental set-up, various metal-ligand systems have been
studied by our group where the ligand has included CO,,*? C,H,,'*"? C¢Hg,'*" H,0,'*"® and
N, 1920

Our IR spectroscopy does not allow traditional absorption or emission spectroscopy
because our ion densities are too low. In addition, the path length through the ion beam is small
and so we cannot perform traditional absorption spectroscopy. Our form of spectroscopy is
known as "action spectroscopy" where the sample of interest initially absorbs the radiation,
following which a perturbation or "action" occurs which is then monitored to obtain a spectra.
The "action" in our experiments is the dissociation of the complex that occurs upon irradiation.
The IR light is tuned into a resonance with some vibrational frequency of the complex that
results in dissociation. Usually the vibrational frequency excited is a particular fundamental
mode of the ligand that is accessible by our IR source. This is schematically shown for the
Ni"(C,H,)7 complex in Figure 2.5. The complex is first size selected and appears as a single

peak in the mass spectrum A. The IR laser is then tuned into resonance with a C-H vibration of
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Figure 2.5 The process of obtaining a fragmentation mass spectrum is shown for Ni'(C,H,);.
The complex is first size selected (A) and the IR laser is tuned into a vibrational
resonance of the C-H stretching frequency that leads dissociation (B). The
fragmentation mass spectrum (C) is obtained by subtracting the spectra with IR

laser "On" - IR laser "OfT".
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C,H, that leads to dissociation shown in mass spectrum B. The spectra are subtracted to produce
the difference or fragmentation mass spectrum shown in C. Upon dissociation, the parent and
daughter ions travel down the second drift tube where they are detected with the EMT. The
infrared photodissociation (IRPD) spectra are acquired by monitoring the fragment yield as a
function of the infrared wavelength.

To induce dissociation of the metal-ligand complexes by IR light, the IR photons
corresponding to the vibrational frequencies must have enough energy to break the weakest bond
in the complex, i.e. the metal cation-ligand bond. Table 2.1 lists characteristic binding energies
of transition metal (TM) cations to various ligands and the vibrational frequency that is excited
in our experiment. As can be seen, the bond energies are usually much greater than the energy of
the incident IR photon and dissociation cannot take place unless a multi-photon occurs. But
given our experimental pulse energies, multi-photon processes are very inefficient. However, as
multiple ligands attach to the metal ion, the bonding capacity of the metal is distributed to the

additional ligands and the per-ligand binding energy decreases.”'

Eventually, the binding
energy is small enough for the IR photons to eliminate at least one ligand. This is seen in our
work on metal-nitrogen complexes where the small complexes do not dissociate by IR excitation
near 2300 cm™. The larger complexes do fragment by loss of N, molecules and we are able to

acquire IRPD spectra of them.'*°

In our studies of other metal cation-ligand complexes, we
have employed a technique known as rare gas "tagging" to obtain IRPD spectra of the small

complexes.”"® However, this technique was not applied to our study of metal cation-nitrogen

complexes.
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Table 2.1 Typical binding energies for transition metal (TM) cation-ligand complexes and IR

frequencies that are excited in our experiments.

Complex Binding Energy (cm™) Frequency Excited (cm™)
TM'(Ny) 4000 - 6000° 2330

TM'(COy) 4000 - 6000° 2349

TM ' (C,H,) 10,500 - 15,700° 3289, 3374

TM " (C¢Hp) 12,000 - 20,000° ~3000 - 3100

TM (H,0) 10,500 - 15,700° 3657, 3756

"Reference 21
PReference 22
‘Reference 23
Reference 24

“Reference 25
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CHAPTER 3
THEORETICAL STUDY OF THE BONDING IN FIRST ROW TRANSITION METAL

CATION - NITROGEN (N;) COMPLEXES

The bonding of a single nitrogen molecule (N) to singly charged transition metal cations
from Sc’ to Zn" is investigated using density functional theory. The structural parameters,
ground electronic states, bond dissociation energies, and vibrational frequencies for end-on and
side-on bonded N, are computed using the B3LYP functional. The complexes are primarily
bound by charge-quadrupole forces with some showing partial covalent character. The partial
covalent nature of the bonding arises from the 3d-4s valence orbitals of the metal cations. For all
the complexes, the linear, end-on bonded N,, structure is found to be the lowest energy isomer
because of the directional characteristics of the N, quadrupole moment. The ground electronic
state of all the complexes except Fe'(N,) is derived from the electronic ground state of the
1solated metal cation. In Fe+(N2), the first excited state “F of free Fe™ forms the bond with No.

In all the complexes, the N-N vibrational frequency is seen to red-shift from the value of free N».
The early transition metal cations cause a greater red-shift than the late row metal ions.
However, the late row metal cations bind N, stronger than the early metal ions. The calculated
binding energies are compared to available experimental data to test the accuracy of density

functional theory in treating such metal ion-ligand complexes.
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Introduction
Molecular nitrogen (N») is extremely inert and although it is plentiful in the earth's
atmosphere, only few organisms are capable of utilizing it. Nitrogen fixation is a process in

10" The active

which enzymes called nitrogenases convert N, to ammonia in biological systems.
sites of nitrogenases carry transition metals which precipitate the cleavage of the N-N triple
bond.”'” However, the fundamental chemistry governing nitrogen fixation is not clearly
understood.”® The industrial production of ammonia from Nj is carried out under extreme

conditions on transition metal (TM) surfaces.'' ™"

The Haber-Bosch process entails reacting N,
with hydrogen on iron surfaces under high temperatures and pressures to produce ammonia.
Here too, the cleavage or activation of the N-N triple bond, which is the rate determining state of

the process, is poorly understood.'*'?

Therefore, understanding the characteristics of the
bonding between N, and transition metals has been a longstanding goal of condensed phase and
theoretical chemists. N is isoelectronic to CO, a ligand which is highly reactive and binds

strongly to various TM ions.'®"

The binding of transition metals to CO forms the foundation of
organometallic chemistry, coordination chemistry and molecular adsorption on metals in surface
science.'®"” Comparing the bonding nature of N, and CO has therefore interested inorganic,
theoretical, and biochemical chemists.”**' In this article, the bonding of first row TM (Sc-Zn)
cations to N is investigated using density functional theory (DFT).

The synthesis of the first TM-N, complex [Ru(NH3)5N2]2+ in 1965 **led to a flurry of
experimental and theoretical activity to learn how N, bonds in a TM-complex and predict

L 2-4,20-26
reactivity trends.”™

Initially, various inorganic chemists synthesized numerous TM-N,
complexes and applied condensed phase spectroscopic techniques to decipher the bonding

framework.”**® Darensbourg et al. studied the infrared (IR) spectra of TM-CO and TM-N;
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complexes and proposed that the frequency shift and IR intensity of the C-O and N-N vibration
upon complexation indicated the strength of the metal-ligand bond.** However, these condensed
phase TM-N, compounds could not be isolated from the counterions and bulky stabilizing
ligands used to prepare them. Theoreticians in the early 1970's and 1980's lacked computational
power and hence high accuracy ab initio calculations could not support these experimental
observations and hypotheses. In spite of this, several groups were able to provide a rudimentary

model of TM-N, bonding using fundamental molecular orbital theory.**'*

Together with
observations from surface science, the models suggested that the N, activation in a TM-N;
complex could be determined by the change in the N-N vibrational frequency and N-N bond
distance.* "> Only within the past 20 years, with the advent of high end theoretical techniques
and data from gas phase isolated TM-N, complexes, have chemists been able to refine and
improve these earlier models.”2%*

Spectroscopic studies of gas-phase TM-N, eliminates many complications inherent to the
condensed phase and are therefore tractable for theoretical analysis. Mass spectrometric studies
have probed various first row TM-N, systems and proposed structures based on the bonding
energetics.”” >’ Spectroscopic methods have determined structures, coordination numbers and

30-36

ground electronic states of neutral and ionic TM-N, complexes. Matrix isolation infrared

31-33 . - - 34
and matrix isolation electron spin resonance spectroscopy” of TM-N, have

spectroscopy
revealed structural features and electronic states involved in bonding. Infrared photodissociation
(IRPD) spectroscopy of V'(N), and Nb'(N,), was recently performed by our group and these

experiments were the first to probe the N-N stretch of an isolated gas phase TM'(N,).** All these

gas phase studies were complemented by DFT calculations. Several groups have investigated

geometries, bond energies and vibrational frequencies of TM-N, and TM'-N, complexes using
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ab initio and DFT calculations. Neutral and ionic Fe(N;) complexes have received

significant attention due to their importance in surface science and biochemistry.>’*** Co"(N>)

28306 and the:ore:‘[ic:allly.39d’40 Kardahakis et al.** and Pilme et

has been investigated experimentally
al.* have analyzed the bonding in neutral first row TM-N, systems using coupled-cluster
multiconfigurational and DFT techniques respectively. However, to our knowledge no
theoretical work has systematically studied first row TM cations from Sc’ to Zn" with a single N,
molecule.

DFT is an appealing theoretical technique for TM-ligand and multiply ligated complexes
as it is computationally inexpensive compared to ab initio methods. It provides fairly accurate

#4-46 TM cations interacting with small

values for bond energies, IR frequencies and intensities.
molecules involves a subtle play of covalent and electrostatic forces that is difficult to model
with purely ab initio methods. However, since DFT contains exchange and correlations
functions that are fitted to experimental results, it predicts energetics that are at least qualitatively
correct.* Our group has complemented our IR work with DFT calculations on various metal
cation-molecular complexes such M+(C2H2)n,47 M+(H20)n,48 M+(C6H6)n,49 and M+(N2)n.35 In
each case, the DFT predicted IR spectra were matched to experimental data allowing us to

deduce structures and electronic configurations of the complexes. In this work, we apply this

well proven DFT methodology to first row TM(N;) complexes to probe structure and bonding.

Theoretical Methods
The hybrid density functional B3LYP (Becke-3-Lee-Yang-Parr) was employed to
determine structures, bond energies, vibrational frequencies and IR oscillator strengths. The

B3LYP functional uses a hybrid Hatree-Fock method along with Becke’s three parameter

48



exchange functional and the correlation functional of Lee, Yang, and Parr.”® The Gaussian basis
set in DGauss (DG), which is a double-zeta valence plus polarization (DZVP) and designated as
DGDZVP was used to describe the TM". 6-311+G*, an all-electron triple zeta basis set
employing polarization and diffuse functions was used for the N atoms. The B3LYP functional
has been shown to work well for first row transition metals ions by various theoretical**** and

1** groups. The calculations explored all possible geometries without any

experimenta
symmetry constraints. Multiple spin states were explored for a given structure for each TM .
The geometries were optimized for each complex and the stationary points verified as minima by
computing vibrational frequencies. A systematic study of multiple functionals or basis sets was
not performed since the methodology has been proven to accurately describe many TM -ligand
systems.***” The dissociation energies were not zero-point energy (ZPE) corrected since such
corrections would result in only approximately ~1 kcal/mol difference to the final value. The
calculated frequencies were scaled by a factor of 0.96 - the recommended value for the 6-
311+G* basis set.”' Such a scaling gave a value of 2359 cm™ for the N, which is nearly identical
to its experimental . (©:~2358.6 cm™) and slightly larger than its measured fundamental

frequency at 2330 cm™.>* All calculations were performed using the Gaussian 03W package.”

Results and Discussion
General Description of the Bonding and Overall Trends

The electron configuration of N is (164)°(16,)°(2 64)*(2 6u)*(11,)*(36,)” with the 3o,
orbital higher in energy than the 1m, orbital. The chemical inertness of N, emanates from its
strong triple bond, closed shell electron configuration and large HOMO-LUMO gap.' Like CO,

N, is a w-acceptor ligand although it is a much weaker n-acceptor. Unlike CO, nitrogen does not
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have a permanent dipole moment but possesses a small negative quadrupole moment

approximately half the magnitude of that for CO.>*

The bonding scheme that is widely used to describe TM-ligand bonding is ligand field
theory (LET).'*'” LFT essentially considers the TM-ligand bond as the spatial overlap of the
metal d orbitals and ligand valence orbitals. The Dewar-Chatt-Ducanson (DCD)*® model that is
often used by inorganic chemists to explain TM compounds is a qualitative version of LFT and is
very effective in elucidating periodic trends in geometries, bond energies, excitation energies,
and other chemical properties. In the DCD model, the ligand valence orbitals, with c-type
symmetry, donate electron density to the empty metal d orbitals and the metals back-donate from
filled orbitals, with m-type symmetry, to the empty orbitals of the ligand. This synergistic mix of

o-type donation and m-type back-donation is most often used to model TM-CO and TM-n-

16-18

bonded ligands.

The dissociation energies, electronic states, TM'-N, bond length, N-N bond length and
vibrational frequencies of the linear TM"(N,) are tabulated in Table 3.1. Figure 3.1 is a plot of
the computed dissociation energies of the first row TM-N;, complexes having linear geometry.
Unlike the majority of TM-carbonyl compounds that consist of a single isomer with only the C
atom binding directly to the metal, N, may bind to a TM in the "end-on" or "side-on"
configuration. Both geometries have been studied in this work. In Figure 3.1 we present the
calculated binding energy (BE) for the linear structures to discuss overall bonding trends.
Across the row from Sc’ to Zn" the BE distribution has two maxima and one minimum. On the
left side, V'(N,) has the highest calculated BE of 22.0 kcal/mol. The minimum corresponds to

Mn"(N,) with a BE of 7.6 kcal/mol and on the right side the distribution peaks for Co'(N;) and
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Table 3.1 The ground electronic state, binding energy (BE), TM'-N bond length, N-N bond
length, vibrational frequencies and IR intensities for the linear TM"(N,) complexes calculated
using the B3LYP functional.

The binding energies (BE) are in kcal/mol, bond lengths in angstroms, frequencies in cm™, and

IR intensities in km/mol.

™" State BE ~ TM'-N N-N Frequencies (Intensities)

Sc 3165 2.262 1.102 204(1), 223(5), 243(3), 2226(357)
Ti W 155 2224 1.099 233(3), 233(3), 286(2), 2262(106)
v ST 20 2.104 1.099 207(4), 207(4), 288(0), 2285(49)
Cr 65t 180 2.117 1.098 187(3), 187(3), 288(0), 2285(49)
Mn ST 76 2.565 1.095 116(0), 116(0), 128(39), 2351(46)
Fe 4 238 1.989 1.099 206(3), 207(4), 306(1), 2302(19)
Co 3¥° 283 1911 1.099 217(3), 217(3), 342(2), 2319(11)
Ni A 284 1910 1.097 218(3), 218(3), 328(0), 2331(1)
Cu ISt 273 1.927 1.096 222(2), 222(2), 305(0), 2344(1)
Zn %115 2378 1.095 139(0), 139(0), 165(34), 2354(57)
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Figure 3.1 Plot of dissociation energy (kcal/mol) of each TM"(N;) complex from Sc’ to Zn"

versus the TM". The energies are calculated using the B3LYP functional.
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Ni'(Ny). Such a "double-hump" trend of physical properties for first and second row TM-

compounds is well known to inorganic chemists and is indicative of the s-d orbital hybridization
mechanism of TM ions.'®"” A detailed analysis of TM bonding is beyond the scope of this work
and only a brief outline will be given here. References 16 and 17 provide a more comprehensive

description.

The bonding orbitals of the first row transition metals are the 3d orbitals, which
sometimes form hybrid orbitals by overlapping with the diffuse 4s orbitals. TM cations have one
of two possible electronic configurations : d"s or d*"'. Beginning with Sc* and moving to Cr",
the 3d orbital becomes more stable than the 4s. Hence, Sc” has a 3d4s electron configuration
while Cr has a 3d° configuration. The higher effective nuclear charge for Cr" also means that the
d orbitals spatially contract and hence do not hybridize well with the 4s orbitals. With Mn", the
sixth valence electron occupies an s orbital instead of doubly occupying a d orbital because the
pairing energy for the d orbitals is large. However, beginning with Fe" the d orbitals do become
doubly occupied because the increasing effective nuclear charge from Fe' to Zn" offsets any
destabilization due to spin pairing. For Cu’ and Zn" the d orbitals are completely filled, highly
contracted and very stable and therefore do not participate in ligand bonding. This changing
nature of the 3d orbitals across the first row means that the early transition metals form s-d
hybrid orbitals more readily and consequently interact more strongly with ligands than the later
metals. Sc, Ti and V are known to be the most reactive first row transition metals.'®!” The
availability of the d orbitals also means that most transition metals possess many low-lying

excited states that may compete for bonding with the ground state.'*"®

The strength of the TM-ligand interaction has often been evaluated by studying the

frequency shifts of the ligand upon complexation. For example, TM-CO complexes are
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classified as "classical" or "non-classical" by whether the free C-O vibration red-shifts or blue-

16-20

shifts upon binding. Numerous IR spectroscopic studies have determined the relative

amount of 6-donation and n-back-donation in TM-CO compounds by measuring the magnitude
of the blue shift or red shift of the C-O stretch as well as the IR intensity of the vibration.'®?
Darensbourg and co-workers compared the relative c-donation and w-acceptor capabilities of CO
and N, by examining the IR spectra of TM-CO and TM-N, complexes.”’ In these studies and
others, very little information could be gathered by studying the metal-ligand vibrations because
of their low frequency and poor IR intensity. Rather, only the perturbation of the ligand
frequencies upon bonding provided clues to the complexation mechanism. Therefore, we focus
primarily on the changes in the N-N vibrational frequency in our discussion of the bonding. The

N-N vibration is not IR active in free nitrogen, but as shown by Darensbourg et al.*’ and our

experimental work, > the N-N stretch does become IR active upon binding to a TM.

As discussed above, N, can bind in the end-on or side-on configuration to a TM". Both
geometries were studied by our calculations. Table 3.2 lists the dissociation energies, electronic
states, TM'-N; bond length, N-N bond length and vibrational frequencies of the T-shaped
isomers and Table 3.3 compares the dissociation energies of the linear and T-shaped complexes.
TM'-N, complexes are bound primarily through charge-quadrupole forces and because N, has a
negative quadrupole moment, the linear structures are favorable over the T-shaped geometries.
Our results show that the most stable isomer for all first row TM N, complexes is the linear
configuration. The T-shaped structure is always more weakly bound than the linear isomer. This

4244 The T-shaped structure is a first order saddle

is also seen for all neutral TM(N,) complexes.
point for all the metal cations except for Sc’, Ti", and Fe". This result is consistent with previous

theoretical studies of neutral and ionic TM-N, complexes which all indicate that N, prefers to
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Table 3.2 The ground electronic state, binding energy (BE), bond distance from TM" to center
of N-N bond, N-N bond length, vibrational frequencies and IR intensities for the T-shaped
TM'(N,) complexes calculated using the B3LYP functional.

The binding energies (BE) are in kcal/mol, bond lengths in angstroms, frequencies in cm™, and

IR intensities in km/mol.

™" State BE TM-NN N-N Frequencies (Intensities)
Sc ’B, 74  2.166 1.139 261(15), 294(0), 1958(336)
Ti ‘B, 9.6  2.257 1.117 174(2), 219(2), 2122(256)
v A 6.7  2.362 1.105 -120(0), 173(0), 2243(45)
Cr °A, 4.8  2.402 1.102 -167(0), 148(1), 2268(16)
Mn A 0.5 3.321 1.097 -134(0), 44(16), 2334(4),
Fe ‘B, 12.2  2.083 1.116 159(0), 247(2), 2149(72)
Co ’B, 10.9 2.095 1.112 -71(0), 224(1), 2190(28)
Ni A, 11.2  2.125 1.107 -412(23), 217(0), 2233(7)
Cu 'A 10.8 2.147 1.105 -206(0), 185(0), 2253(1)
Zn A 2.5 2.839 1.099 -172(0), 92(22), 2317(12)
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Table 3.3 Binding energies (BE) in kcal/mol of the linear and T-shaped complexes of TM'(N,)

calculated using the B3LYP functional.

™" BE (Linear) BE (T-shaped)
Sc 16.5 7.4
Ti 15.5 9.6
v 22.0 6.7
Cr 18.0 4.8
Mn 7.6 0.53
Fe 23.8 12.2
Co 28.3 10.9
Ni 28.4 11.2
Cu 27.3 10.8
Zn 11.5 2.5
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bind end-on in most complexes. However, a few metal compounds have been synthesized with

side-on bonded N,.**
Early Transition Metal Cation - Nitrogen complexes.

The early TM cations from Sc’ to Cr" are the most reactive and interact strongly with N,.
Neutral Sc(N»), Ti(N;), V(N,) and Cr(N,) have been studied by matrix isolation IR

3133 and theoretical methods,** but very little work exists for the cations. The

spectroscopy
neutral complexes all form linear geometries. Likewise, the lowest energy isomers calculated for
the cations are linear. The metal-ligand bond distances in angstroms for Sc'(Na), Ti"(Ny),
V'(N) and Cr'(N,) are 2.262, 2.224, 2.104, and 2.117 respectively. The T-complex is a
minimum for Sc'(N;) and Ti"(N,) but higher in energy than the linear isomer by approximately
10 and 5 kcal/mol respectively. For V'(N,) and Cr'(N,), the T-isomer is a first order saddle
point. The electronic states of the complexes are listed in Table 3.1. All four metal cations bind
to N, via the ground electronic state of the free cation. For example, the ground state electron
configuration of Sc” is 3d4s giving rise to a °D state, which binds to N; resulting in an overall °%"
state for the complex. The corresponding electronic states of the isolated TM" in Ti'(N3), V'(N>)
and Cr'(N,) are (3d%4s) “F, (3d") °D, and (3d°) °S respectively. The metals all possess low lying

excited states that could bind to the N; but only if the excitation energy is offset by the

complexation energy. All excited states were studied and found to be much higher in energy.

The N-N stretch in all the first row TM(N;) complexes is computed to red-shift from the
free nitrogen vibration at 2330 cm™. Figure 3.2 shows the magnitude of the red-shifts for all the
linear complexes. The red-shifting of the N-N vibration upon binding is clearly predicted by the

DCD model since the -donation and nt-back-donation weakens the N-N triple bond
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Figure 3.2 The magnitude of the red-shift in cm™ of the N-N vibration (from free N,) in

TM'(N,) complexes from Sc” to Zn".
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considerably.'””> Our IR spectroscopic study of V'(N,) showed that this indeed occurs and also
that complexation "turns on" the IR activity of the N,.>** Sc* causes the largest perturbation of
all the first row TM cations red-shifting the N-N stretch to 2226 cm™ in the complex. The 3d-4s
hybrid orbitals of Sc” have the largest radial distribution of the first row TM cations and can
therefore hybridize easily and back-donate electron density very effectively. Since N, is a mt-
acceptor, all studies indicate that n-back-donation from the metal is more important than c-
donation from the ligand in the bonding.'®'® The red-shifts caused by Ti" and V" are 73 cm'
and 74 cm™ respectively. The electron configuration of Ti" is 3d*4s while V' is 3d*. Since the
3d orbitals are more polarizable than the 4s, V" is able to interact just as strongly with N, as Ti'.
Cr' perturbs the ligand the least (red-shift of 47 cm™) among the four metal cations and this is
due to its 3d° electron configuration. The half-filled 3d-orbital is extremely stable and possesses
large non-bonding character. An interesting effect is seen in the corresponding red-shifts of the
T-complexes for all the metals. While the T-isomers are predicted to be higher in energy, the N-
N vibration is red-shifted further in the complexes than in the corresponding linear complexes.
For example, the red shift for linear Sc'(N,) is 133 cm™, whereas in the T-shaped complex it is
401 cm™. A TM" binding directly to the N-N triple bond, therefore, causes a greater perturbation

of the N-N vibrational frequency.

It is interesting to note that although these linear TM'(N,) complexes cause the largest
perturbation of the N-N bond, the complex dissociation energies are smaller than the late row
TM cations. The binding energies for Sc'(N>), Ti"(N2), V'(N) and Cr'(N;) are 16.5 kcal/mol,
15.5 kcal/mol, 22.0 kcal/mol and 18.0 kcal/mol respectively. The BE of Cr'(N,) has been
measured experimentally to be 14.1 kcal/mol** and ab initio methods calculate it to be 12.2

39d
1.

kcal/mo Our calculations overestimate the experimental value by 4 kcal/mol which is within
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the error range for most DFT methods.** The later TM cations beginning with Fe* have
dissociation energies higher than 22.0 kcal/mol. The magnitude of the N-N vibrational
perturbation does not track with the binding energies. Such a trend was also seen in our
combined experimental/theoretical study of TM'(C,H,) complexes.”‘1 Although the early TM
cations possess diffuse s-d hybrid orbitals, these orbitals are largely empty and cannot donate
much electron density. The later TM cations have contracted valence orbitals but they are nearly
filled and can contribute greater electron density. This is also why V" with its 3d* configuration

forms the strongest bond with N, of the early TM cations.
M n+(N 2)

Mn'(N,) has a linear geometry and the T-complex is calculated to be a saddle point. The
ground electronic state of the free cation (3d°4s) ’S forms the bond in the complex, leading to a
%" state. The valence orbitals of Mn" are half-filled and are largely non-bonding. The complex
is bonded by primarily charge-quadrupole forces with very little covalent character.
Consequently, Mn"(N,) has the weakest bond (BE=7.6 kcal/mol), the longest TM'-N, bond
distance (2.565 A) and the N-N stretch red-shifts by only 8 cm™. The first excited state of Mn"
is (3d’4s) °S, which lies about 9500 cm™ higher in energy. It forms a stronger bond with N,
(BE=24.9 kcal/mol) and lies only about 5 kcal/mol higher in energy than the septet linear
complex. In Mn"(CO), the quintet state is found to be the lowest energy isomer'*'” but TM"-CO
interactions are stronger than TM'-N interactions. The °S < ’S excitation energy is large and it

seems unlikely that any enhanced bonding with the inert N, molecule could compensate for this.
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Fe+(N2)

27¢,d, 28a, 29
7e.d, 282,29 and

Fe'(N,) has received considerable attention from experimentalists
theorists® >** due to its relevance in biochemistry and catalysis. All studies indicate that the
ground state of the complex is linear. Our calculations predict a linear ground state with a T-
complex about 12 kcal/mol higher in energy. The ground state of the isolated Fe' is (3d°4s) °D
and the first excited state is (3d") *F lying only about 1900 cm™ higher in energy. Our results
and previous calculations’® confirm that it is the excited state of the Fe* that bonds to N> to form
the lowest energy isomer. The (‘F) Fe"(N,) is lower in energy by nearly 25 kcal/mol than the
(°D) Fe"(N,). Beginning with Fe”, the 3d orbitals become paired and as discussed above, the d
orbital pairing energy is large. The d orbitals of Fe" are less diffuse than the earlier TM " and
hybridize poorly with the 4s orbital. Since the ‘F < °D excitation energy is very low, the pairing
energy is easily overcome and Fe' frequently bonds via its excited state.'®'” The significant
increase in bonding character by achieving the 3d’ electron configuration offsets the promotion
energy. The BE of (*F) Fe'(N,) and (°D) Fe'(N,) is calculated to be 23.8 and 9.4 kcal/mol
respectively. The metal-ligand bond in (*F)Fe(N,) is 1.989 A and is smaller than the early TM -
N, distances because of the decreasing ionic radii that begins with Fe" and continues to Zn". For
the T-shaped isomer, the binding energies for the quartet and sextet states are 12.2 and 0.9
kcal/mol respectively. The measured dissociation energy from collision induced dissociation

(CID) experiments for the complex is 12.9 kcal/mol*’*¢

and our calculations overestimate this by
nearly a factor of 2. Although the computed BE for the (*F) Fe'(N,) T-shaped isomer is close to
the measured value, it is unlikely that DFT has miscalculated the relative stability of the linear

and T-shaped isomers. What is likely, however, is that DFT has overestimated the energy

separation of the two spin states. DFT is well known to misjudge the energy spacing between
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different spins, often favoring low spin states.** The *F is known to become the bonding state of
Fe', but typically with the addition of the second ligand.'®'® Hence, it is probable that the
experimental BE corresponds to a sextet linear complex which DFT calculates to be 9.4
kcal/mol. It is however, surprising that DFT overestimates the stability of the quartet state by

such a large degree ( 25 kcal/mol).
Co*(N) and Ni*(N,)

Co'(N,) and Ni'(N,) are the most strongly bound complexes of the first row TM"(N;)
series. The BE for the linear complexes of Co'(N,) and Ni'(N,) are nearly identical at 28.3
kcal/mol and 28.4 kcal/mol respectively. The metal-ligand bond distances are 1.911 A and 1.910

28c,30b

A for Co"(Ny) and Ni'(N,) respectively. Co'(N,) has been studied experimentally and

39440 Brycat and co-workers®® initially proposed that the ground state is T-shaped.

theoretically.
That has since been refuted by all the other experimental and theoretical work. Our calculations
show that the linear isomer is lowest in energy with the T-complex a saddle point. The
electronic state of Co"(Ny) is *2* derived from the (3d®) °F ground state of the cation. The
experimentally measured dissociation energy is 23.0 kcal/mol*® which is slightly overestimated
by our calculations but within the error range for DFT techniques. Ni'(N), n=1-4 has been
studied by CID experiments®’* and the binding energy measured to be 26.5 + 2.5 kcal/mol. Our
calculated value of 28.4 kcal/mol for the linear complex is in excellent agreement with this. The

most stable structure of Ni'(N,) is linear and the T-complex is a saddle point. Ni'(N,) is bound

by the (3d”) °D state of Ni resulting in a A state of the complex.

Although Co" and Ni' bind N, the strongest of the first row TM cation series, they red-

shift the N-N frequency to a lesser extent than the earlier TM cations. As discussed above, the
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dissociation energy and the magnitude of the red-shifts in TM(N;) complexes do not have a one
to one correspondence. Even though the earlier TM cations possess diffuse valence orbitals, their
3d orbitals are mostly empty and therefore unable to donate significant electron density to the
ligand. Co"and Ni" have electron configurations of 3d® and 3d’ and though their d orbitals are
spatially compacted, they possess considerable electronic density to form bonds. In addition to
this, the ionic radius of Co” and Ni" is small compared with the early TM cations. This leads to
greater charge density for these metal ions. Therefore, the electrostatic charge-quadrupole

component of the bonding in Co"(N,) and Ni'(N,) is enhanced in these complexes.
Cu*(N2) and Zn*(N,)

Cu' and Zn" have completely filled d-orbitals and hence their complexes with N, have
very little covalent character. Cu'(N;) has been studied by theoretical methods previously and
the structure predicted to be linear.*! Our calculations show that Cu*(N>) and Zn"(N,) are both
linear with the T-complexes being higher energy saddle points. Cu’(N>) is a '" complex
formed by the (3d') 'S ground state of the free cation. The (3d'°4s) °S ground electronic state of
Zn" forms the bond in Zn"(N>) producing a “E* complex. The binding energies for Cu*(N,) and
Zn'(N,) are calculated to be 27.3 kcal/mol and 11.5 kcal/mol respectively. Previous DFT
calculations for Cu'(N,) estimate the value to 26.5 kcal/mol whereas MP2 predicts a value of
13.2.*" Tt is surprising that Cu"(N,) is predicted to have such a high BE in our calculations. Cu”
is closed shell and there is very little covalent character in its bonding. DFT is well known to
significantly overestimate purely electrostatic forces, which is probably the case for Cu"(N,).**
MP2 is far superior in predicting dissociation energies of purely electrostatic bonds and the value

of 13.2 kcal/mol is more likely closer to the true value. The TM"™-N, bond distance for Cu" and
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Zn" are 1.927 A and 2.378 A respectively. Cu’ and Zn" red shift the N-N frequency by 15 cm™
and 5 cm™ respectively. These minor perturbations of the N-N bond and relative large metal-
ligand bond lengths (especially for Zn") are indicative of the absence of substantial covalent

bonding in these complexes.

Conclusion
DFT calculations have been applied to analyze the bonding mechanism of

TM'(N,) complexes where TM" = Sc' to Zn". Calculations using the B3LYP functional show
that all the complexes are predominantly bound by charge-quadrupole interactions. The linear
isomer is predicted to be the lowest energy structure for all the complexes because of the polarity
of the quadrupole moment of N,. The T-complex is found to be a saddle point for all the TM"-
N, systems except for Sc'(N;), Ti"(N,) and Fe'(N;) where it is a higher energy minimum on the
potential surface. The DFT calculated dissociation energies for the linear complexes range from
7.6 kcal/mol for Mn"(N;) to 28.4 kcal/mol for Ni'(N,). For all the complexes except Fe'(N),
the bonding electronic state arises from the ground state of the free TM cation. Fe" binds to N
via its first excited electronic state. In all the complexes, the binding of N, causes the N-N
vibrational frequency to red shift from its free N, value. The magnitude of the red-shift is larger
for the T-isomers than the linear complexes, because direct bonding to the N-N triple bond
causes a greater perturbation of the ligand. The red-shifts agree with the qualitative predictions
of the Dewar-Chatt-Duncanson complexation model that is often used to describe such TM-
ligand systems.

The first row TM cations may be divided into five broad categories in terms of their
degree of interaction with the N, ligand in the linear complexes. The early TM cations Sc’, Ti',

V" and Cr" are the most reactive as they possess highly diffuse valence orbitals. As a result,
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their interaction with the N» ligand causes the greatest shift of the N-N stretch. However, the
dissociation energies for these complexes are smaller than the late row TM'(N,) complexes
because these metal ions lack electronic density in the 3d orbitals. Mn" interacts weakly with N,
because its orbitals are half-filled precluding any covalent character to its bonding. Fe'(N,) is
extremely interesting in that the ground electronic state of the free metal cation bonds weakly to
N,. However, it possesses a low lying excited state with large bonding character and the
complex is bound via this excited electronic state. There remains some discrepancy between the
computed and experimentally measured dissociation energy for this complex and is most likely
due to the inherent defects of DFT. Co'(N;) and Ni'(N,) form the strongest bond with N
although the perturbation of the N-N ligand in the complexes is smaller than for the early TM
cations. The d orbitals of Co” and Ni" are nearly filled and they possess substantial electronic
density to form strong bonds with ligands. The d orbitals of Cu" and Zn" are filled and
extremely stable and they do not participate in bonding. Cu'(N,) and Zn"(N,) are bound by
purely electrostatic forces and hence cause slight perturbations of the ligand. The dissociation
energy of Cu'(N,) is computed to be quite high for a purely electrostatic interaction. This is

ascribed to the inadequacy of DFT methods in describing purely electrostatic interactions.
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CHAPTER 4
INFRARED SPECTROSCOPY OF V*(N;), COMPLEXES :

STRUCTURES, COORDINATION AND SPIN STATES

V'(N,), complexes are generated in a pulsed nozzle laser vaporization source.
Complexes of the size n=3-14 are mass selected and investigated via infrared photodissociation
spectroscopy in the N-N stretch region of nitrogen. The infrared forbidden N-N stretch of free
nitrogen becomes IR active once the molecule is bound to the metal ion. Photodissociation
proceeds solely through the elimination of intact N, molecules for all cluster sizes and the
fragmentation spectra reveal the coordination number of V" to be six. The dissociation process
is enhanced on vibrational resonances and the IR spectrum is obtained by monitoring the
fragmentation yield as a function of wavelength. The smaller complexes have resonances that
are red-shifted with respect to free nitrogen consistent with the Dewar-Chatt-Duncanson
complexation model. At cluster sizes of n > 9 new bands are measured, assigned to spin-state
isomers. Density functional theory calculations are used to predict structures, electronic states,
relative energies of isomers and IR spectra of V'(N;), n=1-4 complexes.Comparisons between
the measured IR spectra and theoretical predictions offer new understanding into the bonding
mechanisms of these metal ion complexes. To our knowledge, this is the first gas phase IR

spectroscopic study of an isolated transition metal cation — nitrogen complex.
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Introduction

Studies of metal and metal ion complexes in the gas phase are important as they provide
simple models to understand complex solvent-solute interactions, metal-ligand bonding and
molecule adsorption on metal surfaces.'” Transition metal (TM) ion — nitrogen complexes are
interesting because of their relationship to various biological and catalytic systems. For
example, nitrogenases are naturally occurring enzymes that contain transition metal centers and
catalyze the reduction of N, to ammonia.* The study of metal complexes has greatly facilitated
the understanding of the mechanism of these enzymes.”® Transition metal — nitrogen
interactions also play an essential role in the industrial synthesis of ammonia from N, on iron
surfaces.” The reduction of N, in biological environments and in surface science takes place by
the “activation” of the N-N triple bond and the degree of activation is gauged by the change in
the N-N bond distance vis-a-vis the N-N vibrational frequency.”® In this study we investigate
the perturbation on the N-N stretch in V'(N,), using infrared photodissociation spectroscopy.

Metal-nitrogen complexes, including vanadium nitrogen, have been investigated in the
condensed phase and in gas phase ion chemistry. In the latter area, ligand exchange studies and
collision induced dissociation have been utilized to investigate bonding energetics of various TM
cation-nitrogen complexes.” The binding of N, to a TM cation can occur in either the “end-on”
or “side-on” configurations. Electronic spectroscopic studies carried out by Brucat and co-
workers'® on Co'(N,) presented evidence for a side-on bonded ground state, but a combined
experimental (FT-ICR mass spectrometry) and theoretical (ab initio calculations using coupled
cluster and multireference configuration interaction wave functions) study carried out by
Schwarz'' and co-workers disputed this conclusion. Detailed investigations of the structures,

energies and vibrational frequencies of the neutral and ionic Fe(N») cluster using ab initio and
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DFT methods have been carried out by various groups'*"'* and reveal that N, will bind primarily
end-on. In the condensed phase, experimental studies have been carried out to measure changes
in the N-N frequency on metal surfaces.>"” In reference to vanadium nitrogen, Andrews and co-
workers'® have acquired infrared spectra of neutral V(N,), complexes for n= 4 and 6, as well as
metal-nitride insertion products in an argon matrix environment. Finally, Weltner and co-
workers'” have obtained ESR spectra of V(N,)g in a nitrogen matrix and proposed structures. In
our present work, we present infrared photodissociation spectra for V'(N,), complexes in the N-
N stretch region.*”

Although conventional infrared spectroscopy has been applied to study the metal surface-
adsorbate interactions,” these measurements are difficult in the gas phase. However, gas phase
experiments isolate the species of interest from complex interactions with solvent and solid
environments and hence provide ideal models for theoretical studies. Recently, our group has
been successful in employing infrared photodissociation spectroscopy to study various metal
cation-molecule complexes such as M+(C02)n,18'21 M+(C2H2)n,22’23 M+(H20)n,24’25 and
M*(CeHg)n>**’. In the present work, we apply this technique to study the N-N stretch in V'(Ny),
ions where n = 3-12. Unlike previously studied ligands such as CO, or H,O that already possess
an IR active chromophore, the N, molecule has no IR activity in the isolated gas phase.
However, in our previous work with metal-acetylene complexes®* the IR-forbidden modes of
free acetylene did become active. In addition, density functional (DFT) calculations predict that

the N-N moiety becomes strongly IR active once it is bound to TM cations.
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Experimental

The V'(N,), complexes are generated by laser ablation of a rotating vanadium rod placed
in a pulsed nozzle source. The source and the molecular beam apparatus have been described
elsewhere.™*’ A General Valve (series 9) operating with a backing pressure of 70-80 psi of pure
nitrogen gas is utilized to create a supersonic beam where cluster growth occurs. Light from the
third harmonic of a Spectra Physics Nd:YAG (Quanta Ray INDI 10) is employed to vaporize the
rotating vanadium rod. The expansion produced is skimmed into a differentially pumped mass
spectrometer chamber where the cationic complexes are extracted from the molecular beam with
pulsed acceleration voltages. The ions enter the first drift tube of the reflectron time-of-flight
(RTOF) mass spectrometer where they are size selected using pulsed deflection plates. The mass
selected ions then enter the reflectron or turning region where a voltage gradient is applied to
bring the ions to zero velocity before accelerating them into the second drift tube. Infrared light
acquired through an Nd:YAG pumped optical parametric oscillator /amplifier (OPO/OPA,
LaserVision) is used to excite the mass selected ions in the turning region in order to induce
dissociation. Parent and fragment ions are detected by an electron multiplier tube located at the
end of the second drift tube whose output is recorded with a digital oscilloscope (LeCroy
WaveRunner LT-342) connected to a PC via an IEEE-488 interface. The infrared spectra are

acquired by monitoring the fragment yield as a function of the laser wavelength.

Theoretical Methods
The structure, energetics, vibrational frequencies and IR oscillators strengths for V'(Ny),
n=1-4 were calculated using density functional theory (DFT). The B3LYP (Becke-3-Lee-Yang-

Parr) functional available on the Gaussian 03W package™ was utilized in the calculations along
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with an all-electron triple zeta basis set with diffuse and polarization functions (6-311+G*). The
nitrogen molecules were presumed to bind in the end-on or side-on configurations, but the
calculations allowed for symmetry breaking from C., and C,, symmetry in order to obtain true
minima. The primary interaction between the TM cation and nitrogen was believed to be
electrostatic in nature and hence the electronic states considered were those of the isolated
vanadium cation. The vibrational frequencies were scaled by 0.96 and this brought the
calculated value of N, to 2359 cm’. The experimental @, is 2358.6 and the fundamental

frequency of N occurs at 2330 cm™.*

Results and Discussion

The mass spectrum for V'(N,), complexes produced by laser vaporization of a vanadium
rod in a pure N, gas expansion is shown in Figure 4.1. A less intense set of peaks corresponding
to V'(H,0)(Ny), complexes are also present in the mass spectrum and are a by-product of the
water present in the gas lines. Water is intentionally added because we have found empirically
that it improves the singly charged ion yield in our expansion, especially for weakly bound
systems such TM-Ar, and TM™-(N,),.*® As shown, complexes of V'(N,), for n=1-21 are
produced in our instrument. It is unlikely that all the nitrogen molecules are bounded directly to
the metal ion. IR spectroscopy is used determine the perturbation, if any, that occurs in the N,
molecule when it binds to the metal cation and when the second or subsequent layers of N,
molecules form, i.e. the coordination number for the vanadium cation.

Figure 4.2 shows an example of IR photodissociation of selected V'(N,), complexes at
wavelengths near 2290 cm™ which is 40 cm™ red of the free N-N stretch. The negative going

peaks correspond to the depletion of the mass-selected parent ions and the positive peaks
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Figure 4.1 The mass distribution of V'(N3), and V' (H,0)(Ny), produced by laser

vaporization in a pure N, gas expansion.
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Figure 4.2 The mass fragmentation spectra for selected V' (N, complexes with n=5,7,8,9,
and 10. The complexes fragment by loss of N, and the loss process for the large

clusters terminates at n=6.
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represent the photofragments formed. The fragment masses show that the complexes dissociate
by the successive elimination of whole N, molecules. There is no evidence for nitride fragments
that might appear if the nitrogen molecules were dissociated due to metal bonding or by
photochemistry. Insertion reactions are not expected since these complexes are expected to bind
primarily due to electrostatic interactions (charge-quadrupole for metal cation-N, and
quadrupole-quadrupole for No-Ny).'#'*313% Another salient feature in the fragmentation spectra
is the termination at V' (N,)s in the sequential elimination of N, molecules from larger
complexes. The simplest explanation for this trend is that in the n = 6 and smaller complexes the
nitrogen molecules must attach themselves directly to the metal cation. The binding energy of
nitrogen to vanadium cation is not known experimentally, however Armentrout and co-workers
have measured the energetics for the isoelectronic species V'(CO),.** The binding energies of
CO to vanadium cation for up to seven ligands range from about 6000 cm™ to 9500 cm™ and the
values for the N, ligand should be slightly smaller. Conversely the (N;), dimer bond energy is
predicted to be about 50-100 cm™ .**** In the larger complexes, it is likely that some of the N,
molecules are not bonded directly to the metal, consequently these complexes must have lower
dissociation energies for the removal of outer ligands. It could be argued that V'(N,); should be
an unusually stable system because it is an 18-electron system. However seven nitrogen ligands
may create steric hindrance, thus offsetting any benefit acquired by an 18-electron scheme. A
similar argument has been put forth by Armentrout and co-workers for the relatively greater
stability of V'(CO)s as compared to V' (C0);.

Figures 4.3 and 4.4 show the IR spectrum acquired for V'(Ny), for n=3-14 which are
recorded in all mass channels corresponding to loss of whole N, molecules. The dashed line

indicates the frequency of free nitrogen at 2330 cm™. It is clearly evident from the spectrum that
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Figure 4.3 The IR photodissociation spectra for V'(N;), with n=3-8 obtained by monitoring
the loss of N as a function of wavelength. The vertical dashed line indicates the

N-N vibrational frequency of free N».
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Figure 4.4 The IR photodissociation spectra for V'(N,), with n=9-14. The vertical dashed

line indicates the frequency of free nitrogen.
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the IR forbidden N-N vibration of free nitrogen is “switched on” by the vanadium cation. The
small complexes have a one main peak that is red shifted from free nitrogen by about 40 cm’.
Some of the small complexes (n=5-7) also have a second peak that is further red shifted than the
main peak and lesser in intensity. The large complexes have two red shifted peaks of
comparable intensity. The red-shifts of the principal peaks seen so far can be understood
qualitatively using the so-called Dewar-Chatt-Duncanson complexation model, which is often

35,36

applied to TM-carbonyl complexes. In this picture, the bonding includes c-type donation of

electron density from the ligand into the d-orbitals of the metal and n-type back-donation of
metal electron density into the * orbitals of the ligand.’’”* Both factors help to weaken the N-N
bond and drive the vibrational frequency to lower values. Complexes of size n < 3 gave broad,
featureless spectra with low signal/noise ratio and reasons for this are discussed below.

V'(N,)4 is the smallest cluster for which an IR spectrum with a reasonable signal to noise
ratio can be acquired. The spectrum for the n=3 complex exhibits a single broad feature centered
at 2285 cm™. It is not surprising for small complexes to display spectra with low signal/noise
ratio. Large complexes tend to have lower binding energies compared to smaller ones since the
electrostatic charge of the metal ion is shared by additional ligands. Due to the larger binding
energies, photofragmentation in the smaller complexes probably proceeds by multiphoton
processes, which are in general, inefficient. This may lead to the poor signal/noise ratio. The
complexes in our experiment are cooled via supersonic expansion, but some complexes may still
retain excess internal energy causing them to dissociate effortlessly and hence producing broad
spectra. The broad spectra may also arise because a small percentage of the complexes may be
weakly bound isomeric forms of the more strongly bound complexes and as a result fragment

readily. The spectrum of V'(N,); therefore has a low signal/noise ratio and shows no distinct
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peaks. The spectrum of V'(N,), is more intense than that for the n=3 cluster, with a single peak
centered at 2288 ¢cm™! that is 42 cm™! red-shifted from the free N, vibration.

The spectrum of V'(N,)s is somewhat different from the spectra of the smaller
complexes. Firstly, it has a higher signal/noise ratio with the principal peak now appearing at
2271 cm™. This is now a 17 cm™ red-shift from the principal peak in the n=4 spectrum and an
59 cm™! red-shift from free nitrogen. A minor, yet reproducible, peak is also evident in the
spectrum, emerging slightly to the red of the primary peak. This secondary feature positioned at
2258 cm’ is also present in the spectra for the n=6 and 7 cluster sizes, although it is slightly less
prominent for the n=7 complex. The spectra of the V'(N3)s and V'(N,)s are identical with
apparently no change in the peak positions or the signal/noise ratio. The spectrum of V'(N,) is
similar to the n=5 and 6 spectra with a prominent peak centered at 2271 cm'and a smaller
feature at 2258 cm™', but the linewidth is broader. The linewidth of the peak in the spectra of the
n=5 and 6 complex is roughly 8 cm™ at FWHM, whereas the linewidth in n=7 spectra is about 15
cm’'. This apparent broadening of the red-shifted peak is also noticeable in the spectra for the
n=8 complex, where yet again only one principal feature centered at 2271 cm™ is observed but
whose linewidth now at FWHM is roughly 29 cm™. In the V'(N)o spectrum, we detect the
continuing trend of increasing linewidth with little or no shift of the center of the principal peak.
The main feature now has a peak width of about 42 cm™ but there is also a small reproducible
peak at 2330 cm™. Based on our results above, only the first six N, molecules are bound to the
metal ion. Thus, beginning with the n=7 cluster we suspect the onset of the second solvation
sphere, but given that the N,-N, complex is bound by only 100 cm™, it is doubtful the N-N
vibration is strongly IR active within such a van der Waals dimer. In fact, from spectroscopic

studies available for (N,),, the proposed geometry is T-shaped with an IR mode at 2329 cm™.*!
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This basically falls right on the vibration of free nitrogen at 2330 cm™.** Thus, we ascribe this

feature to the presence of one or more N, molecules in the second solvation sphere.

The spectrum of V'(Ny)yo is noticeable different from the spectra of the smaller
complexes. The broad feature of the n=9 spectrum has now split into two distinct peaks
separated by 38 cm™. The larger peak is centered at 2250 cm™ with a linewidth at FWHM of 9
cm’', whereas the smaller peak falls at 2288 cm™ and corresponds closely to the single peak in
the n=4 spectrum. It must be noted that these two primary peaks are not separated completely by
baseline but are conjoined. The feature at 2330 cm™ present in the n=9 spectrum, corresponding
to external nitrogens, is also present in the n=10 spectrum. The spectra of the complexes greater
than V'(N,),o reveal no significant changes with regard to peak positions or intensities.
However, the spectra gradually become smoother and the two peaks become more separated.
The 2330 cm™ band gradually becomes too weak to detect.

In order to further investigate these infrared photodissociation spectra, we performed
comprehensive DFT calculations on the n=1-4 cluster sizes. Figure 4.5 shows the optimized
geometric structures for the n=1-4 complexes sizes calculated using the methods mentioned in
the theoretical section. The predicted IR active frequencies along with the oscillator strengths,
and dissociation energy (D.) for the addition of the last ligand are listed in Table 4.1. Further
details of the structures are listed in Appendix A. Studies were only done for the n=1-4
complexes because calculations for the larger complexes failed due to convergence difficulties.
For each complex, the ground state (°D) and first excited state associated with a spin change C'F)
for the isolated V' were studied. For all complexes, the quintet was more stable than the triplet
by 15-30 kcal/mol. The results of all the calculations are listed in Appendix A. For the n=1

cluster, two minima corresponding to the end-on and side-on configurations were found with the
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Figure 4.5 Calculated structures for V'(N,), n=1-4 using B3LYP/6-311+G*. Bond

distances are in angstroms and bond angles in degrees.
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Table 4.1 The results of theory for the quintet electronic states of V'(N3), complexes. Binding
energies (relative to separated V' and nNy), dissociation energies (D.) for the process V'(Ny), =
V' (N2)n.1, predicted frequencies and IR oscillator strengths for calculated structures shown in

Figure 4.5 (using B3LYP/6-311+G*). Frequencies were scaled by 0.96.

Structure B.E D, IR Freq. IR Oscillator Strength
(kcal/mol) (kcal/mol) (cm™) (km/mol)
n=1 Linear 33.8 33.8 2291 55
T-shaped 18.6 18.6 2160 169
2 Linear 53.1 19.7 2262 354
Mixed 40.3 6.7* 2182,2292 311, 67
T-shaped 27.0 8.5 2181 544
3 Linear 71.7 18.9 2267,2275 129, 263
4 Linear 88.3 33.8 2279 246

*for removal of the more weakly bound T-configured ligand.
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end-on structure more strongly bound by about 15 kcal/mol. For both structures, the N-N
frequency predicted is significantly red shifted compared to free nitrogen. For the linear
complex, this shift is about 40 cm™', whereas for the T-shaped complex it is approximately 171
cm™. Also of significance to this work are the non-zero values for the infrared oscillator
strengths predicted by theory and observed experimentally. A greater red-shift is expected for
the T-shaped complexes given that the metal ion is directly bonded to the w electron framework
and hence can perturb the N-N bond to a larger extent as compared to the linear complex. For the
n=2 complex, minima were found for both linear (2L), both T-shaped (2T) and one L, one T (L-
T) configurations. The all linear complex was found to be a minimum whereas the 2T complex
is higher in energy. The L-T complex is a minimum but higher in energy than the 2L complex
but lower in energy than the 2T complex. The 2-T has D,4 symmetry where the nitrogens are
staggered. Again red shifts are predicted that are greater for the 2T complex as opposed to the
2L complex. The all linear complex is calculated to have a frequency near 2262 cm™ with a
dissociation energy (D) of 19.7 kcal/mol, whereas the T-complex has a frequency of 2209 cm’™
with a D, of 8.5 kcal/mol. The L-T complex has two vibrations, one corresponding to the L
isomer and the other to the T isomer. For complexes larger than n=2 it is possible to envision
additional isomers where one N, binds end-on while the others bind side-on. For such systems
we have not performed an exhaustive search of the potential surface for all possible isomers. We
have not explored these possibilities because such complexes would have two distinct IR bands
whereas in the spectra for the small complexes we observe only a single band. Hence the spectra
suggest that at least in the smaller complexes, the structures are highly symmetric and that all the

N, molecules bind in equivalent orientations.
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As can be seen from the trend so far, the linear complexes appear to bind more strongly
and their predicted frequencies fall within the range where we observe our IR bands. This trend
continues for the n=3 cluster, where no minima could be found for all three N, molecules
binding in the side-on orientation. For end-on bonded nitrogen, a minimum energy structure is
found that is distorted from a trigonal planar structure. Attempts to constrain the molecule to a
trigonal planar arrangement did not lead to a stationary point. The stable structure found has a
D. of 18.9 kcal/mol with two IR active modes, one at 2267 cm’! and the other at 2275 cm’™ (with
the latter twice as intense as the former). Changing the orientation of the axial N, to side-on
bonded resulted in a second order saddle point with a D of 3.80 kcal/mol. Unfortunately the
n=3 spectrum with its low signal/noise ratio does not lend itself to any vibrational analysis.
However, the spectrum has structure in the 2270-2300 cm™ region consistent with the predictions
of theory.

For V'(N,)4, the only structure with equivalent nitrogens resulting in a stationary point
has square planar symmetry, as shown in Fig 4.5 Such a structure is understandable because the
vanadium ion is well known to form octahedral and square pyramidal structures in condensed
phase inorganic chemistry,” and a square planar structure is a precursor to such geometries.
This structure is predicted to have a doubly degenerate vibration resulting in a single IR band
that is only 9 cm™ off from the peak in the spectrum. We can therefore conclude that the
spectroscopic data and theoretical predictions support the presence of end-on bonded nitrogen
molecules in a square planar arrangement for the n=4 complex.

The primary band in the n=5 and 6 spectra falls at 2271 cm™ which is 17 cm™ further to
the red of the n=4 band. Such a shift in the principal peak between the n=4 and the n=5,6

40b

complexes was also observed in our work with Nb+(N2)n. However, in that system there is
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only one band for all complexes sizes. The small shift (in comparison to n=4) seen for the n=5,6
complexes suggest similar structures to the n=4 complex. Therefore, square pyramidal
symmetry for V'(N3)s and octahedral for V'(N,)s are likely candidates for these complexes.
Moreover, the vanadium ion favors these symmetries in the condensed phase.”” The n=5 and 6
spectra do have an additional peak at 2258 cm™ with much lower intensity. This band may be
the precursor to the intense, further red-shifted peak (appearing at 2250 cm™) that appears in the
larger complexes beginning with V'(Ny)yo. It is also possible that the complexes are comprised
of geometries that are distorted from square pyramidal and octahedral geometries. Weltner and
co-workers'” interpreted the electron-spin-resonance spectrum of neutral vanadium hexanitrogen
as evidence of tetragonal axial elongation of the octahedral crystal field due to Jahn-Teller
effects, thus reducing the symmetry to D4,. In such a situation, one N (for n=5) and two N ( for
n=6) molecules are in slightly distorted positions compared to the other nitrogen molecules and
hence will have slightly different IR absorptions. This could well describe the presence of the
secondary peak in the IR spectra of n=5 and 6.

Beginning with V'(N,); a general increase in the linewidth of the principal peak is seen
and this splits eventually into a doublet at V+(N2) 10 It can be surmised that the general
broadening seen for the n=7,8 and 9 complexes is the naissance of the doublet that is ultimately
seen for the larger complexes. The further red-shifted and more intense peak at 2250 cm™
appears to be the result of a new interaction that is absent in the smaller complexes, since the
smaller band at 2288 cm™ corresponds well to the single peak in the n=4,5,6 and 7 spectrum. In
order to understand the presence of the doublet we consider three possibilities. Firstly, it is
possible that some of the N, molecules bind in the side-on configuration to the metal ion.

However, such a situation is hard to envision given that DFT calculations consistently favor end-
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on binding over side-on bonded N, molecules. Moreover, the predicted vibrational frequencies
for any side-on bonded N, falls between 2100 — 2210 cm™ — a region in the IR spectra where on
bands are observed. The second possible explanation for the doublet is an intracluster reaction
brought about by solvation effects and/or photochemistry. An intracluster reaction induced by
solvation is an intriguing possibility. Such reactions have been detected in our lab previously
with Ni'(CO2)n,"? VI (CO2)n,2° Sif(CO»)m,2" and Ni'(C,H,), 2 complexes. Here, an intracluster
reaction would lead to metal-nitride complexes, which seems unlikely. There is no evidence in
the mass spectrum for the formation of vanadium-nitride complexes. Furthermore, the
fragmentation spectra (Figure 4.2) all show the elimination of only intact nitrogen molecules.
However, these arguments alone cannot rule out the possibility of a reaction. If any reaction did
take place, it would lead to a N-V-N product that might form a core around which further N,
molecules will agglomerate. If such a complex does form, it could not be distinguished by mass
spectrometry. Therefore, we performed DFT calculations using the B3LYP/6-311+G* method
to consider the energetics of the N-V-N product. This product is a third order saddle point lying
about 160 kcal/mol higher in energy than linear V-N-N complex. Although the absolute value of
the energetics and the nature of the stationary point may be an artifact of the method used, it is
reasonable to conclude that N-V-N is an unstable product. We can therefore rule out such a
reaction as the source of the 2250 cm™ band.

The final alternative to consider is the possibility of a spin change induced on the
vanadium cation by the presence of secondary solvation ligands. Transition metals frequently
possess low lying excited states that compete with the ground state for the lowest energy

41,42

conformation. The vanadium cation is a quintet in its isolated form (d*, °D) and the first

excited electronic state associated with a spin change is a triplet (d’s, °F), which lies 25.2
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kcal/mol cm™ higher in energy. These two electronic configurations were calculated as
contenders for the ground state of V'(N,)s. The *A, state in V'(N,)q is predicted to lie higher in
energy by approximately 20.7 kcal/mol than the SBzg state. The binding of nitrogen at least in the
n=4 cluster is not expected to change the spin multiplicity of V. However, we anticipate such a
spin change only with the larger complexes where the 2250 cm™ band is seen clearly. The triplet
is also predicted to have only one IR frequency vibration that falls near 2225 cm™ with twice the
intensity of the IR band as for the quintet state. Figure 4.6 shows the spectra of the n=4 and 12
cluster along with the predicted frequency position for the quintet and triplet states. The
predicted frequency for the SBzg state agrees well with n=4 spectrum, whereas there is no
observed band that corresponds to the *A, state complex. However, the triplet frequency band
matches very well to the 2250 cm™ band in the n=12 spectra and the quintet frequency
corresponds to the minor peak in the spectra. Based on these results, it is reasonable to conclude
that the doublet seen in the IR spectra of the larger complexes is due to the presence of
vanadium-nitrogen complexes that possess two different electronic states and that the lower
multiplicity state is generated principally due to solvation effects.

Various groups, including ours, have invoked such a ligand induced spin change in the
vanadium cation. Bowers and co-workers* investigating the binding energies of V*(Ha), n=1-7
ascribe the anomalously high binding energy of the n=6 cluster to a change in the spin state from
a quintet to a triplet. In our previous work with V'(benzene), complexes™ the possibility of a
spin change needed to be considered to interpret the IR spectra, but discrepancies between the
experimental results and theoretical predictions prevented a conclusive argument. These
examples along with the present work describe the propensity of the vanadium ion to alter its

electronic state.
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Figure 4.6 Calculated spectra for V'(Na), for °D and °F electronic states of V' compared to
the experimental spectra of V+(N2)4 and V+(N2)12. Predicted intensities have been

normalized for direct comparison.
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Although, the IR spectra of the larger complexes indicate a possible spin state change in
the vanadium cation, it is surprising that both spin states co-exist in our molecular beam. This is
only possible if the energy difference between the two spin states is extremely small (~50 cm™).
Our recent work on Nb'(N,), complexes revealed a spin state change as well but only one band

4% Eor the Nb*(Ny), system we were able to perform DFT

was present in the IRPD spectra.
calculations up to the n=6 complex size and thereby obtain the energetics between the different
spin states. Since DFT calculations are usually more difficult for first row transition metals,

we are unable to calculate energetics for V'(N;), complexes larger than n=4. Future theoretical

work would have to compute the energetics and IR spectra for quintet and triplet spin states of

the larger complexes.

Conclusion

This work reports the first gas phase infrared spectra of V'(N,), complexes, which is also
apparently the first IR data for metal ion — nitrogen complexes in the N-N stretching region.
Photodissociation for all cluster sizes occurs exclusively by the loss of whole N, molecules. The
fragmentation mass spectra show the termination at n=6 for the elimination of N, for the larger
complexes signifying that the initial six N, molecules comprise the first solvation sphere for V.
The IR spectra of the small complexes show a single peak that is red-shifted with respect to free
nitrogen and is consistent with the qualitative predictions of the DCD model. This single band
eventually splits into a doublet separated by 38 cm™ at the n=10 cluster size and with minimal
changes after that for the bigger complexes. Structural and spin-state isomers are considered as
possible explanations for the doublet. Coupled with DFT calculations, the IR spectra present

strong evidence for only end-on bonded N, molecules and no side-on bonded nitrogens. The
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possibility of an intracluster reaction brought on by progressive solvation is considered and ruled
out based on experimental and theoretical evidence.

A possible spin change in the vanadium cation is the best explanation for the doublet in
the larger complexes. Predictions from DFT for the two different electronic states of V' match
well with the IR spectra and lead to this conclusion. However, further theoretical studies for the
larger complexes needs to be undertaken in order to completely verify the hypothesis. These
new IR studies can be extended to suitable metal ion — nitrogen complexes. Further studies to
examine the trends in the vibrational shifts for different metal — nitrogen complexes and the

correspondence between experiment and theory are currently underway in our lab.
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CHAPTER 5
IR SPECTROSCOPY AND DENSITY FUNCTIONAL THEORY OF
Nb*(N2)s COMPLEXES :

EVIDENCE FOR A SPIN-STATE CHANGE

Infrared photodissociation spectroscopy is reported for Nb"(N,), complexes in the size
range n=3-16 in the N-N stretch region. As seen for V'(N;),, binding to a transition metal cation
causes the IR forbidden N-N stretch of free N, to become active. The complexes fragment by
the loss of intact N> molecules when excited in the N-N stretch region and monitoring the
fragmentation yield as a function of laser wavelength produces an IR spectrum. The
fragmentation mass spectra for Nb"(N,)s.0 indicate that Nb" has a coordination of six ligands.
The IR spectra for Nb'(N;),.; contain bands red-shifted from the N-N stretch in free nitrogen
consistent with the qualitative guidelines of inorganic chemistry. Using the predictions of
density functional theory, structures and ground electronic states for each cluster size are
proposed. The IR spectra indicates that at the cluster size of n=5, the Nb" undergoes a spin
change due to ligand effects. The red shifts seen for Nb+(N2)n are greater than those for V+(N2)n

for the corresponding complex sizes.
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Introduction

Biological and catalytic systems contain numerous examples of molecular and atomic
nitrogen interacting with a transition metal (TM)."® The natural catalyst of nitrogen fixation is
an enzyme that carries Fe, Mo, and V at its active sites.'” Studies of gas phase metal clusters
have greatly improved our understanding of the chemistry at these sites.”> TM-nitrogen
interactions are also important in the synthesis of ammonia.®® The dissociation of N, by
catalytic iron surfaces is the rate-determining step in ammonia production, although the
mechanism has not yet been fully understood.”® TM-nitrogen complexes are isoelectronic to
TM-carbonyl complexes which are considered prototypical systems in coordination chemistry

. . . . 9-11
and inorganic and organometallic chemistry.

Hence there has been a longstanding theoretical
and experimental interest in metal containing nitrogen compounds to draw comparisons between
N, and CO as ligands.'? In this paper, we investigate the bonding interactions between the Nb”
and multiple N, ligands by probing the N-N vibrational stretch using infrared photodissociation
spectroscopy (IRPD).

There has been substantial interest in first row TM-nitrogen interactions and these
complexes have been studied by theoretical,*”'* mass spectrometric,'® and optical spectroscopic

methods.!”?!

Initial theoretical efforts have focused on the Fe-N, complex due to its relevance in
biochemistry and surface catalysis and probed its structures and bonding energetics.'”"> Mass
spectroscopic methods have been used to measure bond energies for various first row TM -
nitrogen complexes'® whereas electronic spectroscopy has probed their structures.'" Second
row TM-ligand chemistry is appealing because these metals are usually more reactive than their
9,22-24

first-row counterparts and hence can trigger ligand activation and dissociation.

Consequently, the reactivity of second row transition metals towards various ligands has been
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examined by theoretical methods” and gas phase kinetic measurements.”**’ Motivated by this, a
number of studies have been undertaken to investigate the reactivity of neutral and ionic Nb
clusters with several ligands.zg'36 Armentrout and co-workers have studied the activation of

small hydrocarbons by Nb".?® Matrix isolation infrared spectroscopy has been applied to neutral

29,30 .
=" Electron-spin resonance spectroscopy

Nb(N,), complexes in order to determine structures.
coupled with matrix isolation has been applied to neutral Nb(N,)s and Nb(CO)s complexes and
structures were established.”' Various groups have investigated the reactivity of size specific
neutral and ionic Nb clusters towards small molecules such as N2,31'3 3Co,*? D2,33 NO and
NO,.** These studies show that the chemical reactivity of the Nb clusters is dependent on the
cluster size and its overall charge. To supplement the experimental work on Nb clusters, theory
has probed the underlying structures and bonding in these systems.”>® Ab initio and density
functional theory (DFT) have investigated the geometries and electronic states of Nby, clusters

3336 In this work, investigate the structure and bonding patterns

and their adducts with nitrogen.
n Nb+(N2)1_16 complexes with IRPD spectroscopy and DFT calculations.

Our recent report on the IRPD spectroscopy of V'(N,), was the first study that probed the
N-N stretch of an isolated TM"(N,) complex and thereby confirmed its structure and ground
electronic state.’” Nb+(N2)n is our second study of a TM+(N2)n system.37b Until recently such
studies were not possible due to the unavailability of suitable laser sources. However, utilizing
new optical parametric oscillator/amplifier (OPO/OPA) laser sources, we have been able to
apply IRPD spectroscopy to TM(N,), and additional metal cation-ligand complexes such as
M'(CO,),*, MT(CoH,) Y, M (H,0)*, and M"(C4He)*'. These studies have confirmed the

structure and other bonding parameters of these gas phase metal ion complexes. However, all

these studies have involved either a main group metal or a first row transition metal and aided in
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the discussion of relative trends in bonding across a period. This paper represents our first
attempt to apply IRPD spectroscopy to a second row TM -ligand complex, namely Nb"(N,), and
thereby observe periodicity down a group. Unlike ligands such as C,H; and H,O, N, does not
have an IR active mode in the gas phase. However, as evidenced by our work with V'(Ny),,
nitrogen binding to a TM" does “switch-on” the IR activity of the N-N stretch (due to the

reduced symmetry of the TM'-N, complex) and its intensity is easily detectable by IRPD.

Experimental

A detailed description of the experimental apparatus has been published elsewhere.*
Briefly, the Nb'(N,), complexes are produced in a pulsed nozzle cluster source by ablating a '”
Nb rod with the third harmonic of a Nd:YAG laser. A General Valve (Series 9) operating with a
backing pressure of 70-80 psi and pulse durations of 260-280 us is employed to generate pure
nitrogen expansions that lead to cluster growth. The expansion is skimmed into a differentially
pumped reflectron time-of-flight mass spectrometer where positively charged acceleration plates
inject the cationic complexes into the first drift tube. The parent ions of interest are then size
selected with a pulsed deflection plate known as a “mass gate”. The size selected ions enter the
reflectron region where a series of voltage plates apply a voltage gradient causing them to
decelerate, turn and then accelerate into the second drift tube. At the “turning point” the ions are
excited with tunable IR light acquired through a Nd:Y AG pumped optical parametric
oscillator/amplifier (OPO/OPA, LaserVision) to induce dissociation. The parent and fragment
ions accelerate into the second drift region where an electron multiplier tube in conjunction with

a LeCroy WaveRunner LT-342 digital oscilloscope detects them. The signal is transferred to a
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PC via an IEEE-488 interface. Monitoring the fragment yield as a function of the IR OPO/OPA
wavelength generates an IR spectrum of the parent ion.

Density functional theory (DFT) was used to study the small Nb"(N,) complexes.
Structures and energetics for the Nb'(N;),.¢ complexes were calculated using the B3LYP
functional available on the Gaussian O3W package.”® The DGDZVP basis set was employed for
Nb" while the 6-311+G* basis set was used to describe nitrogen. All calculations allowed for
symmetry breaking and for each initial geometry, multiple spin states were considered. The
calculated frequencies were scaled by 0.96 which is the recommended scaling factor for the 6-

311+G* basis set.***

Results and Discussion
The mass spectrum of Nb'(N,), is shown in Figure 5.1 and is similar to the spectrum

378 Nb'(Ny), up to n=15 are produced by laser

presented for V'(N), in our previous work.
vaporization of a niobium rod in a pure nitrogen expansion. The mass spectrum shows that these
complexes are produced by the addition of intact N, molecules around Nb" with no evidence for
ligand fragmentation. The mass spectrum also shows evidence for complexes of the form
Nb+(N2)n(H20)m that are produced from water that is added to the cluster to enhance cluster
growth. As each N, occupies a binding site around the metal cation, additional N, molecules
will begin to attach to these “core” ligands. To explore the vibrational spectroscopy of these
complexes as a function of size, we excite the N-N stretch of free N, near 2330 cm’' and measure
resonance enhanced photodissociation.**

IR excitation near the N-N stretch of free N, in Nb+(N2)n for n=1-3 produced little or no

dissociation. Although these cluster sizes are produced in high abundance, their
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Figure 5.1 The mass spectrum of Nb'(N), complexes generated in our experiment.
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photofragmentation yields are quite low. Starting with the n=4 and up to the larger complexes,
the fragmentation yield does increase enabling us to measure an IR photodissociation spectrum
in the 2100-2200 cm™' region. We have observed a similar trend in other TM-ligand systems

C 37-41
where no dissociation is observed for the small complexes.”’

The small complexes are
difficult to dissociate because the IR photons do not possess sufficient energy to break the
weakest bond in the complex, i.e. the TM-ligand bond. As the cluster size increases, the
bonding capacity of the TM cation is distributed to the additional ligands thereby reducing the
per-bond dissociation energy. Eventually, the IR photons are sufficiently energetic to dissociate
the TM-ligand complex. Binding energies for the Nb"(N,), complexes are not available and so
we employed DFT to calculate them. The essential results of the calculations are presented in
Table 5.1 while a full description of the results is given in the Appendix B. Although the B3LYP
method tends to misjudge dissociation energies, the errors are usually within 6 kcal/mol of the
corresponding experimental and CCSD(T) values.*® The B3LYP results show that the
dissociation energy for the small Nb"(N,) complexes is over 17 kcal/mol (~6000 cm™).
Excitation near the free N, stretch (2330 cm™) would not fragment these complexes unless a
multiphoton process occurs and such processes are inefficient given our OPO pulse energies.
Therefore, the observed low photodissociation yields for the small complexes is consistent with
the predicted energetics of this system.

Figure 5.2 shows the fragmentation mass spectra for the n=6-9 complexes acquired by
tuning the IR OPO to a wavelength of 2215 cm™. These spectra are obtained by first mass
selecting the parent ion of interest and recording a mass spectrum with the IR laser off. The IR

laser is then turned on and a second mass spectrum is recorded. Subtracting the first spectrum

from the second results in the fragmentation spectrum for the size selected ion where the
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Table 5.1 The results of theory for the quintet and triplet electronic states of Nb'(N>),
complexes. Relative energies, binding energies [relative to separated Nb* (°D and °P
respectively) and nN,], dissociation energies (D.) for the process Nb'(N3), = Nb'(Ny)..1,
predicted frequencies and IR oscillator strengths for the calculated structures shown in Figure 5.5

(using B3LYP/6-311+G*). Frequencies were scaled 0.96. All energies are in kcal/mol.

n Structure Rel. Energy B.E. D. IR Freq. (cm™)

(Osc. Str., km/mol)

1 L(Y) (on’o) 0.0 17.0 17.0 2265(58)
TCB)) (aibyaza)) +14.1 2.9 2.9 2212(95)
LCY) (o) +43.7 3.4 3.4 2191(164)
TCA,) (azbr’ay) +22.7 24.3 24.3 1795(169)

2 LCZ,) (1°8,°) 0.0 42.4 25.4 2244(383)
MCA)) (bobjaza))  +13.7 28.7 25.8,11.7°  2216(221), 2247(101)
TCA) (bigbagbigay) +28.8 13.6 10.7 2221(252)
LCZY) (o4ms") +18.0 54.4 51.1 2188(732)
M(CB)) (a;b;b,%) +28.1 44.5 20.2,41.2*  2033(505), 2220(205)
TCB,) (a2°bya)) +36.7 35.7 113 1992(848), 2044(3)

3 LCA)) (byasbia)) 0.0 61.1 18.7 2226(165), 2251(317)
L(CB,) (bjasby?) +11.5 79.6 25.1 2171(310), 2197(661)

4 L(Byy) (bygeg’ary) 0.0 79.5 18.4 2251(336), 2251(336)
LCAL) (eg°b2g0) +8.4 101.1 21.5 2209(605), 2209(605)
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5 LCB)) (bieay) +10.8

LCA) (a’aa) 0.0

6 L(B,) (ag’b,a,) 0.0

81.7

122.5

140.8

2.2

214

18.5

2235(400), 2235(400)
2257(15), 2321(4)

2203(158), 2208(609)
2210(148), 2217(536)
2225(472), 2225(459)

2227(539)

*for removal of the T-configured ligand.
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Figure 5.2 The mass fragmentation spectra for Nb"(Ny)s.0 complexes. The complexes
fragment by the loss of intact N, molecules and the larger complexes terminate at

n=6.
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negative peaks correspond to the parent ion and the positive peaks to the photofragments. The
fragmentation spectra show that photodissociation results in the elimination of intact N,
molecules. The absence of any nitride fragments in the spectra indicates that the N-N bond does
not dissociate despite the metal bonding and photochemistry. In data not shown, the complexes
smaller than n=6 all fragment by the loss of a single N> molecule. Likewise the n=6 complex
also dissociates by losing one N, molecule. Beginning with the n=7 complex and extending out
to n=9 (and beyond) the complexes eliminate single or multiple N, molecules to terminate at the
cluster size of n=6. Such a common termination point for other TM-ligand complexes has been
observed previously and indicates the preferred coordination number of the TM cation.*” ™!
Ligands attached directly to the TM cation that form the “core” are strongly bonded as compared
to the external ones and survive the photodissociation process. In the case of Nb" the
fragmentation spectra indicates a coordination of six nitrogen molecules, which is the cation’s
favored coordination in the condensed phase as well.”

The IR photodissociation spectra for Nb"(N;), n=3-7 are shown in Figure 5.3. The
spectra are acquired by monitoring the dissociation yield of the parent ion as a function of the IR
wavelength. Ifthe parent ion has multiple fragments, each fragment channel is monitored to see
if the spectra are different. In this case, all channels for a particular parent signal produced
similar spectra differing only in the signal/noise (S/N) ratio. The spectra presented in Figure 5.3
for each cluster size is therefore the one that carries the highest S/N ratio. The dashed line in
Figure 5.3 indicates the frequency of free N, at 2330 cm™. As discussed above, the complexes
for n=1-3 have low fragmentation yields producing a IR spectrum with low S/N ratio. The n=3
complex has a barely discernable resonance around 2250 cm™. The spectra for n=4-7 complexes

have a single feature between 2200-2300 cm™ which corresponds to a red shift of ~70-120 ¢cm™
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Figure 5.3 The IRPD spectra for Nb"(N,), n=3-7 acquired by monitoring the loss of N; as a
function of OPO wavelength. The dashed vertical line indicates the frequency of

the N-N stretch in free N,.
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from free N,. The larger complexes up to n=16 essentially have identical spectra with
resonances red-shifted by approximately ~70-120 cm™. As seen previously, binding to a TM
cation does activate the IR forbidden stretch of free nitrogen.”” The significant red-shifts seen
for all the complexes agree qualitatively with the predictions of the Dewar-Chatt-Duncanson
(DCD) model.*”** The model considers the TM-ligand bond as a synergistic mix of o-type
donation of electron density from the ligands into the TM d-orbitals and n-type back-donation
from the TM orbitals into the antibonding orbitals of the ligand. Such a bonding mechanism
weakens the bonding in nitrogen, lowering its vibrational ’frequency.22

The Nb'(N,), for n=1-3 have such low dissociation yields that their photodissociation
spectra barely show a resonance. Beginning with Nb'(N,)4, the dissociation yields are higher
and we obtain an IR spectrum that has a band at 2265 cm™. This is a red-shift of 65 cm™ with
respect to the free N vibration. The spectrum for the n=5 complex also has a single peak which
is centered at 2204 cm™. This is a shift of 61 cm™ to the red from the n=4 resonance and a 126
cm’' shift from free nitrogen. The spectra for the n=6 and 7 complex also exhibit a single band,
which is slightly blue-shifted from the peak in n=5 spectrum. Nb'(N>) has a single feature at
2214 em™ which represents a blue-shift of 10 cm™ from the Nb"(N;)s band, a red-shift of 51 cm™
from the Nb+(N2)4 band and a red-shift of 116 cm™ from free N,. The single peak for Nb+(N2)7
falls at 2212 cm™ which is a red-shift of only 2 cm’™! from the Nb+(N2)6 band. In Table 5.2 we
list all the band positions for all complexes from n=1-16. We have not shown the IRPD spectra
for complexes larger than n=7 because they all have a single peak at essentially the same position
as the n=7 complex with identical S/N ratio. It is interesting to note that the spectrum for
Nb'(Ny)s has a lower S/N ratio and a broader peak width as compared to the other complexes in

the n=4-7 range. Based on our results from the fragmentation mass spectra and studies in the
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Table 5.2 Vibrational band positions measured for the Nb"(N;), complexes for n=1-16.

n FTequency(cnfl) n Frequency
1 - 9 2212
2 - 10 2212
3 2240, 2270 11 2210, 2338
4 2264 12 2210, 2338
5 2204 13 2210
6 2214 14 2209
7 2212 15 2209, 2338
8 2212 16 2208
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condensed phase, we have shown that Nb" prefers a coordination of six. If this is the case, the
n=6 complex should be energetically favored compared to the n=5 and 7 complexes and
therefore harder to dissociate. Consistent with this, the dissociation yields for Nb'(N,)s are
lower than the other complexes in n=4-7 range, thereby producing a spectrum with low signal
level and broader linewidth.

Based on the discussion above, there is strong evidence that beginning with the n=7
complex, the last N, molecule binds to a “core” N, ligand rather than to the metal ion. This
interaction should have properties very similar to those of (N3), dimer. The nitrogen dimer has

been investigated theoretically and spec‘[roscopically.‘w'51

It is T-shaped, bound by van der
Waals forces with an IR frequency at 2329 and 2339 cm™. However, these modes are expected
to be only weakly IR active since the van der Waals interaction causes only a minor perturbation
of the N-N bond. Consistent with this, there is hardly any resonance near 2330 cm™ that might
result from the presence of an external N, for Nb"(N,);. However, our scans of the larger
complexes (n=11, 12, 15) do detect such a resonance. Figure 5.4 shows the spectra of the n=11
and 12 complexes where a weak band corresponding to external N, at 2338 cm™ is present.
DFT calculations were performed on the n=1-6 complexes to acquire additional insight
into these spectra. Studies were only done for n=1-6 complexes because calculations for the
larger complexes failed due to convergence difficulties. Figure 5.5 shows the optimized lowest
energy structures for each cluster size while the predicted IR active frequencies, oscillator
strengths, electronic states, binding energies and dissociation energy (D.) for the addition of the
last ligand are listed in Table 5.1. The ground state of Nb" is (4d*) °D and its first excited state

associated with a spin change is (4d*) *P, which lies about 16 kcal/mol higher in energy.

However, the B3LYP functional exaggerates this atomic spacing, calculating it to be 30
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Figure 5.4 The IRPD spectra for Nb"(N,);; and Nb"(N;);, showing the weak band at 2338

cm’” due to external N, molecules bound to core N; ligands.
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Figure 5.5 Lowest energy calculated structures for Nb'(N;), n=1-5 using the B3LYP

functional.
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kcal/mol. Nevertheless, this discrepancy is excepted to be reduced in the calculations of the
molecular species because DFT is known to be problematic for isolated metal ions but performs
well for ligated complexes.*® It is well known that second row transition metals possess low
lying excited states that may bind stronger to a ligand*** and therefore in each complex and
geometry we explored both the quintet and triplet states of Nb". The D' listed here are relative
to the respective electronic state of the isolated metal ion. Figure 5.6 shows a schematic of the
dissociation energetics of the complex relative to the °D metal asymptote (D.") and that relative
to the *P metal asymptote (D.'). Also indicated is the quintet to triplet energy difference which
we define as Ag;.

Two minima exist for the n=1 complex for each spin state and correspond to “end-on”
and “side-on” binding configurations of the N, molecule to Nb". The linear structure (L-
complex, end-on binding) for the quintet state lies lowest in energy overall and is more strongly
bound by 14 kcal/mol than the T-shaped (T-complex, side-on binding) quintet complex. For the
triplet state, the T-shaped complex is more strongly bonded by about 20 kcal/mol than the
corresponding linear complex. Regardless of the electronic state or N, binding configuration,
DFT predicts a lower N-N vibration with respect to free N, for all the complexes in accordance
with the DCD model. In the quintet state, the linear and T-shaped complexes are predicted to
red-shift by 65 cm™ and 118 cm™ respectively. The triplet state predicted red-shifts are 139 cm™
and 535 cm™ for the linear and T-shaped complexes respectively. To determine the overall
lowest energy structure irrespective of N, binding configuration or Nb" spin state we look to the
Aq values. Comparing the quintet and triplet linear complexes, we find a Ay value of 43.7

kcal/mol with the quintet lower in energy. However, this is not a fair comparison. We compare

the lowest energy quintet (linear) with the lowest energy triplet (T-shaped) and obtain a Ay value
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Figure 5.6 Schematic diagram showing the bonding energetics of Nb” in its ground state (°D)

versus its excited state (*P). D, is the binding in the quintet state and D' is the
binding in the triplet state. Ay is the energy difference between quintet complexes

and triplet complexes.
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of 22.7 kcal/mol favoring the quintet as the overall ground state. Two trends emerge from the
predicted frequencies. For a given electronic state, the T-shaped complex results in a greater
red-shift than the corresponding linear complex since the TM" binds directly to the N, n-bond,
perturbing the N-N bond to a greater extent. Secondly, for a given N, binding configuration, the
triplet state of Nb" red-shifts the N, frequency more than the quintet state. Previous studies on
first and second row TM indicate that a TM-ligand bond formed via a low spin state (on the TM)
usually possesses larger covalent character than one formed by a high spin asymptote.”>*> As a
result, the lower spin state causes a greater perturbation of the ligand, as clearly seen from our
DFT results.

For the n=2 complex, a thorough search of the potential energy surface (PES) for each
spin state was performed. Table 5.1 and Figure 5.5 only list the pertinent results but Appendix B
contains an extensive list of all the results. For each spin state, minimum energy geometries
were located for both N, binding end-on (2L-complex), one end-on and one side-on (L-T
complex) and both side-on (2T-complex). For the quintet state, the 2L-complex has a higher
binding energy than the L-T complex which has a higher binding energy than the 2T-complex.
The 2L-complex has a calculated D, of 25.4 kcal/mol with a frequency of 2244 cm™. The D, for
the 2T-complex is predicted to be 10.7 kcal/mol with an IR active mode at 2221 cm™. The L-T
species has two D, values and two vibrations and these values are near the corresponding values
of the 2L and 2T complexes. A similar trend is observed for the n=2 complexes in the triplet
state. The 2L-complex is more strongly bound than the L-T complex which in turn is more
strongly bound than the 2T-complex. The 2L and 2T complexes have D.’s of 51.1 and 11.3
kcal/mol and frequencies of 2188 cm™ and 1992 cm™ respectively. The L-T complex again has

two values for D, and frequencies that correspond to the L and T complexes. However, here the
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larger D¢(41.2) corresponds to the loss of the “side-on” N, since the T-shaped n=1 isomer is
more strongly bound linear isomer in the triplet state. The frequency trends observed for the
n=1 complex are repeated for the n=2 complexes where the T-shaped and triplet state species
have the furthest red-shift. The lowest energy structure for the n=2 complex is the quintet 2L
complex. The Ay between this and the lowest triplet (which is also 2L) is 18.0 kcal/mol. For the
n=1 complex, this value was 22.7 kcal/mol. Beginning here, we observe a trend where
successive addition of N ligands reduces Ay because the triplet state possesses greater bonding
capacity than the quintet state.

Beginning with n=3, the number of possible L-T isomers increases significantly but as
shown for the n=2 species, such complexes would have at least two distinct IR frequencies easily
resolvable by our experiment. However, in our spectra we observe only a single band for all the
complexes, suggesting that all the N, molecules bind in equivalent orientations. Therefore, for
complexes larger than n=2, we have not performed an exhaustive search of the PES. The quintet
linear complexes are the most strongly bound for the n=1 and 2 complexes. For n=3 the lowest
energy structure has all three N, molecules binding end-on to Nb" but distorted from a trigonal
planar structure. The quintet state lies lower in energy than the triplet state with A, =11.6
kcal/mol, a D, of 18.7 kcal/mol and two IR frequencies of 2226 and 2251 cm™. The triplet state
leads to further red-shifted frequencies at 2171 and 2197 cm™. Varying the rotational orientation
of the axial nitrogen resulted in stationary points much higher in energy. No minimum exists for
all three N, molecules in a “side-on” orientation for either spin state. The IRPD spectrum of the
n=3 complex does have a broad unresolved band centered at 2250 cm™ but due to the low S/N
ratio it is difficult to make any comparisons between our theoretical conclusions and the

experiment.
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The spectrum of Nb*(N,), with its single peak at 2265 cm™' is indicative of a highly
symmetric structure formed by equivalently binding N, molecules. The only structures that fit
these criteria are square planar or tetrahedral and we explored them with DFT. The tetrahedral
structure does not converge to a stationary point while the square planar structure shown in
Figure 5.5 is found to be minimum for both spin states, with the quintet state lower in energy by
about 9 kcal/mol. Though Ay has decreased further for the n=4 complex, the quintet is still
predicted to be lowest in energy. Figure 5.7 depicts the calculated spectra for both spins along
with experimental spectra. The predicted IR spectrum in the 2000-2400 cm™ has only a single
peak centered at 2251 cm™' which is only 14 cm™ off from the experimental measured band. The
corresponding triplet state structure is predicted have a band at 2209 cm™. We can therefore
conclude that the spectroscopic data and theoretical predictions support the presence of end-on
bonded N, molecules in a square planar arrangement about a quintet spin state Nb" for the n=4
complex. It is interesting to note that Nb" favors such symmetries in the condensed phase.’

The spectrum of Nb'(N,)s reveals a single band at 2204 cm™ which represents a red-shift
of about 61 cm™ from the peak in the Nb"(N,)4 spectrum and 126 cm™ from the free N, stretch.
Such an additional red-shift in the major band in going from n=4 to larger complexes was
observed in our study of V(N,),.>” In order to understand such an additional red-shift in the
larger complexes we consider three possibilities. Firstly it is possible that an intracluster reaction
has occurred, brought about by solvation effects and/or photochemistry. An intracluster reaction
induced by solvation is an intriguing possibility and has been detected in our lab previously with
M"(CO,), (M= N1, V, Si) complexes.”® In Nb"(Ny),, an intracluster reaction would lead to TM -
nitride complexes, which seems unlikely for the following reasons. There is no evidence in the

mass spectrum or fragmentation spectra for the formation of niobium-nitride or elimination of
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Figure 5.7 Comparison of the IRPD spectrum for Nb'(N,), to the theoretical spectra for

quintet and triplet spin states.
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niobium-nitride complexes. The activation energy required to break the N-N triple bond is
extremely high and it is unlikely that metal solvation alone can provide this energy.’'>> Also, in
all previous instances when we observed an intracluster reaction, only a small subset of the
complexes in our experiment underwent a reaction. Thus the spectra had multiple bands
corresponding to the reacted and unreacted isomers. The single peak spectrum of Nb'(N;)s
indicates the presence of only a single structure with high symmetry similar to n=4 complex.
This eliminates the possibility of some N, binding in the side-on configuration to form
combinations of L-T isomers. It is also unlikely that all the N, molecules bind side-on for the
n=5 complex when it is clear that the n=4 complex has all end-on bonded nitrogens and also
since DFT calculations consistently favor end-on over side-on binding.

The final alternative to consider is the possibility of a spin change on Nb" due to
progressive ligand binding. The calculated structure for Nb'(N,)s with all end-on bound
nitrogens is a near square pyramidal structure shown in Figure 5.5. In Figure 5.8, the DFT
predicted spectra for both the triplet and quintet state are shown along with the experimental
spectra. For the quintet state, the structure has C4, symmetry with IR active frequencies at 2235,
2257, and 2321 cm™. However, the frequency at 2235 cm™ is a doubly degenerate and about 50
times more intense than the other bands. As a result, the IR spectrum would only carry the single
band. The triplet state complex too has a similar structure but its overall symmetry is C; and
attempts to constrain it to C4, failed. The predicted frequencies are 2203, 2208, 2210 and 2217
cm’' but only the 2208 and 2217 cm™ vibrations have sufficient oscillator strength and when
plotted at our experimental linewidth, the IR spectrum is a single band centered at 2209 cm™. As
shown in Figure 5.8, this is only 5 cm™ off from the experimentally observed band. Also,

addition of the fifth ligand has induced a change in the ordering of the states where now the
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Figure 5.8 Comparison of the IRPD spectrum for Nb'(N,)s to the theoretical spectra for

quintet and triplet spin states.
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triplet has a lower binding energy (i.e. Aq = -10.7 kcal/mol) than the corresponding quintet state.
Although DFT is known to misjudge the absolute energy values between electronic states, it
often predicts the right trends.*® This fact coupled with the excellent correlation between the
theoretical and experimental frequencies leads us to conclude that the additional red-shift seen
for the n=5 and larger complexes is due to a spin change induced in the Nb". A spin state change
of the metal ion induced by progressive ligand binding has been suggested for many transition
metals.”> However, we believe this is the first spectroscopic evidence of such an effect in an
isolated metal ion complex.

The peak in the spectrum for the n=6 complex falls at 2214 cm™ which 10 cm™ blue of
the peak in the n=5 spectrum and 50 cm™ red of the band in the n=4 spectrum. This most likely
indicates that the Nb" spin state in Nb'(N,)s is a triplet. Consistent with this, theory finds a
triplet state minimum with frequencies of 2225 and 2227 cm™. Plotted at our experimental
linewidths, the spectrum appears as a single band centered at 2226 cm’l, which is shown in
Figure 5.9. The structure is near-octahedral and is shown in Figure 5.5. No minimum energy
structure is present in the quintet electronic state indicating that successive ligand binding has
induced a complete reversal of the energetics between the two spin states. The blue shift with
respect to the n=5 band is possibly due to the metal ion charge being distributed to six ligands
(rather than five) and therefore the per-ligand perturbation decreases causing the N-N stretch to
shift back toward the value of free N,. Given that the n=4 and 5 complexes are square planar and
square pyramidal, it is reasonable to assume the n=6 has octahedral symmetry. ESR spectra of
neutral Nb(N;)s provided evidence for a reduced symmetry D4, complex due to Jahn-Teller

distortion.”! It is certainly possible that our cations have similar structures to their neutral
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Figure 5.9 Comparison of the IRPD spectrum for Nb'(N,)s to the theoretical spectra for

triplet state. No minimum was found for the quintet state.
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counterparts. It is interesting to note that niobium forms such geometries in the condensed phase
with other ligands such NH3 and oxides as well.’

The spectrum of Nb'(N,); is basically the same as the n=6 complex except that is has a
much higher S/N. As discussed above, our spectra indicate Nb" has a coordination of six N,
ligands with additional N;’s binding to this central “core”. The binding energy for the external
ligands is significantly less than TM'-N, bond energy and hence these additional ligands should
fragment readily and cause very little perturbation of the n=6 spectrum. The n=7 with its near
identical band position to the n=6 band but with a higher S/N ratio is consistent with this
analysis.

As a final point, it is interesting to compare the relative red-shifts of V'(Ny),*’ versus
Nb'(N),. For each corresponding cluster size, the red-shifts in the N-N stretch in Nb"(N3), are

greater than V'(N5), by about 60-80 cm™. Since ligands such as N, and CO are n-acceptors, all

theoretical studies agree that in the TM-N, bond, m-back donation from the TM is more

22 The 4d-5s orbitals of the second row TMs are more diffuse

important than ligand c-donation.
than the 3d-4s orbitals of the first row TM and hence metals such as Nb can back-donate electron
density more effectively than their first row counterparts.”” As a result, Nb* can perturb the N,

ligand to larger degree than V'. This qualitative prediction of the DCD model certainly agrees

well with the shifts in IRPD spectra of these TM'(N;), complexes.

Conclusion
Niobium-nitrogen complexes of the form Nb"(N), n=3-16 have been studied using
infrared photodissociation spectroscopy in the gas phase. The structure, energetics and

vibrational frequencies of the n=1-6 complexes were investigated with density functional theory.
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The photodissociation studies show that Nb'(N,), complexes dissociate upon irradiation of IR
light, losing intact nitrogen molecules. The fragmentation mass spectra terminate at the n=6
complex indicating a coordination number of six for Nb". The infrared spectra show strong
resonances near 2200-2300 cm™' region, corresponding to the N-N stretch in the complexes. The
binding of N, to Nb" provides the ligand with infrared activity. The N-N vibrations are red-
shifted with respect to free N, and are consistent with the predictions of Dewar-Chatt-Duncanson
model of transition metal-ligand bonding. The experimental spectra are compared to DFT
calculations and show that in all the complexes, N, binds in the end-on configuration. The n=4
complex is calculated to have a quintet electronic ground state and a square-planar structure with
all end-on nitrogens. Its predicted and experimental spectrum match nicely. DFT also predicts
end-on binding in the n=5 complex, with the nitrogens arranged in a near-square pyramidal
geometry. The sequential addition of N, ligands eventually leads to spin state change of
the metal ion and results in a large red-shift of the peak in the n=5 as compared to the n=4
spectrum. The n=6 spectrum has a single resonance near the n=5 band and is suggested to have a
near-octahedral structure. The n=7-16 complexes all have a single band which lies essentially at
the same position as that for the n=5 and 6 complex. The larger complexes contain N, molecules
bound to the core n=6 complex. To our knowledge, this study represents the first spectroscopic

evidence of a metal ion spin change induced by successive ligation.
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CHAPTER 6

CONCLUSIONS

The bonding mechanism of transition metal cation - nitrogen complexes was investigated
here by infrared photodissociation (IRPD) spectroscopy and density functional theory (DFT).
The vibrational spectroscopy presented in this dissertation is the first IRPD study to probe the N-
N stretch of isolated gas phase metal cation - nitrogen (N,) complexes. The work has relevance
to nitrogen activation in biological systems and catalysis. IRPD spectroscopy is used to monitor
the effects of progressive ligand binding to transition metal cations. The spectroscopy reveals
some interesting factors in the bonding nature of transition metals and has considerable
significance to coordination chemistry and transition metal chemistry. These isolated gas phase
species are free of solvent and solid interactions present in the condensed phase and hence are
tractable models for theoretical investigations. DFT computations are used to predict structural
parameters, energetics and electronic states of the metal cation - nitrogen complexes. The
theoretical predictions are compared to IRPD spectra to understand the bonding process in these
metal-ligand systems.

Analysis of the binding mechanism of first row transition metal cations from Sc” to Zn"
to a single nitrogen molecule (N>) is carried out by DFT methodology. The calculations show
that the lowest energy structures have linear geometries primarily due to the directional
properties of the N, quadrupole moment. The dissociation energies of the complexes range from

about 8 to 30 kcal/mol and depend on the magnitude of the 3d-4s orbital hybridization of the
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transition metal cations. All the metals except Fe' bond via the ground electronic state of the
isolated cation. Fe' possesses a low-lying excited state that forms the ground state in Fe (Ny).
The N-N frequency of free N is predicted to red-shift upon complexation in all the complexes.
The magnitude of the red-shift is dependent on the bonding capacity of the metal ion. The early
transition metal cations cause a larger red-shift than the late row metals because of the diffuse
character of their valence orbitals. Comparison to available experimental data shows that DFT
provides accurate estimates of bond energies, geometries and vibrational frequencies for
complexes that are bound by electrostatic and covalent forces. However, for purely electrostatic
systems, DFT overestimates the energetics and this is ascribed to the absence of dispersion
parameters in DFT functionals.

V'(N,), and Nb'(N3), complexes are produced in a laser vaporization cluster source and
studied by IRPD spectroscopy. The fragmentation mass spectra for both species reveal that they
dissociate by the loss of intact N, molecules. The large complexes fragment down to the n=6
complex indicating that six is the preferred coordination number for both of these metal ions.
Interestingly, this is the preferred coordination number for these metals in the condensed phase
as well. The N-N stretch of free nitrogen does not have IR activity but upon binding to the metal
cation, the vibration becomes IR active. The IRPD spectra for both complexes have intense
resonances that are red-shifted with respect to the N-N stretch of isolated N,. The predictions of
the Dewar-Chatt-Duncanson model that describes transition metal-molecular bonding are
consistent with the red-shifts observed. All the spectra of the Nb"(N;), complexes have a single
band with some of the large complexes exhibiting a second weak band which is attributed to N,
molecules binding to the "core". For V'(N,),, the small complexes have a single band in the

IRPD spectra that eventually splits into two intense bands for the large complexes.
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DFT calculations were performed for V'(N);.4 and Nb"(N;);.6 complexes to understand
the geometric and electronic structure of the complexes. Comparison of the computed energetics
and vibrational frequencies to the IRPD spectra indicates that N binds in the end-on
configuration to both metal ions. The structure of V' (N3); and Nb(N,), is square planar with
end-on bonded nitrogens. The ground electronic state of the small complexes is formed from the
quintet ground state of isolated V" and Nb". However, in Nb'(Ny),, progressive ligand addition
leads to a change in the spin state of the metal cation and is exhibited in the IRPD spectrum of
the n=5 complex with a single band that is red-shifted much further to the red than the n=4
complex. In this case, the calculated energetics and vibrational frequencies for the different spin
states are in nice agreement with the measured spectra.

DFT calculations were performed up to the n=4 complex in V'(N3), and suggest that the
quintet state is the ground state in the complexes. Various possibilities such as intracluster
reactions are considered for the appearance of a second intense band in the IRPD spectra of the
large complexes. Here again, a change in the spin state of the metal cation induced by
successive ligand binding is seen as the best possibility. Unlike the Nb'(N,), system, where a
change in the spin state occurs for all the complexes, in V'(N,), a fraction of the molecules do
not undergo a spin change. The reasons for this are speculative at this point but require further
theoretical work to understand the discrepancies. Since DFT has difficulties with transition
metal complexes, other methodologies such CCSD(T) and MP2 are needed to address these
puzzling issues in the metal-ligand systems.

There are numerous possible directions to proceed with IRPD spectroscopy in the future
and some of these are currently underway in our research. It will be interesting to study the

binding of N, to other transition metal cations to investigate bonding trends. We have acquired

152



preliminary scans in the 2100 - 2500 cm™ region for Fe (N,), and Co’(N,), complexes. So far
our group has applied IRPD spectroscopy to only cationic metal-ligand complexes and it would
be interesting to extend our studies to the corresponding anionic species as well. It would also be
interesting to study mixed metal-ligand complexes of the form M"(L1),(L2),, where L1 and L2
are different ligands. IRPD studies of such complexes would show how the chemistry of the
metal ion is influenced by the different ligands. Such studies would make better comparisons to
condensed phase data because metals are usually bonded to different ligands in the solid and
liquid phases. Finally, it would be appealing to investigate multiple metal - single ligand
complexes of the form (M,,) 'L because of their relevance to surface science. In surface catalysis,
a molecule interacts with a group of metal atoms on a surface rather than a single atom.
Therefore complexes of the form (M,) L would be a more accurate representation of the
chemical interactions on surfaces. IRPD studies of such metal-ligand systems in conjunction
with theoretical methods will continue to develop and refine our understanding of metal-

molecular chemistry.
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APPENDIX A
THEORETICAL STRUCTURES, ENERGETICS, FREQUENCIES AND IR

INTENSITIES OF V*(N;), COMPLEXES USING B3LYP/6-311+G*

V(Ny)
State D B.E.” Frequencies (Int.)° M'-N (A) N=N(A)
55(Cu) 338 338  215(3), 215(3), 280(0), 2282(54)  2.105 1.099

*Dissociation energy in kcal/mol for the elimination of the outermost ligand.
®Total binding energy in the complex relative to V* (°D or °F for the quintet and triplet
complexes respectively) and separated ligands.

‘Harmonic frequencies scaled by 0.96. Intensities are in km/mol.

: 2.105 1.099
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V' (Ny)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

*Bi(Cay) 18.6 18.6 180(2),209(0), 2162(167) 2.261 1.112

2.261
UL 1 . 1 12
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V' (Ny)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

3%(Coy) 25.1 28.8 257(4),271(6), 368(7), 21545(299) 1.981 1.112

: 1.981 1.112
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V' (Ny)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
3Ax(Cay) 22.1 167 361(1),419(2), 1858(171) 1.922 1.156
1.922
T 1 . 1 56
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V'(N,)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
DN 19.7 53.1  51(3), 51(3), 218(0), 218(0), 2.135 1.101
229(0), 287(27), 305(2), 305(2),
2262(354), 2272(0)
1.101
2.135
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V'(N,)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
A(Cy) 85 27 52(5), 55(5), 61(0), 117(1), 2.354 1.109
120(1), 146(0), 171(34),
2176(544), 2199(0)
2.354

O | [ 1109
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V'(N,)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

3. (Coy) 253 232 70(5), 79(3), 243(0), 252(0), 2.039 1.107
290(0), 333(3), 353(76),
455(0), 2178(965), 2217(0)

1.107
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V'(N,)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
SA(C)) 11.6 33.7 27(13), 124(5), 206(0), 220(124),  2.070 1.128
258(0), 306(0), 495(0), 2017(856),
2073(0)
2.070
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V(N,)3

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
>Ai(Cy) 18.9 71.7 50(3), 61(1), 61(1),216(0), 218(0), 2.139 1.020
221(2), 223(0), 256(4), 258(15), 2.110 1.100
285(3), 306(0)
1.020
=0 O =
947 ~—1
= 2.110
1.100
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V(N,)3

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
*By(Cay) 22.8 73.2  TI1(5), 74(1), 77(1), 236(0), 238(1), 2.057 1.106
269(1), 272(4), 318(7), 320(56), 2.025 1.106
322(4), 409(4),
1.106
=0 O =9
93.3
= 2.025
1.106
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V' (N,)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

Bog(Dan)  33.8 883 30(0), 67(2), 68(2), 70(0), 70(0),  2.147 1.100
211(0), 216(0), 216(0), 216(0),
222(0), 260(16), 267(0), 286(0),
307(3), 320(5), 320(5), 2269(0),

2270(246)
90.0°
/ 1.100

2.147
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State

V' (N,)s

D. B.E. Frequencies (Int.) M"N (A) N=N (A)

>At1g(Dan)

20.5 937  47(0), 77(0), 84(1), 84(1), 86(4),  2.074 1.104
235(0), 235(0), 249(0), 269(0),
270(0), 296(0), 312(36), 312(36),
346(2), 373(0), 445(20), 445(20),
2211(0), 2217(590)

90.0°
1.104

=0 =0

2.074
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APPENDIX B
THEORETICAL STRUCTURES, ENERGETICS, FREQUENCIES AND IR

INTENSITIES OF Nb*(N2), COMPLEXES USING B3LYP/(DGDZVP/6-311+G*)

Nb*(N)
State D B.E.” Frequencies (Int.)° M'-N (A) N=N(A)
55(Cu) 170 17.0  195(2), 195(2), 230(1), 2265(58)  2.261 1.101

*Dissociation energy in kcal/mol for the elimination of the outermost ligand.
®Total binding energy in the complex relative to Nb" (°D or *P for the quintet and triplet
complexes respectively) and separated ligands.

‘Harmonic frequencies scaled by 0.96. Intensities are in km/mol.

1.101 A

i
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Nb*(N,)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
*B1(Cay) 29 29  23(0), 118(0), 2212(95) 2.555 1.108
2.555 A
M 1 . 1 08 A
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State

Nb*(Ny)

D. B.E. Frequencies (Int.) M"N (A) N=N (A)

*%2(Cany)

34 34 194(6),235(2), 327(4), 2191(164)  2.124 1.108

: 2.124 A 1.108 A
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Nb*(Ny)

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

A(Cay) 243 243 299(6), 478(2), 1795(169) 2.059 1.164

2.059 A

1.164 A
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
> o(Deat) 25.4 424  45(1),45(1),219(0), 219(0), 2.275 1.101
230(0), 231(23), 249(0), 249(0),
2244(383), 2260(0)
1.101 A 2975 A
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
SAL(Ca) 11.7(T) 28.7 39(1), 51(1), 126(0), 155(4), 2.253 1.102
25.8(L) 242(10), 250(1), 265(0),  2.512 1.107
2216(221), 2247(101)
2.253 A
@||||||||||||||||||||||||||||||||||||| Wy 1 . 1 07 A
1.102 A 2512 A
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
3Zg(Dmh) 51.1 544 61(2), 74(1), 245(0), 264(0), 2.188 1.107
279(48), 282(0), 286(1), 401(0),
2188(732), 2214(0)
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
*B1(Cay) 41.2(T) 445 73(3), 96(1), 244(26), 2.198 1.105
20.2(L) 273(20), 285(1), 298(0),  2.413 1.129
438(1), 2033(504),
2220(205)
2.198 A
@lnununnnuuununuuunu Iy 1 . 129 A
1.105 A 2413 A
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

SAy(Doy) 10.7 13.6  -69(0), -35(0), 12(1), 58(1), 112(0), 2.525 1.106
149(8), 153(0), 2221(252), 2236(0)

2.525 A

e ][ 1.106 &
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
*B1(D2) 7.2 10.0  -105(0), -105(0), 40(2), 40(2), 2.541 1.105
78(0), 134(0),181(1), 2236(0),
2244(88)

2.541 A
OO 1.105 A
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

By(Cay) 113 357  40(6), 134(1), 172(96), 204(0), 2.235 1.131
245(0), 353(0), 475(0), 1992(8348),
2044(3)

2.235A
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Nb*(N2),

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
*Bi(Dy) 112 35.5 -45(6), 121(1), 165(90), 208(0), 2.234 1.131
242(0),348(0), 486(1), 1998(814),
2046(0)
2234 A
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
>Ai(Cy) 18.7 61.1 43(1), 54(0), 54(0), 224(0), 226(0), 2.276 1.101
228(20), 229(0), 230(1), 241(2), 2.221 1.103
253(5), 291(0), 292(0), 2226(165),
2251(317)
1.101 A
Q=Q- 7 =0

92.2 °
2.221 A

1.103 A
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
*By(Cay) 25.1 79.6 63(2), 71(1), 74(0), 236(0), 261(1), 2.199 1.106
268(39), 273(4), 281(3), 289(1), 2.139 1.108
310(9), 404(3), 407(0), 2171(310),
2197(661), 2225(0)
1.106 A

2.199 A
% HIIIHHHIIIHIHIIIH HIIIHIIHOllll\lll\llllllllllllll\lll\ll\lll\lw

91.0°
2.139 A

1.108 A
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
°A; (Cy) 5.1 47.5 46(1), 54(0), 69(1),90(0), 119(1), 2.279 1.101
163(3), 226(0),228(14), 237(4), 2.480 1.110
244(0), 267(0), 2183(165), 2254(288),
2267(4)
1.101 A
=027 =9

91.0°
2.480 A

7.
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
°A; (Cy) 3.0 454 -88(0),-55(0), 45(1), 55(0), 64(0), 2.282 1.101

120(0), 218(0), 227(0), 228(11), 2.622 1.103

241(0), 243(6), 296(0), 2254(278),

2257(43), 2269(0)

1.101 A
= AO =9
93.0¥
= 26224

i

1.103 A
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

Bo(Dan) 184 79.5  26(0), 51(1), 55(0), 58(0), 58(0),  2.278 1.101
198(0), 212(1), 213(0), 213(0),
216(0), 225(0), 225(17), 225(17),
232(0), 260(7), 260(7), 270(0),
2251(336), 2251(336), 2255(0), 2275(0),
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

ADa) 215 101.1 47(0), 66(0), 71(2), 74(0), 74(0),  2.210 1.105
226(0), 226(0), 254(0), 257(0),
262(35), 262(35), 267(0), 276(0),
360(0), 385(12), 385(12), 2205(0),

2209(605), 2209(605)
90.0°
K 1.105 A
2210 A
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
"By(Cay) 13.0 60.6 -190(0), -91(5), 20(1), 40(0), 65(0), 2.391 1.100
72(0), 114(1), 154(7), 164(8), 2.231 1.104

196(8), 198(0), 208(0), 212(4),
235(8), 255(4), 273(0), 309(1),
2193(282), 2212(235), 2258(205),
2267(57)
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

SA(C)) 214 122.5 36(0), 48(0), 59(0), 66(0), 72(1), 2.201 1.103
74(0), 78(1), 234(1), 245(0), 249(1), 2.224 1.104
250(27), 256(33), 259(8), 264(0),  2.212 1.105
272(1), 291(2), 299(1), 314(1), 2.221 1.104
339(3), 345(0), 375(9), 391(10), 2.212 1.105

2203(158), 2208(609),2210(148),
2217(536), 2252(0)

1.103 A
= 2201 A
2221A =
%Illm ----- O----unllll@
2.224 A
1.104 A
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

3As(Cay) 21.3 1224 -103(1), -103(1), 54(0), 69(0), 2.216 1.102
73(1), 75(0), 75(0), 193(0), 193(0), 2.212 1.105
246(0), 246(0), 256(5), 257(0), 2211 1.105

258(35), 258(35), 268(0), 275(0),
315(0), 344(1), 361(0), 385(10),
385(10), 2203(0), 2207(613),
2207(613), 2224(152), 2251(2)

1.102 A
2216 A %
E 2212 A
0o Q%
1105 A 2211 A
1.105 A
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Nb"(N2)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
"B1(C4y) 2.2 81.7 24(0), 24(0), 30(0), 49(1), 57(0), 2.276 1.102
59(1), 59(1), 74(3), 74(3), 77(2), 2.635 1.097

217(0), 223(0), 227(11), 227(11),
234(1), 242(11), 242(11), 261(1),
272(0),292(5), 309(0), 2232(0),
2235(400), 2235(400),2257(15),

2321(4)
1.097 A
2635 A £
(ITLITERERS O ----- III||||@
S "y,
1.102 A
2.276 A
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Nb"(N)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)
3Bg(Czh) 18.5 140.8 42(0), 44(0), 48(0), 59(0), 60(0), 2.236 1.103
64(0), 73(0), 73(0), 79(1), 189(0),  2.238 1.103

191(0), 228(0), 237(20), 237(19),
238(0), 238(0), 245(27), 247(0),

263(0), 270(7), 271(7), 275(0), 276(0),
323(12), 325(13), 328(0), 347(18),
2197(0), 2198(0), 2225(472), 2225(459),
2227(539), 2266(0)
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Nb"(N)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

SA(C)) 1.2 123.8 14(0), 22(0), 32(1), 39(0), 52(0), 2212 1.105
61(0), 65(0), 65(0), 66(0), 72(1), 2.224 1.104
74(0), 78(1), 235(9), 245(1), 2.222 1.104
249(22), 250(4), 256(33), 260(10), 2.212 1.105
265(0),271(1), 289(2), 305(1), 2.199 1.103
313(0), 337(3), 346(0),380(9), 4.357 1.095

399(9), 2203(118), 2208(547),
2211(244), 2217(555), 2253(0),
2348(2)

1.103 A

®

2.199 A

2212 A

A=Qu ()@=

\ 7
\\\\\\ “ 1y,
W 1y
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Nb"(N)s

State D. B.E. Frequencies (Int.) M"N (A) N=N (A)

A(C)) 1.0 82.7 -8(0), 18(0), 18(0), 22(0), 25(1), 2.274 1.102
30(0), 44(0), 59(1), 60(0), 44(2), 2.275 1.102
59(0), 60(1), 61(2), 62(1),64(0), 2.278 1.102
71(2), 71(2), 75(2), 227(9), 228(8), 2.277 1.102
234(1),241(7), 243(7), 263(0), 2.647 1.097

273(0), 295(5), 296(5), 308(0),
2232(72), 2235(414), 2237(334),
2258(15),

1.097 A

2.674 A

2.275 A
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