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ABSTRACT
Nickel cation complexes, Ni*(H,0), and Ni*(C,H,),, are produced in a laser

vaporization pulsed nozzle source, size-selected, and studied by infrared
photodissociation spectroscopy. Beginning with n = 3, the ion-molecule complexes
fragment by ligand elimination in the region of the OH and CH stretching
fundamentals, respectively. Rare gas atoms are attached to the small complexes (n =
1-3) to enhance photodissociation, and these mixed clusters fragment by losing the
rare gas atoms. Dissociation is more efficient on resonance, thus monitoring the
fragment ion yield as a function of laser wavelength produces the infrared
photodissociation (IRPD) spectrum of the complex that has been size-selected.
Vibrational bands shifted away from the free molecule fundamentals in both systems
are attributed to the nickel cation-ligand interactions. The structures of the small
complexes (n = 1-4) are determined by comparing the experimental vibrational
spectra to the predictions of Density Functional Theory (DFT). New red-shifted
bands appearing at specific cluster sizes are attributed the onset of the second

solvation sphere. Therefore, coordination numbers are determined for these gas



phase metal ion systems. For the hydrated nickel ions, the free OH stretches are no
longer observed by n = 7, indicating complex hydrogen-bonded networks have
formed. In the IRPD spectra of the larger Ni*(H,0), complexes, the separation
between dangling OH vibrations suggest that inductive forces from the nickel cation
continue to perturb the water monomers, even at the largest cluster size studied (n =
30). Comparison of IRPD spectra to DFT results confirms that t-complexes are
formed for the Ni*(C2H.), complexes. Jahn-Teller effects are observed for the n > 2
cluster ions. Condensation reaction products are investigated with theory for the n =
4 and 5 complexes and found to be more stable than the unreacted species. The
vibrational spectrum of the Ni*(C;H,), complex is consistent with an unreacted
structure where all four acetylenes are intact and n-bonded to the nickel cation. The
spectroscopy of the n = 5, 6 complexes seems to be consistent with the simple
solvation of the n = 4 core. However, absolute structures cannot be assigned due to
congestion in the CH region.

INDEX WORDS:  Spectroscopy, Organometallics, Metal ion solvation, Metal ion-

7 complexes, lon chemistry, Condensation reactions, Jahn-
Teller, Infrared, Photodissociation, Density Functional Theory
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CHAPTER I

INTRODUCTION

Molecules containing metal ions are ubiquitous throughout the terrestrial,
stellar and interstellar environments. These complexes play fundamental roles in
traditional organometallic chemistry, catalysis, biological processes, and atmospheric
and astrophysical chemistry. Unsaturated hydrocarbons bound to transition metal
clusters,"” pure metal® and metal oxide surfaces™” have been studied extensively in
the past, as these systems are key to understanding the details of heterogeneous
catalytic processes that produce a variety of substances available for human
consumption. The active sites of proteins contain metal clusters that dictate their
structure and function,®’ and selective metal ion transport through cell membranes is
thought to be caused by the delicate balance between electrostatic and covalent forces
at play in metal ion solvation.*” Meteor ablation into the earth’s stratosphere deposits
copious quantities of metal ions, which then drive many atmospheric chemical

1912 The brilliant display recently observed from the impact of Shoemaker-

reactions.
Levy 9 on the planet Jupiter"” included light emitted from metal ions formed during
or directly after the impact event. Pure metals and metal aggregates, such as metal-
carbides and metal-polyatomic aromatic hydrocarbon (PAH) complexes, are thought
14-17

to be seed material for condensation reactions in the stellar and interstellar media.

Probing physical phenomena at the metal ion-molecule interface is therefore vital to



our understanding of the aforementioned processes. Gas phase metal ion-molecular
complexes produced, isolated and examined under vacuum serve as tractable models
to study the details of metal ion-ligand bonding and the dynamics of metal ion
solvation. Physical measurements of these complexes are essential to test the
validity of current quantum chemical calculations, some of which are known to have
problems computing the potential energy surfaces of open-shell radical species.®
This work focuses on the infrared spectroscopic study of the nickel cation bound to
water and acetylene molecules to elucidate their various structures, determine
coordination numbers, and observe the solvation dynamics in these gas phase
systems. The experimental spectra are compared to the results of density functional
theory (DFT) which provide key insights into the nature of the chemical interactions
in these novel metal ion complexes.

The generation of gas phase ions has a rich history dating back more than fifty
years, therefore, the following paragraphs are not intended as a complete description
of this area, but will only touch on the advantages and limitations of specific ion
sources as they relate to the present study. Electron impact ionization (EI) has been
used extensively in the past to produce molecular and radical ions from volatile
materials.'”?° Although this process is quite efficient for some systems, weakly
bound electrostatic and van der Waals complexes are difficult to produce by this
technique due to extensive fragmentation. Even for the strongly bound systems, high
electron voltages are usually required to produce the large ion quantities necessary for
further study. The higher energies can fragment the ions of interest or heat them

internally, which is undesirable in spectroscopy experiments. Hot sources may



produce ions in many different excited states, leading to broad optical spectra that
contain a limited amount of discreet information. An alternative to EI is the ‘soft’
chemical ionization (CI) method, which takes advantage of charge transfer processes
during collisions.'** Although CI produces less fragmentation, it is often limited to
systems where the energetics and ionization energies are already known.
Additionally, the collisions can excite the ions of interest into specific states. While
this has led to a rich area of research into the dynamics and kinetics of these
processes, it often obscures the spectroscopy of the ions in their ground state.
Electron impact ionization has also been used in conjunction with pulsed gas

228 1t is well known

valves to take advantage of the resulting supersonic expansion.
that when a high-pressure gas expands into a lower pressure regime, the gas
molecules ‘cool’ as their internal energies are converted to translational energies.
Therefore many groups have incorporated pulsed molecular beam valves to cool the
ions generated by electron impact ionization. In some cases, ionization occurs
downstream, which warms the ions back up. Recent advances have been made to
focus the electron beam in the throat of the expansion, taking more advantage of the

. 23-28
cooling process.

However, ions produced this way are still within the evaporative
ensemble limit, that is, they cool by evaporating off rare gas atoms or molecular units
until their internal energies are less than the cluster’s dissociation energy. EI and CI
processes also share a common disadvantage which is pertinent to the present study.
Both sources are limited to materials that have high vapor pressures or low melting

points, therefore the generation of transition metal ions is not possible with the two

techniques, unless there is a volatile metal complex precursor.



One method for producing gas phase ions from high refractory materials is to

. . 20,22
use electrical discharge sources.”™

These sources can produce metal atom and
clusters of metals in a continuous beam of ions. However, the instantaneous ion
densities are somewhat low and their internal energies are high, making spectroscopic
measurements difficult. A number of groups have incorporated a discharge source
with a pulsed nozzle source to produce ions and then cool them in the supersonic
expansion.”>' Spectroscopic analysis of ions produced this way have shown that the
cooling process is rather mild and the ions retain a considerable amount of internal
energy. Also, discharge sources are limited to substances that are highly conductive.
While this is not a problem for transition metals, other substances, like semiconductor
and carbon cluster ions (another area of interest in our research group), cannot be
efficiently generated with electrical discharge sources.

Gas phase metal ions can also be produced using electrospray sources, which

are efficient at producing mutiply charged species.’*™*

Briefly, ions are produced in
solution and then injected through a charged capillary into to the vacuum chamber.
The highly charged droplets that are formed evaporate by coloumb repulsion leaving
the charged chemical species behind. The advantage of this technique is that it can
produce metal ions in their nascent condensed phase oxidation states. All the ion
sources described previously typically produce singly charged species because small ,
highly charged ions generated directly in vacuum environments fragment into two or

more singly charged species. The advantage of electrospray is that the multiply

charged ions are first produced in solution, where solvent molecules can stablize



them. Unfortunately ions produced by electrospray are internally excited, making
them unattractive candidates for spectroscopic studies.

Matrix Assisted Laser Desorption lonization (MALDI) is a method used to
generate large molecules in the gas phase.*>>” This source produces ions with very
little fragmentation and is commonly used for mass spectrometry studies on
biomolecules. The molecules are embedded in a matrix and put under vacuum where
the sample is irradiated with a low fluence laser. The matrix absorbs the light and the
molecules of interest are desorbed and ionized without extensive fragmentation.
Another laser-based technique uses a high powered pulsed laser focused onto a solid
target, which ignites a plasma and vaporizes the material directly without the need for

heating.****

The laser vaporization source was initially used to study neutral metal
clusters, but virtually any solid material capable of igniting a plasma can be studied,
including semiconductors and amorphous carbon or graphite. Because neutral
species were first generated with the laser ablation method, photoionization or EI was
used to ionize the clusters for mass spectrometry studies. As described previously,
downstream ionization typically heats the clusters internally, causing their optical
spectra to be broad and obscure.

While MALDI and laser vaporization sources have an advantage over other
ionization methods by producing virtually any gas phase molecular species, they
suffer from the same limitation in that the ions are internally heated when they are
produced. Coupling the laser vaporization technique with a pulsed nozzle source has
recently been shown to produce internally cold metal ion complexes in the gas

38-50, 67-72

phase. Metal ion-ligand species are also easily formed by introducing the



ligand molecules in the expansion gas. Another advantage of the laser ablation-
pulsed nozzle source is that it produces relatively large ion densities. The production
of large quantities of internally cold ions makes the laser vaporization-pulsed nozzle
cluster source an ideal method for generating metal ion complexes for spectroscopic
studies.

Gas phase metal cluster ions and metal ion-ligand complexes have been
studied extensively in the past using a number of different mass spectrometry

%39 The earlier work focused on their theromdynamics and reactivities.*®

techniques.
* More recently, equilibrium mass spectrometry,*’ collision-induced dissociation,**
and radiative association measurements**>° have been employed to determine binding
energies and coordination numbers for a variety of different systems. Paralleling
advances made on the experimental front, quantum chemical calculations have
improved and a number of groups have studied metal-containing complexes with

51-58

theory. Fixed frequency photodissociation studies of metal ion complexes

provide information on fragmentation pathways, stable core complexes and,

- - 42,59, 60
sometimes, photochemistry and charge transfer processes.™ "

However, mass
spectrometry and photodissociation experiments do not reveal any structural
information of these novel metal-containing molecules. Optical spectroscopy is
necessary to obtain the structural information.

In general, absorption measurements are problematic for gas phase
complexes due to the low sample densities inherent to molecular beams. Therefore,

direct absorption spectroscopy is often not possible and a variety of ‘action’

spectroscopies using high intensity laser sources are employed instead.®' These



include Laser-Induced Florescence (LIF) spectroscopy,” Photoelectron Spectroscopy

65-69 Resonance Enhanced

(PES),**** Photoionization spectroscopy of neutrals,
Photodissociation (REPD) electronic spectroscopy,’”’ Mass Analyzed Threshold
Tonization (MATI) spectroscopy’® and Zero Electron Kinetic Energy (ZEKE)

%% The majority of these studies have been in the

photoelectron spectroscopy.
ultraviolet and visible (UV-Vis) region for two reasons: the spectroscopy of metal
atoms attached to rare gas atoms or small molecules have transitions very near the
well known metal atomic bands, and these transitions are accessible with tunable dye
lasers and Optical Parametric Oscillator (OPO) laser systems.

The early studies on metal ion complexes using electronic REPD spectroscopy
focused on the main group metals that have strong P«<S transitions. Our group,”®”!
Fuke and coworkers,”* as well as Kleiber and coworkers’”” have used this technique to
study Mg+ and Ca"” bound to small molecules such as N,, CO», H,0, C,H,, C,H4 and
CH;OH. Farrar and coworkers’ and the Velagrakis group’ have made similar
measurements on strontium complexes. Electronic spectroscopy of Al'-ligand
complexes has recently been accomplished using vacuum UV generation to access
the P«—S aluminum atomic transition.”” Brucat and coworkers’® and, more recently,
the Metz group’’ have applied electronic photodissociation spectroscopy to study
transition metal ion-molecule complexes. Optical excitation of the transition metal
ions correspond to excitation to higher electronic states which involve d-orbital
electrons.

Although much information has been gained from these electronic studies,

they are not without their limitations. Most transition metal complexes as well as



molecules containing multiple ligands cannot be studied by electronic spectroscopy as
these clusters predissociate upon excitation. Predissociation leads to broad,
featureless spectra that contain no discreet vibrational information. Also, excitation
with a high energy photon can lead to photochemistry in some of these systems which
is interesting to observe, but also obscures the spectroscopy. Therefore, excited state
structures and energies have been determined for a few metal ions complexed to rare
gas atoms or small molecules, but structural information on these complexes in their
electronic ground states is limited. MATI and ZEKE spectroscopies of metal-ligand
complexes, which accurately measure the IPs of the neutral species, have also
revealed some ground state information on the ions.”*** Our group used these
techniques to study the Al*Ar’® and AI'H,0” complexes and Blake and coworkers
have studied Na H,O this way.* More recently, Yang and coworkers have extended
these experiments to a variety of metal-ligand complexes.** But ZEKE and MATI
spectroscopies are also limited because only the low frequency metal-ligand
vibrations can be observed for the ions. It is clear then that infrared spectroscopy is
necessary to obtain ground state structural information on transition metal ion
complexes as well as species containing multiple ligands.

Infrared photodissociation (IRPD) spectroscopy of metal-ligand complexes

85-91 . .
These earlier studies

was first shown to be possible using line-tunable CO; lasers.
were severely limited due to the narrow spectral range of the laser source (9-11 pm).
Recent advances in infrared lasers have provided tunable light sources that cover

wider spectral regions. Free electron lasers have been developed which produce

tunable light in the fingerprint region (200-1800 cm™). Our group has used the



intense output of a free electron laser to acquire vibrational information on neutral
metal-carbides and metal-oxides via thermionic emission.”® This light source has also
been applied to Infrared Resonance Enhanced Multiphoton Photoissociation (IR-
REMPD) experiments. Our group’” and Meijer and coworkers” have used this
technique to study various metal ion-ligand complexes. Recently, Maitre and
coworkers have used a similar laser to study Fe" complexed to small hydrocarbon
molecules and ether this way.”” However, free electron lasers are expensive to
operate and the spectral resolution of the output is rather broad, usually greater than
20 cm'.

Benchtop Optical Parametric Oscillator and Amplifier (OPO/OPA) systems
have recently been developed, which produce tunable IR light in the 2050 - 4500 cm™
region. Many groups have used an OPO/OPA laser to study pure molecular

27,96-102

complexes via Infrared Photodissociation (IRPD) spectroscopy. Lisy and

coworkers were the first to apply this technique to molecules containing alkali and

alkali earth metal ions,'® and the Inokuchi group has studied similar complexes this

way.'™ These groups use an oven source to produce the gas phase metal complexes,

which is limited to low melting metals. Our group was the first to apply IRPD

105-109

spectroscopy to transition metal ion complexes. The coupling of an IR

OPO/OPA system to a laser vaporization source has proven to be a powerful

technique, and we have used it to acquire the vibrational spectra of a variety of metal

06 08

- o 105 . 1 107 1
ions complexed to carbon dioxide, ~ nitrogen, ~ water, ' acetylene  and

109

benzene. "~ The main advantage of IRPD is that excitation occurs from the ground

state, which allows structural information to be directly determined. Additionally,



the low energy IR photons do not, in general, initiate any photochemistry. Therefore,
multiple ligand complexes can be studied and coordination numbers can be
determined for the gas phase metal ion systems.

Infrared photodissociation studies are not without their limitations however.' '’
The ion-molecule complexes must dissociate on the timescale of the experiment in
order to acquire their IRPD spectra. Energy absorbed in the ligand vibrational
coordinates is transferred to the M+-1igand coordinate, the weakest chemical bond, via
intramolecular vibrational redistribution (IVR). If the absorbed energy is greater than
the metal ion-ligand bond strength, the complex will fragment by ligand elimination.
Relatively large complexes have many different modes for the energy to transfer into,
which leads to longer lifetimes. Therefore, the larger complexes might not dissociate
on the experimental timescale, preventing the acquisition of their IRPD spectra.
Conversely, IRPD spectroscopy of the smaller complexes is difficult because their
binding energies are, in general, greater than the energy of a single IR photon and
they have lower state densities.''® Strongly-bound complexes might dissociate if they
absorb multiple IR photons, but multiphoton absorption is inefficient for the small
complexes due to the loss of resonance at higher vibrational levels.*® As more
ligands are attached to the metal cation, dissociation energies decrease, but the
interactions may still be greater than the energy of a single IR photon. Eventually all
the sites around the metal ion will fill and additional ligands must attach to existing
ligands in the second solvation layer. The solvent molecules are expected to have

binding energies similar to the pure molecular dimers. In most cases, the excitation

10



energy is greater than the solvent bond energies and the complexes dissociate
efficiently via a one photon process.' '’

In order to acquire the IRPD spectra of the smaller, more strongly bound
complexes, we employ the rare gas ‘tagging’ technique. The Y. T. Lee group was
one of the first to enhance infrared photodissociation by attaching weakly bound
messenger molecules (H, or N»).”® Tt is now more common to attach rare gas (RG)
atoms to the complexes of interest, and many groups have utilized this technique to

105-110 103, 104 .
and others " " have used this

study pure molecular clusters.””*'*> Our group
technique to study the more strongly bound metal ion-molecule complexes. For these
systems, the rare gas atoms normally bind to the metal cation by a charge-induced
dipole interaction which is much weaker than the metal ion-ligand bond. Therefore,
the tagged complexes have lower binding energies and higher state densities than the
corresponding pure complexes and are easier to dissociate. Vibrational excitation is
transferred to the M'-RG coordinate via IVR and the tagged complexes dissociate by
losing the rare gas atoms. Because the RG atoms are bound to the metal ion and do
not, in general, interact with the chromophore, the IRPD action spectra of the tagged
complexes provide the best possible approximation to the IR absorption spectra of the
corresponding pure complexes.

The work presented here focuses on the IRPD spectroscopy of Ni -(water),
and Ni'-(acetylene), complexes as prototypical studies of gas phase metal ion
solvation and metal ion-nt complexes. The rare gas tagging technique is employed in

order to acquire the spectra of the small cluster ions. Vibrational excitation for

Ni'(H,0), and Ni'(C,H,), occurs in the region of the O-H and C-H stretching

11



fundamentals,''' respectively. Spectral shifts are observed and attributed to the nickel
ion-ligand interaction. Comparison of experimental spectra to density functional
theory (DFT) provides significant insight into the nature of these interactions and the
structures of the smaller complexes are determined. Fragmentation patterns and the
onset of surface IR bands indicate when the nickel coordination sites are filled for

these gas phase systems.
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CHAPTER II

EXPERIMENTAL

Metal ion complexes are generated with a laser vaporization pulsed nozzle
cluster source and analyzed with a Reflectron Time-of-Flight (RTOF) mass
spectrometer. Figure 2.1. shows a diagram of the molecular beam apparatus, and this
machine has been described elsewhere in the literature." The second (532 nm) or
third (355 nm) harmonic of a Nd:YAG laser is focused onto a metal sample rod that is
both translating and rotating to provide fresh metal surface for each laser shot. Laser
powers vary from 2 mJ/pulse to 20 mJ/pulse. Metal is vaporized at the ablation focal
point and a plasma is ignited. Ion-molecule complexes produced in the plasma are
entrained into a molecular beam generated by a General Valve, Series 9 pulsed nozzle
(1 mm orifice). Typical nozzle operating parameters are 40-60 psig backing
pressures and 180-380 psec pulse durations, but these conditions can be varied to
optimize ion production. The vaporization laser and the pulsed nozzle are operated at
a 10 Hz reparation rate. The source vacuum chamber is pumped by a Varian VHS-10
diffusion pump capable of removing 5300 L of helium per second, and typical source
operating pressures range from 10™ to 10 torr. Although the laser plasma is overall
neutral, it contains cationic, neutral and anionic species. Therefore, the laser
vaporization cluster source is capable of producing a variety of metal containing

clusters in different oxidation states for spectroscopic study.
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Figure 2.1 Molecular Beam Apparatus with Reflectron Time-of-Flight Mass

Spectrometer
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The form of the rod holder influences the cluster distribution produced in the
laser vaporization source. Utilizing a regular rod holder (2 mm diameter) equipped
with a 1 -2 inch growth channel (2 mm diameter) provides a collisional region where
recombination produces complexes containg multiple metal atoms.” Strongly bound
complexes, such as metal-oxides and metal-carbides, are easily produced in this set-
up. The ‘cutaway’ design'™ is used in conjunction with argon or neon expansions in
order to produce the more weakly bound electrostatic and van der Waals complexes.
In this configuration, a regular rod holder has been cut in half to expose the metal
sample to vacuum and remove the collisional activation channel. This design
typically produces ion-molecule complexes that contain a single metal atom and is
extremely efficient at producing internally cold molecules. The Ni'(C,Hy), and all
the rare gas tagged complexes presented in this work were generated using the
cutaway rod holder. However, this design was not efficient at producing the
Ni"(H,0), complexes. In order to generate the hydrated nickel ions, a regular rod
holder was used which was modified by boring out the gas channel to ~ 5 mm.
Incorporating the modified design with a helium expansion produces Ni'(H,0), out
to n =50 or more. Figure 2.2 shows the two source configurations and the ion
distributions generated from them. The multiplet of peaks observed at each cluster
size is due to natural isotopes of nickel (58, 60, 62 amu). The cutaway design is
efficient at producing Ni'(Ar), and Ni' (H,O)Ar,, but complexes containing multiple
water molecules are not observed. The other minor mass peaks in the Ni'(Ar), mass

spectrum are due to atmospheric impurities (i.e. Ni'(N;)Ar, and Ni (CO,)Ar,).
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Figure 2.2 Laser Vaporization Cluster Sources: Regular Rod Holder and the

‘Cutaway’ Configuration
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Both designs produce the ion-molecule complexes directly in the laser plasma.
As stated before, ions that are first produced and then expanded have lower internal
energies than molecules that are ionized downstream. Therefore, ions directly out of
the jet are more attractive for spectroscopic examination. Ion-molecule complexes in
the expansion are skimmed into the differentially pumped mass spectrometer vacuum
chamber. A conical skimmer with a 3 mm aperture (Beam Dynamics, Inc.) is used to
collimate the ion beam by deflecting the off-axis molecules. Once skimmed, the ions
enter the two stage Wiley-McLaren type time-of-flight mass spectrometer,’ where
they are pulsed extracted into the first drift region of the reflectron. A schematic of
the RTOF instrument is shown in Figure 2.3. The repeller plate (REP) and draw out
grid (DOG) are kept at ground until the ion packet enters the extraction region and
then rapidly pulsed to high voltages. Fast response high voltage pulsers (Behlke
Corporation HTS-50, 50 nsec rise time) are used to charge the REP and DOG, and
typical voltages used are 1000 volts and 900 volts, respectively. This accelerates the
ions down the first flight tube with approximately 1 keV energy. Because the ions are
uniformly accelerated perpendicular to their translational velocities, the ions separate

in time and space according to their mass defined by the following equation:

Kinetic Energy = 1/2*Mass*Velocity®

Low mass and high mass ions have different trajectories, therefore a deflection plate

and an Einzel lens are used to focus the ions on the detector using adjustable DC

voltages. Typical voltages are 0 - 50 volts for the deflector and ~400 volts for the
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Figure 2.3 The Reflectron Time-of-Flight Mass Spectrometer
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Einzel lens. Before enetering the reflectron region the ions are size-selected by using
another set of pulsed voltages (mass gate). For this set up, a static DC field is
generated between two plates which deflects away any unwanted low mass ions. The
plates are then pulsed to ground to allow the ions of interest to pass into the reflectron
field and pulsed back up to high voltage to reject any higher mass ions. Typical mass
gate pulses are 200 - 400 volts with ~ 10 nsec rise/fall times (Avtech AVR series).

Once selected, the ions of interest enter the reflectron field.” The reflectron
stack is constructed of twelve stainless steel frames separated by 1.5 cm ceramic
spacers. The first plate is grounded and the next ten plates are connected to a high
voltage divider set of resistors (200 kQ each). Applying a DC voltage to the back
plate produces a static electrical field gradient that turns the ions and reaccelerates
them down the second flight tube to the detector. Typical voltages for maximum
mass resolution are 1.25 - 1.35 keV. The reflectron not only improves mass
resolution, it also provides a convenient place to overlap the ion packet with the IR
OPO laser. The ions are excited at the turning point and if photodissociation occurs,
parent and fragment ions separate in time and space when reaccelerated in the second
stage of the reflectron. Ion signals are detected using an electron multiplier tube
(EMT, Hamamatsu R595) and recorded with a digital oscilliscope (LeCroy
Waverunner series). Data are transferred to a PC through an IEEE interface.

Figure 2.4 illustrates the mass selection and photodissociation processes. The
upper trace shows a mass spectrum of Ni (C,H,); that has been size-selected from the
distribution. If the cluster ions absorb the IR radiation and photodissociate, new ions

appear in the mass spectrum as shown in the middle trace. A difference mass
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Figure 2.4 Mass Selection and Photodissociation Mass Spectra.
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spectrum is then generated by subtracting the ion yields from two mass spectra
recorded with the IR laser on and off. The lower trace of Figure 2.4 shows the
difference mass spectrum for the Ni"(C,H,); complex at 3175 cm™. The negative-
going peak represents depletion of the parent ion (n = 7) that was size-selected, and
the positive peaks are the daughter ions produced by the photodissociation process.
Fragmentation is more efficient on resonance, therefore, monitoring the fragment ion
yield as a function of IR laser wavelength produces the vibrational ‘action’ spectrum
of the ion that has been mass-selected. As stated previously, ion densities are too low
for absorption measurements and spectroscopic studies must be made by monitoring
an action that occurs after the absorption event. In this case we are detecting
dissociation caused by the absorption of infrared radiation. This type of detection
scheme is highly sensitive as it provides a zero noise background.

A schematic of the infrared OPO/OPA system (LaserVision) is shown in
Figure 2.5. The pump laser is either a Continuum 9010 or 8010 injection-seeded
Nd:YAG which provides 550-600 mJ/pulse of horizontally polarized 1064 nm light.
The pump beam is split as it enters the OPO/OPA with 33% sent through a doubling
crystal (KTP) and the other 67% sent through a delay line to the amplifier section.
The doubled light (532 nm) passes through the grating tuned oscillator section where
two angle tuned KTP crystals split the incident light into the signal and the idler
beams according to the following relationship:

®pump = Dsignal T Oidler

Wsignal ;é ®idler and Wsignal >Widler
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Figure 2.5 LaserVision Optical Parametric Oscillator / Amplifier System
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where o is the frequency in cm™ of the photons.® These crystals produce a signal
output from 710-880 nm (~14,000 - 11,300 cm™) and an idler output from 1.35-2.12
um (~7,400 - 4,700 cm™). The idler from the oscillator then passes into the amplifier
section where it is recoupled with the 1064 nm light from the delay line. Four KTA
crystals in the amplifier utilize difference frequency generation between the idler and
the 1064 nm to provide light from 2050-4500 cm™ (~5.0 - 2.2 um) with pulse
energies from 1-30 mJ/pulse and a linewidth of 0.3 - 0.8 cm™. This light is then sent
through the reflectron region to photodissociate the complex of interest. Typical
spectra are recorded with 0.5 - 1.0 cm™ step sizes and averaged over 30-50 laser
shots. A number of small molecules have fundamental vibrations within the region
covered by the IR-OPO laser.” Therefore, we have already used it to acquire the
vibrational spectra of a variety of metal ions complexed to carbon dioxide, '’
nitrogen,'' water,'? acetylene'® and benzene,'* and the work presented here is a

continuation of these studies.
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Abstract

Infrared photodissociation spectroscopy of size-selected nickel cation-water
complexes, Ni'(H,0), where n = 1-25, is reported. The pure complexes fragment by
eliminating intact water molecules, while the n = 1 complex tagged with argon
dissiciates by losing a rare gas atom. All cluster sizes have resonances in the OH
region red-shifted from the free molecule vibrations due to the metal interaction.
New features appear beginning at n = 4 in the 3400 — 3700 cm™' range due to
hydrogen bonding. By n =7, the symmetric OH stretch has all but disappeared and
the asymmetric band has split into a doublet, suggesting that all of the water moieties
in the Ni"(H,0); and larger complexes are donating at least one of their OH groups to
hydrogen-bonding and are incuded in a more complex network. The doublet near
3700 cm™ is assigned to OH vibrations from acceptor-acceptor-donor (AAD) and
acceptor-donor (AD) water monomers in the network. Unlike pure water clusters,
nickel cation-water complexes do not form high symmetry structures as there is no
evidence for dodecahedron formation in the Ni+(HzO)2o complex. Additionally, the
AAD/AD line spacings in the hydrated nickel ions are greater than those in the pure
water analogues, indicating that induction from the metal ion extends throughout the

hydrogen-bonding network.
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Introduction

Metal ion solvation is prevalent throughout the chemical and biological
disciplines."” However, understanding the dynamics of the solvation process at the
molecular level remains challenging. Metal ion-water clusters serve as tractable
models for the study of the metal-water interactions. The gas phase ions are also
attractive from an experimental perspective as they can be size-selected, allowing for
the solvation process to be systematically studied from a bottoms-up approach. Metal
ion-water binding energies have been measured for a variety of metals using mass
spectrometry,”” and these complexes have been investigated with theory.?*?
Electronic spectroscopy has been employed in the past which elucidated excited state
structures for some of the monohydrated metal ions.***® Accurate measurements of
the ionization potentials of the neutral metal-water clusters have been obtained using
ZEKE-PFI spectroscopy, but ground state information of the ions is usually limited to

3536 ..
> Recent advances in infrared

the low frequency metal-ligand vibrations.
photodissociation spectroscopy have begun to shed light on the geometric structures
and coordination in metal ion-water complexes in their ground electronic

. 37-40
configurations.

In the present work, we report on the mass-selected infrared
spectroscopy of Ni'(H,0), complexes in the size range of n = 1-30. Spectra are
acquired in the OH stretching region and provide detailed information on the structure
of these complexes and the dynamics of the solvation process.

Geometric and electronic structures of metal ion-water clusters has been

20-29

theoretically investigated by a number of groups. In a benchmark study,

Bauschlicher calculated ground state electronic structure and binding energies for the
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monohydrated-first row transition metal ions using the Modifired Coupled Pair
(MCP) functional.”® In a more recent paper, Klippenstein and Yang studied the same
complexes with density functional theory (DFT) and reported harmonic frequencies
for the OH vibrations.”* The metal cation-water bond is determined to be primarily
elctrostatic with some partial covalent interaction for the transition metals. The metal
ion withdraws charge from the water, mostly out of its lone pair orbitals. Because the
lone pairs have some bonding character, this interaction weakens the binding in water
and shifts the OH vibrations to lower frequency. Paralleling the advances made on
the theoretical front, sophisticated experiments have been developed to accurately
measure the energetics and structural details of hydrated metals. A number of mass
spectrometry techniques have been used in the past, such as equilibrium
measurements, radiative association studies and collision-induced dissociation
experiments to determine metal-water bond energies.”"” Most of this work has
focused on the singly charged species as they are easier to produce in the gas phase,
but recent experiments are beginning to study multiply charged complexes.'*"***

The multiply charged species are attractive as they are more direct analogues of
metals in the condensed phase.

Direct absorption spectroscopy of gas phase ions is problematic due to the low
sample densities, therefore a number of different action spectroscopies have been
used in the past to study metal ion-water clusters. Electronic photodissociation
spectroscopy has been employed to probe the excited states of the singly charged

30-32

alkaline earth metals, which excite the metal-based P<—S transitions. Brucat and

coworkers have also used this technique to study V' (H,0) by excitation into low-
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lying electronic states corresponding to different d orbital configurations.”® Recently,
Metz and coworkers used the same technique to study Co*"(H0), complexes.**
However, electronic studies on other transition metals and complexes containing
multiple waters are often not possible due to predissociation. ZEKE spectroscopy has
been performed on some neutral monohydrated metals which accurately measures

35.36 . . . .
® These studies have also provided information on low

their ionization potentials.
frequency vibrations for the cations in their ground state. Recent advances in infrared
photodissociation spectroscopy (IRPD) have allowed the ground states of the metal

37-40 | -
1’74 Lisy and coworkers have

ion-water complexes to be probed in more detai
studied alkali cation-water clusters by IRPD in the OH region,’’” and Inokuchi and
coworkers have used this technique to study similar complexes.”® Our group has
extended this method to complexes containing transition metal cations.***

Infrared spectroscopy of metal ions bound to water molecules is both useful
and informative as the OH vibrations are intense and shift in particular ways upon
complexation. For example, it is known that the free OH vibrations (3657 cm™, 3756
cm™)*! shift to lower frequency (3200 — 3500 cm™) when the OH groups participate
in hydrogen bonding.*** Several groups have recently used infrared
photodissociation spectroscopy to study anion and protonated water clusters.**>>
Lisy and coworkers have adapted this technique to observe the solvation dynamics in
alkali cation-water complexes.”’ Our group and others have incorporated IRPD
together with laser vaporization sources to study cation complexes containing metals

38-40

with higher melting points. In the present paper we report on the IRPD
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spectroscopy of Ni'(H,0), in the OH stretch region. This is the first spectroscopic

study to document the progressive solvation of a transition metal cation.

Experimental

Nickel ion-water complexes are produced in a laser vaporization pulsed
nozzle source and analyzed in a time-of-flight mass spectrometer. The source and
molecular beam machine have been described previously.”*’ Briefly, the nascent ion
distribution is produced directly from the source by vaporizing a nickel rod sample
with the third harmonic of a Nd:YAG laser (355 nm). For the argon-tagged complex,
our specially designed ‘cutaway’ source is used in an argon expansion. We employ a
sample rod holder equipped with a short 5 mm diameter growth channel directly after
the laser plasma in a helium expansion to produce the larger, multiple water
complexes. In each case, water is introduced into the backing gas under ambient
conditions and typical backing pressures and pulse durations are 50 psi and 250 usec,
respectively. The ion-molecule complexes are skimmed into the mass spectrometer
chamber where they are accelerated into the first drift region of the reflectron. They
are then size-selected using pulsed voltages before entering the reflectron grid.
Photodissociation is accomplished with the output of an Nd:Y AG-pumped optical
parametric oscillator / amplifier (OPO/OPA) laser system at the turning point. Parent
and fragment ions are reaccelerated down the second stage of the reflectron and
detected with an electron multiplier tube (EMT). Photodissotiation is more efficient
on resonance, thus monitoring the fragment ion yield as a function of laser

wavelength produces the IRPD spectra of the ion that has been selected.
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The characteristics of the OPO/OPA laser system has been described
previously.* The output range is 2050-4000 cm™ with typical pulse powers from 2 -
30 mJ. Frequency calibration is accomplished by acquiring the photoacoustic scan of
methane. The IRPD spectra of the n = 1 complex has been interpreted with the aid of
density functional theory (DFT). Calculations are performed with the Guassian 03
Windows version™ at the B3LYP level®® using the 6-311°G** basis set for the heavy
atoms. The theoretical harmonic frequencies have been empirically scaled by 0.953

to provide a better comparison to the experiment.

Discussion

Figure 3.1 shows the nascent ion distribution of the Ni " (H,0), complexes
produced from the laser vaporization source utilizing the short growth channel and
helium expansion described previously. The multiplet of peaks observed at each
cluster size is from the natural isotopes of nickel. They are resolved at low mass, but
the cluster ions appear as a single mass peak at larger sizes. The maximum intensity
in this distribution and its extent to larger masses can be manipulated by varying a
number of different experimental conditions. The partial pressure of water present,
pulse duration and backing pressures of the expansion gas, the position and fluence of
the focused laser on the metal target, as well as the timing of the vaporization laser
relative to the gas pulse are all key variables in optimizing the distribution.

In order to obtain the vibrational spectra of these ion-molecule complexes, we
mass-select them individually and excite them with the IR OPO laser in the OH

stretch region to attempt photodissociation. No appreciable fragment ion signals were
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Figure 3.1 The mass spectrum of Ni'(H,0), cation clusters produced by laser

vaporization
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detected for the n = 1, 2 complexes in this spectral region. This is not surprising as
photodissociation is not only dependent on the absorption event but also on whether
the molecule has absorbed enough energy to break its weakest bond. In this case, the
weakest bond is the M"-H,0 interaction and we are exciting the OH stretches in the
water moiety. Energy absorbed by the chromophore is transferred to the M"-H,0
coordinate via IVR and if it is greater than the binding, the cluster will fragment by
eliminating the water. The dissociation energies of Ni'(H,0);.4 have already been
measured with collision-induced-dissociation®'® and calculated with theory,*® and
these values are listed in Table 3.1. The first two water molecules are strongly bound
to the nickel cation and have similar values, whereas the third and fourth waters are
relatively weakly attached. Therefore, the fact that we do not observe any substantial
fragmentation from the n = 1, 2 complexes and yet the n = 3 complex fragments
efficiently is consistent with the energetics of this system. The ~40 kcal/mol required
to dissociate the mono- and di-hydrated ions corresponds to 14, 000 cm™.
Photodissociation in the OH region would therefore require at least four photons, but
multiphoton absorption is inefficient due to the loss of resonance at higher vibrational
states. The third and fourth ligands are bound by only 12 kcal/mol (~4200 cm™).
While this is still greater than a single IR photon near 3700 cm™, clusters that retain
some internal energy from the ion source might dissociate via a one-photon process.
Additionally, as more waters are complexed to the nickel cation, the vibrational
density of states increases, which enhances multiphoton absorption.

We employ the argon-tagging technique to acquire the vibrational spectra of

the Ni'(H,0);, complexes. A number of groups have used this technique to enhance
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Table 3.1  The dissociation energies of Ni"(H,O), ions in kcal/mol.

Complex Experimental Theory
Ni"(H,0) 39.72,36.5,0 43.9¢ 41.9,445.0¢
Ni"(H,0), 38.0,%40.62, 40.2¢
Ni"(H,0);, 16.2¢
Ni"(H,0), 12.3¢

aReference 8. dReference 20.
bReference 9. ¢Reference 24.

CReference 10.
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46-50

infrared photodissociation for molecular ions as well as the more strongly bound

37-40

metal ion complexes, and the details of the method have been described

3940 For the Ni(H,0), complexes, the argon atoms likely bind to the

previously.
metal ion and do not perturb the chromophores much. Therefore, acquiring the IRPD
spectrum in the argon-loss channel for the mixed complex, Ni'(H,O)Ar, is the best
possible representation of the IR absorption spectra of the corresponding pure
complex.

Figure 3.2 shows the IRPD spectrum of the Ni' (H,O)Ar, complex as it
compares to the predicted IR frequencies of the theoretical Ni'(H,0) complex
calculated at the B3LYP level of theory. Its structure is included in the inset. The
theoretical harmonic frequencies have been scaled to provide a better match to the
experimental spectrum and are represented by red bars. The dashed lines mark the
free water OH vibrations. Photo-dissociation of the Ni'(H,O)Ar complex was
inefficient, and we had to attach two argon atoms to acquire the vibrational spectrum
of the monohydrated ion. Two bands are observed in the IRPD spectrum for
Ni"(H,0)Ar, at 3623 cm™ and 3696 cm™. They correspond to the symmetric and
asymmetric OH vibrations in Ni'(H,O)Ar,, respectively. A small peak attributed to a
combination band is observed at 3822 cm™'. The Ni+(H20)Ar2 OH frequencies are
shifted from the free stretches by 34 and 60 cm™ for the symmetric and asymmetric
bands, respectively. The DFT calculations for the Ni'(H,0) complex predict that the
water binds to the metal cation primarily by the charge-dipole interaction to form a

C,y structure, consistent with previous theoretical work. 2%’ As stated before, this

interaction weakens the bonding the water molecule. This causes the H-O-H angle to
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Figure 3.2 The IRPD spectrum of Ni' (H,O)Ar; as it compares to the scaled
fundamentals of the Ni'(H,O) complex calculated with DFT (red bars). The

OH vibrations of the free water molecule are represented as dashed lines.
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open from 104.5° in the free molecule to 107.8° in the Ni'(H,0) complex. DFT
predicts symmetric and asymmetric OH stretches at 3593 cm™ and 3668 cm™,
respectively. The calculations also reveal that the two argons attach directly to the
nickel cation in the Ni'(H,O) cluster and cause only minor perturbations on its
structure. Because binding is distributed to the argons, the Ni'-H,O interaction is
lessened and the OH vibrations shift back to the blue by ~17 cm™. Therefore, the
match between experiment and theory is quite good for band positions and relative
intensities.

Unfortunately, we could not acquire the IRPD spectrum of the Ni (H,0),
complex as this complex does not dissociate and was difficult to argon-tag. However,
photodissociation was efficient for the pure Ni'(H,0), complexes beginning with n =
3. As stated previously and shown in Table 3.1, the dissociation energies for the n =
3, 4 complexes are greater than the IR photon energy but only by ~500 cm™. The fact
that these clusters photodissociate efficiently when excited near 3700 cm™ likely
means that some internal energy is retained from the laser vaporization process. This
excess energy, in turn, facilitates fragmentation. The IRPD spectra of Ni'(H,0)3.
acquired in the (n-1) mass channel are displayed in Figure 3.3. There are two intense
modes observed near 3700 cm™ for each cluster size that roughly correspond to the
symmetric and asymmetric OH stretches. Beginning with n = 4, new red-shifted
features appear in the 3400 - 3600 cm™ region, indicating formation of the second
solvent sphere. Vibrations in this region are attributed to hydrogen-bonded OH

4245

modes and they have been observed in the spectroscopy of neutral and ionic water

46-53

clusters. The fact that we observe hydrogen-bonding for the Ni'(H,0)4 complex
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Figure 3.3 The IRPD spectra of Ni'(H,0)3.6 complexes measured in the (n-1)
mass channel. The dashed blue lines represent the positions of the symmetric and
asymmetric stretches in free water. Red arrows point to hydrogen-bonded OH

features and the disappearance of the symmetric stretch.
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is intriguing. Previous experiments on this system indicate that the fourth water
molecule binds directly to the nickel cation.'’ Additionally, nickel is known to prefer
a coordination of four in the condensed phase.®’ Our previous work on Ni"(CO,),
and Ni'(C,H,), indicate that the Ni' is four-coordinate in these gas-phase systems,’®’
but the Ni'-CO, and -C,H, complexes were produced in our ‘cutaway’ source. In
order to produce the Ni'(H,0), distribution shown in Figure 3.1, we employ a short
collisional activation region just after laser ablation. This set up produces the
hydrated nickel ions in great abundance but they are expected to be internally warmer
than ion-molecule complexes generated in the ‘cutaway’ configuration. Thererfore, it
is likely that a subset of the Ni'(H,0), cluster ions are produced in higher energy
isomeric form and give rise to the photodissociation signal observed in the hydrogen-
bonded region. Clusters with three waters attached to the nickel cation and the fourth
water bound in the second solvation layer, the so-called ‘3+1’ structure, would have
at least one hydrogen-bond. Figure 3.4 shows the different hydrogen-bonding
structural motifs that are possible for the ‘3+1° isomer. They are discussed in more
detail below. Photodissociation of the ‘3+1’ cluster is expected to be more efficient
as less energy is required to detach the solvent molecule. Therefore, even a minor
population of ‘3+1’ structures would be over-represented in the n = 4 IRPD spectrum.
As clustering continues, more signals in the hydrogen-bonding region are
observed for the larger complexes. As seen in Figure 3.3, three broad bands are
observed in the n = 5 IRPD spectrum centered near 3200, 3350, and 3500 cm’!. This
suggests that isomers are also present for the n = 5 complex. Figure 3.4 illustrates the

different hydrogen-bonding structural motifs that are possible in the second solvation
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Figure 3.4 The different hydrogen-bonding structural motifs possible for the

‘3+1° structure.
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layer. The a) and b) structures are not likely as the metal ion-dipole interaction aligns
the core water molecules in such a way that only the hydogen atoms participate in
hydrogen-bonding. Therefore, any solvent likely attaches to existing water by being a
single acceptor (A) or double acceptor (AA) molecule, as depicted in the c) and d)
structures in Figure 3.4. Only two types of hydrogen-bonding motifs are likely and
yet three bands are observed in the hydrogen-bonding region in the n =5 IRPD
spectrum. Less stable isomers, such as ‘4+1” and ‘3+2’ structures, would also have A
and AA solvent molecules but their hydrogen-bonded stretches are expected to occur
at different frequencies due to induction from the different metal ion cores. Future
theoretical work or acquiring the IR spectra of the n = 3, 4, 5 complexes tagged with
argon will be required to properly assign the bands in the hydrogen-bonded region.

As cluster size increases, two trends are observed in the spectra shown in
Figure 3.3, the intensity of the symmetric OH stretch decreases and the broad
asymmetric band splits into a closely spaced doublet. In fact these two phenomena
are related and have been observed in the protonated, neutral and anionic water

46-53
clusters.

Eventually all the water monomers participate in hydrogen-bonding by
donating at least one of their hydrogen atoms. Once that occurs, their OH vibrations
are no longer analogous to the free molecule symmetric and asymmetric stretches,
that is, they contain a single hydrogen that is free to vibrate in vacuum. In a more
complex hydrogen-bonding network, any signals observed in the free OH region are
due to these so-called ‘dangling” OH groups. They correspond to waters in the

network that are either single acceptor-single donor (AD) or double acceptor-single

donor (AAD) monomers. Therefore, depreciation of the symmetric stretch and the
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appearance of a closely spaced doublet centered at 3700 cm™ indicates that the water
molecules are participating in hydrogen donation and no longer end chain-like
structural motifs.

Figure 3.5 shows the IRPD spectra of the Ni' (H,0), complexes for n = 7-10.
Surprisingly, the symmetric OH stretch has disappeared completely and the AD /
AAD doublet near 3700 cm™ is well resolved by n = 7. For the neutral and
protonated water systems, the symmetric- and asymmetric-like OH stretches do not
disappear until n = 10. For the hydrated nickel ions, aparrently higher ordered
structures such as ring formation and 2-D networks are beginning at n = 7. This is
unexpected in light of what is already known for the Ni'(H,0);.4 complexes.
Previous CID measurements on these complexes are consistent with structures where
the third and fourth water molecule binds directly to the nickel cation.'” It is
therefore difficult to imagine that adding three additional water molecules to the
Ni"(H,0)4 core could produce a structure where only dangling OH groups are present
and no open-ended water monomers exist. As stated before, the charge-dipole
interaction orients the core water molecules in such a way that the solvent waters are
likely H-bond acceptors (A, AA). Acceptor monomers in the second solvation layer
would have symmetric and asymmetric OH stretches, but none are observed for n=7.

One possible explanation is that clustering of water to the Ni* cation occurs
asymmetrically. We have seen asymmetric clustering of CO, on Mg" and AI",*® but
this was caused by polarization of their valence s electrons, which is clearly not the
case for nickel. A more likely explanation is that the nickel cation is included in

hydrogen-bonded ring formations. Rings with five-fold symmetry are observed for
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Figure 3.5 The IRPD spectra of Ni'(H20)7.1o complexes measured in the (n-1)
mass channel. The dashed blue lines represent the positions of the

symmetric and asymmetric stretches in free water.
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pure water clusters, which are the subunits that eventually produce the dodecahedron
cages in (H,O),¢ and HJr(HzO)21.46'53 In H'(H,0),, the extra proton is included in a
five-member ring for the n = 7 complex.’” A similar structure is feasible for the
Ni'(H,0)7, where the Ni' is included in a ring structure. From the IR studies on the

433 ring formation produces a signature doublet near 3600 cm™.

pure water clusters,
The partially resolved band at 3620 cm™ in the Ni'(H,0)s,9 spectra indicates that
hydrogen-bonded rings might be present for these hydrated nickel ions. Careful
inspection of all the spectra shown in Figure 3.6 reveals that an asymmetric-like OH
vibration might still be present, albeit at low intensity. There is a small shoulder band
on the high frequency side of the AD signal at 3740 cm™' for the n = 7 complex and
this feature is reproduced in the spectra of the larger clusters up to n = 10. This weak
signal might be an asymmetric stretch from AA-type monomers in the network,
which would have both hydrogens free to vibrate. It could also arise from waters
attached directly to the nickel cation. The AAD and AD bands in the larger clusters
emerge from the broad asymmetric OH signal in the smaller complexes. Due to this
vibrational overlap, it is difficult to accurately assign the peaks in the 3700 cm™
region. More work on the n = 7-10 complexes will be necessary to determine their
structures and prove whether or not ring formation occurs for these hydrated ions.

The IRPD spectra of selected larger Ni' (H,0), complexes are shown in Figure
3.6 for comparison and band positions for all cluster sizes studied are listed in Table
2.2. The spectra of all the n > 10 complexes are quite similar as only minor changes

are observed. The intensity of the higher frequency AD-type band of the doublet near

3700 cm™ decreases relative to the AAD-type peak as cluster size increases.
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Figure 3.6 The IRPD spectra of selected Ni'(H,0), complexes measured in the
(n-1) mass channel. The dashed blue lines represent the positions of

the symmetric and asymmetric stretches in free water.
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Table 3.2 Band positions of the infrared resonances measured for Ni'(H,0),

complexes. All units are cm™, and measurements are made at band center.

Ni'(H,0)Ar, 3623, 3696, 3822

Ni'(H,0); 3619, 3700

Ni'(H,0)4 3185, 3626, 3702

Ni'(H,0)s 3195, 3357, 3520, 3630, 3705
Ni'(H20)s 3380, 3520, 3628, 3694, 3716
Ni'(H,0); 3391, 3526, 3615, 3687, 3719
Ni'(H,0)s 3402, 3620, 3690, 3721
Ni'(H,0)o 3420, 3520, 3620, 3692, 3722
Ni"(H20)10 3520, 3695, 3720

Ni"(H,0)1, 3500, 3696, 3720

Ni"(H20) 1, 3500, 3695, 3719

Ni"(H,0)13 3350, 3500, 3700, 3720
Ni"(H20) 14 3350, 3510, 3701, 3717
Ni"(H,0);5 3200, 3360, 3516, 3698, 3718
Ni"(H20) 16 3514, 3702, 3717

Ni"(H,0)17 3510, 3701, 3719

87



Ni'(H,0);5 3510, 3700, 3718

Ni'(H20)19 3510, 3698, 3718
Ni'(H20) 3513, 3699, 3721
Ni'(H20)y 3515, 3699, 3721
Ni'(H20)2 3515, 3700, 3720
Ni ' (H20)y3 3509, 3698, 3721
Ni'(H20)24 3500, 3700, 3720
Ni " (H20),5 3500, 3699, 3718
Ni'(H20)2 3500, 3698, 3718
Ni'(H,0)23 XXXX,* 3698, 3718
Ni"(H,0)30 XXxXX,* 3698, 3719

*no measurements in the hydrogen bonding region were done for these clusters.

88



However, the spacing between the modes does not change much even at the largest
cluster size studied (n = 30). A spectral gap of ~17 cm™ was observed between the
AAD / AD bands in the larger H'(H,O), clusters.”> In the hydrated nickel ions, the
bands are separated by 20 - 22 cm™ as seen in Table 3.2. This suggests that there is
some inductive effect from the nickel cation that permeates throughout the hydrogen-
bonded network, even at the n = 30 cluster size. An essential yet unanswered
question in condensed phase chemistry is: how many water molecules does it take to
fully solvate a metal ion? According to the present work, it apparently requires more
than thirty in the Ni'(H,0), system. Unfortunately, the spectra do not provide
enough information to accurately determine the structures of the larger complexes,
but insights can be gained in light of what has already been learned of the protonated
water clusters.

Figure 3.7 shows the IRPD spectrum of Ni' (H,0) as it compares to the
IRPD spectrum of the H+(H20)2 | cluster. The protonated n =21 ‘magic number’

712,52 .
% ever since Kebarle and

cluster has been studied extensively in the past,
coworkers first observed its special stability in mass spectrometry measurements.’
The various structures postulated for the H+(H20)21 cluster have all centered on the
formation of an n = 20 dodecahedron cage with one water located inside. Many
questions remain concerning the location of the proton in this cluster, but both
experiment and theory agree that its geometry is based on the dodecahedron structural
motif. > The main piece of evidence is the observation of a single band in the OH

region arising from AAD-type water monomers in a high symmetry arrangement,’” as

shown in the upper trace of Figure 3.7. Another key observation is the separation of
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Figure 3.7 The IRPD spectra of Ni ' (H20)y as it compares to the IRPD of

H'(H,0),;.
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the band near 3580 cm™ from the broad envelop in the hydrogen-bonded region
which is attributed to ring-based vibrations. The lower trace shows the IRPD
spectrum of the Ni'(H,0),0 complex. Unlike the H'(H,0),; cluster, two bands (AAD
and AD) are observed near 3700 cm™ for Ni'(H,0). In fact there is no evidence for
high symmetry structures for any of the larger hydrated nickel ions studied. The
presence of the nickel cation and its strong binding to the core water molecules
prevent the symmetric clustering of subsequent waters and, therefore, the formation
of the n = 20 dodecahedron. Apparently, the nickel cation continues to influence the

clustering of water even out to n = 30.

Conclusions

Hydrated nickel cation complexes of the form Ni'(H,0), are produced in a
laser vaporization pulsed nozzle cluster source, isolated by time-of-flight, and studied
with infrared photodissociation spectroscopy. In addition, the IRPD spectrum of
Ni+(H20)Ar2 is also obtained, which contains two peaks in the OH region.
Comparison of its vibrational spectrum to the predictions of theory confirm that the
water molecule attaches to the nickel cation via the charge-dipole interaction to
produce a C,, symmetry structure and that the attachment of argon atoms cause only
minor perturbations. The charge that is polarized toward the Ni" has some bonding
character, therefore the binding in the water moiety is weakened and the OH
vibrations shift to lower frequency. The IRPD spectrum of the Ni'(H,O)Ar, complex

compares favorably to the scaled harmonic frequencies predicted by DFT.
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The pure Ni'(H,0), complexes dissociate efficiently beginning with the n = 3
complex, indicating that these clusters are internally heated during production, or that
the n = 3, 4 complexes are efficient multiphoton absorbers. The IRPD spectrum of
the n = 3 complex has two bands in the free OH region which correspond to
symmetric and asymmetric OH vibrations, indicating that all three water molecules
are bound to the nickel cation. New red-shifted bands begin to appear by n = 4 and
are attributed to the onset of hydrogen bonding. Binding of the fourth water molecule
to the second solvation layer is inconsistent with previous experiments,'” indicating
isomers are present in the beam. Symmetric- and asymmetric-like OH stretches
disappear by n = 7 and only AD- and AAD-type modes are observed near 3700 cm™.
This suggests that more complex hydrogen-bonded networks are beginning at a
surprisingly early stage of clustering. However, the IRPD spectra of the larger
complexes do not provide any evidence of dodecahedron formation near the n = 20
size regime, as AD- and AAD-type OH bands are observed for all the larger cluster
sizes studied. Comparison of the AD / ADD line spacings in the spectra of the
hydrated nickel ions to that in the protonated water spectra suggest that inductive
effects are present even out to n = 30. Future experiments for these complexes in the
H-O-H bending region and more theoretical work will be required to determine the

structures of these hydrated metal ions.
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CHAPTER IV
VIBRATIONAL SPECTROSCOPY OF NICKEL CATION-ACETYLENE

COMPLEXES: A STUDY OF METAL ION-IT BONDING'

"'Walters, R.S.; Pillai, E.D.; Schleyer, P.v.R.; Duncan, M.A. To be submitted to J. Am. Chem. Soc.
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Abstract

Nickel ion-acetylene complexes of the form Ni"(C,H,),, Ni'(C,H,)Ne and
Ni'(CyHy)nArym, where n= 1-4, are produced in a laser vaporization pulsed-nozzle
cluster source. The ions are size-selected and studied in a reflectron time-of-flight
mass spectrometer by infrared photodissociation (IRPD) spectroscopy in the C-H
stretch region. The experimental fragmentation patterns are consistent with a
coordination of four for this system. The n=1 -4 complexes both with and without
rare gas atoms are also investigated with density functional theory (DFT). The
combined IR spectra and theory show that nt-complexes are formed for then=1 -4
molecules, causing the C-H stretches in the acetylene ligands to shift to lower
frequencies. Spectra and theory also reveal that there are two doublet states that are
nearly isoenergetic for the Ni'(C,H,) complexes and Jahn-Teller effects are present
for n=2 - 4. Attaching rare gas atoms results in only minor perturbations on the
structures for all complexes except n = 3, where the presence of argon causes the
nickel ion to no longer reside in the acetylene center-of-mass plane. This induces a
30-50 cm™ red shift of its C-H stretches and increases IR intensities significantly.
The binding of the fourth acetylene is relatively weak, eventhough it attaches directly
to the metal. The IR spectrum of the Ni'(C,H,); complex is consistent with an

acetylene arrangement around the nickel cation that is nearly tetrahedral.
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Introduction

Transition metal-olefin complexes play an important role in catalysis and have
been studied extensively in the past in organometallic chemistry.'” Gas-phase
organometallic clusters serve as convenient models to study the effects of n-bonding
and these systems have been investigated with theory.”® Reactions of transition
metals with hydrocarbons and the details of their energetics have been observed in
gas phase ion chemistry.” " Equilibrium mass spectrometry and collision-induced-
dissociation (CID) and have been employed to determine bond strengths of metal ion-

n complexes, '

and electronic spectroscopy has been used to probe their excited
states.'®'” However, information on these complexes in their ground states is
somewhat limited. Infrared and Raman spectroscopies are common techniques to
study organometallic compounds in the condensed phase,"'®>* but applying these
methods to the gas phase is difficult because of the low sample densities inherent to
molecular beams. However, recent advances in infrared lasers now enable metal-

25-36

ligand complexes to be studied via photodissociation, and our group has reported

the first infrared photodissociation (IRPD) spectra of transition metal ion

28-36
complexes.

In this paper we report on the IRPD spectroscopy of various
Ni"(C,H,);.4 complexes as a study of metal ion n-bonding. The spectra are acquired
in the C-H stretch region and compared to harmonic frequencies calculated with
density functional theory.

Transition metal-acetylene complexes have been studied since Chatt et al. first

synthesized various platinum-acetylene compounds.' Maitlis and co-workers studied
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nickel-acetylene complexes by IR spectroscopy in the C=C stretch stretch region.?’
From these and similar studies on metal-ethylene and metal-carbonyl complexes,''*2°
a qualitative picture of the metal-ligand interaction known as the Dewar-Chatt-
Duncanson (DCD) n-bonding model was developed. Briefly, there is o-type forward
donation from the filled & orbitals of acetylene into the empty metal d orbitals, and n-
type back donation from the filled metal d orbitals into the n* of acetylene. Both
factors weaken the bonding in acetylene, lowering its vibrational frequencies. Most
condensed phase metal -acetylene studies have focused on how the m-interaction
affects the C=C stretch in the olefin, as this mode is commonly the most perturbed.'®
2 However, condensed phase spectra are often congested due to overlapping
vibronic transitions and solvent effects, precluding absolute assignment of the
structures for these transition metal clusters.

Gas phase organometallic complexes are solvent free and IR spectroscopy
studies can, in principle, reveal their structural details. Geometric and electronic
structures of metal ion m-complexes have been investigated theoretically by a number
of groups.®® The driving force behind the theoretical work on transition metal-n
complexes is the desire to accurately describe the interplay between electrostatic and
covalent forces that are involved in the metal-olefin bond. Bauschlicher was one of
the first to investigate the details of the m-interaction in transition metal ion
complexes using the modified coupled pair functional (MCPF) methodology.’
Schwarz and coworkers determined that m-backbonding was less important than c-
donation for M"-ethylene (M = Cu, Ag, Au) using DFT and HF/DFT hybrid

methods.” More recently, Frenking has incorporated an energy partitioning analysis
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to DFT and ab initio computations to describe which forces dominate in a variety of
organometallic clusters.” Of particular interest to this paper, Klippenstein studied
various metal ion-n complexes, including Ni -acetylene, with DFT and ab initio to
determine vibronic shifts caused by n-bonding.’

In addition to recent theoretical progress, experimental techniques have
advanced to a point where the molecular phenomena of gas phase ions can be probed.
Schwarz and coworkers have used mass spectrometry to study reactions of transition
metal ions with various hydrocarbon molecules and compare their results to theory.*’
Photodissociation has been employed by a number of groups to observe

8-10

fragmentation pathways of metal ion-n complexes.” = Bond energies of transition

metal ion-m complexes have been determined with equilibrium mass spectrometry by
Bowers'* and with CID by Armentrout."> Our group'® and Klieber and coworkers'’
have studied metal ion-n complexes by electronic photodissociation spectroscopy,
which revealed information on their excited states. However, the studies are limited
to single ligand complexes with metal ions that have P«—S transitions accessible with
tunable dye lasers. Complexes containing transition metals and molecules with
multiple ligands cannot be studied because they often predissociate when excited with
ultraviolet or visible photons.

It is clear then that IR spectroscopy, which probes the ground states of these
complexes, is necessary to elucidate their structures. Until recently, IR spectroscopy
of isolated metal-olefins was limited to rare gas matrices.”>** Advances in high
power infrared lasers now enable us to study organometallic clusters in molecular

beams free from matrix effects. IRPD spectroscopy of Group I and II metal ion-
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molecule complexes has been reported by the Lisy group> and by Inokuchi and
coworkers.® Our group was the first to apply this technique to transition metal ion

836 1p collaboration with the Meijer group, we studied metal ion-benzene

complexes.
complexes with a free electron laser (200 — 1600 cm™) to observe how n-bonding
affects the benzene skeletal modes.”® Recently, Maitre and coworkers used a similar
free electron laser source to study various Fe -hydrocarbon species.”” We have
extended these photodissociation studies to the C-H stretch region using a bench top

infrared OPO laser system.”°

In a recent communication, we reported on the
IRPD spectroscopy of M'(C,H,)Ar, (M =V, Fe, Co, Ni).>® The spectra clearly show
that Fe'(C,H,), Co ' (C;H,), and Ni'(C,H,) are n-complexes and their C-H resonances
shift in a regular way depending on which metal is involved. The vanadium system,
on the other hand, forms a three-membered ring metallacycle and has C-H stretches
similar to cyclopropene. In a previous letter, we studied Ni'(C,Hy,), complexes(n=3-
6) with IRPD spectroscopy, which provided the first preliminary evidence for
possible cyclization chemistry for this system in the gas phase.”’ We continue here
with a complete report on the IRPD spectroscopy of Ni'(C,H,),4 complexes. The
spectra are acquired in the acetylene C-H stretch region (3000-3400 cm™). The
complexes are also studied with theory at the B3LYP level. The combined spectra

and theory provides detailed information on the ground state structures for these

complexes and the effects of n-bonding.
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Experimental

Nickel ion-acetylene complexes are produced in a laser vaporization-pulsed
nozzle source and analyzed with a reflectron time-of-flight mass spectrometer. The
source and molecular beam apparatus have been described previously.” The third
harmonic of a Nd:YAG (355 nm) is used to vaporize a rotating nickel rod. Ions are
produced directly from the laser plasma in our specially designed ‘cutaway’ source
that typically produces molecules containing a single metal ion. Ni'(C,H,), clusters
are made in a 5% acetylene in argon expansion. The mixed complexes,
Ni'(C;Hy)nAry, and Ni'(C,H)Ne, are produced in expansions containing <1%
acetylene in argon or 25:75 helium:neon, respectively. The pulsed nozzle is a
General Valve Series 9 (1 mm orifice) operating at ~ 50 psi backing pressure and
pulse durations near 250 usec. The ions are skimmed into the differentially pumped
mass spectrometer chamber where they are injected into the first drift region of the
reflectron by pulsed acceleration voltages. They are then size-selected within the first
flight tube by another set of pulsed voltages before entering the reflectron field.
Photodissociation is accomplished with the output of an IR Optical Parametric
Oscillator/Amplifier (OPO/OPA) at the turning point in the reflectron. Parent and
daughter ions are reaccelerated down the second flight tube and detected using an
electron multiplier tube (EMT). Data are transferred to a PC by an IEEE interface.
Fragmentation is more efficient on resonance, thus monitoring the fragment ion yield
as a function of IR laser wavelength produces the IRPD spectrum of the parent ion

that has been mass-selected.
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The OPO (Laservision) uses two KTP crystals pumped by the second
harmonic (532 nm) of a Nd:YAG laser (Continuum 9010) to produce tunable 725 —
872 nm light which is then combined with the delayed fundamental (1064 nm) in the
OPA. The OPA consists of four KTA crystals, which generate the tunable IR light
(2050 — 4400 cm™") by difference frequency mixing. This output is then used to
generate the IRPD spectra by exciting the ion-molecule complexes near the
asymmetric and symmetric C-H stretches of acetylene, 3289 and 3374 cm™',
respectively.’” The IR output of the OPO/OPA is frequency calibrated in the C-H
stretch region by acquiring the photo-acoustic spectrum of methane (2800-3200 cm
1. It should be noted that we did not use this method of calibration in our previous
paper on the IRPD spectra of Ni"(C,Hz), (n=3-6) complexes.’’ The energies reported
here are accurate and the previous spectra are therefore incorrect by ~14 cm™.

Vibrational spectra are compared to Density Functional Theory (DFT)
calculations using the Guassian ’03 package (Windows version)’*t the B3LYP level
of theory.” The 6-311°G** basis set was utilized for the heavy atoms and we

allowed for symmetry breaking to occur during the structural optimizations.

112



Discussion

Ni'(C,H,), complexes are size-selected and excited with the IR laser in the C-
H stretch region of acetylene (3000-3400 cm™) to attempt photodissociation. As
stated in our previous letter,”’ no photodissociation is observed for the n = 1-2
molecules and the n = 3 complex is difficult to fragment producing a broad spectrum
with low signal-to-noise. Beginning with the n =4 complex, the fragmentation yield
increases and dissociation occurs by the loss of intact acetylene molecules. Figure
4.1 shows the fragmentation mass spectra of the n = 5-7 complexes. The multiplet
observed at each cluster size is due to the natural isotopes of nickel. Data are
recorded with the IR laser on and off, then subtracted from one another to generate
these difference mass spectra. The negative peaks correspond to depletion of the
mass-selected parent ions and the positive peaks are the daughter ions that are
produced by photodissociation. All of the larger Ni'(C,H,), complexes terminate at n
= 4, suggesting that the nickel cation prefers a coordination of four for acetylene. We
also found a coordination of four in our study of Ni+(C02)Il clusters.* Additionally,
nickel compounds are known to prefer to be four coordinate in either a tetrahedral or
square-planar configuration from traditional inorganic chemistry.*’

The smaller complexes are harder to dissociate because the IR photons do not
impart the clusters with enough energy to break the weakest bond. Energy absorbed
in the C-H region is transferred to the M'-L coordinate by intramolecular vibrational
redistribution (IVR). If enough energy is absorbed and IVR is fast, then the cluster
will dissociate by ligand elimination. The binding energy of the Ni"-C,H, complex

has not been measured, but theory predicts it to be about 35.1 kcal/mol, **® which
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Figure 4.1 The IR photodissociation mass spectra of Ni+(C2H2)5_7. The negative
peaks are the mass-selected parent ions, the positive peaks are the daughter ions
produced by photodissociation. Fragmentation terminates at n=4, suggesting that Ni"

prefers a coordination of four for this system.
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corresponds to ~12,300 cm™. A multiphoton process is therefore necessary to
dissociate this complex near 3200 cm™. However, the smaller clusters have lower
state densities and multiphoton absorption is inefficient due to the loss of resonance at
higher vibrational levels. The n =2, 3, 4 complexes presumably have all ligands
attached directly to the metal. Their bond energies are likely to decrease as binding is
distributed to multiple acetylenes, but the per-molecule binding energy may still be
greater than 3200 cm™. As the nickel ion is ‘solvated’ by more acetylene molecules,
the sites around the metal will eventually fill and additional ligands must attach to
existing ‘core’ acetylenes. The molecules in the second solvation layer should have
binding energies similar to acetylene dimer (~ 400 cm™)*** resulting from van der
Waals forces. Absorption of a single photon should dissociate these complexes by
eliminating the weakly bound, second layer ligands. The larger clusters also have
higher state densities, increasing the efficiency of the multiphoton process and the
rate of [IVR. The lack of photodissociation signal observed for the smaller complexes
and the increase in fragmentation yield for the larger sizes is therefore consistent with
the energetics expected for this system.

Figure 4.2 shows the IRPD spectra of the Ni'-monoacetylene complexes with
rare gas atoms attached. In order to acquire the spectra of the more strongly bound
complexes, we employ a technique known as rare gas ‘tagging’ to improve the
fragmentation process. The Y.T. Lee group was one of the first to enhance IR
photodissociation by attaching weakly bound ‘messenger’ molecules (H, and N) to
cluster ions.** It is now more common to attach rare gas (RG) atoms and many

29-30, 33-35

groups have employed this method to molecular ions.*™* Our group and
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Figure 4.2 The IRPD spectra of the Ni'(C,H,) complexes tagged with various
rare gas atoms in the 3100 - 3300 cm™' region. All spectra have bands that correspond
to acetylenic C-H stretches. The Ni'(C,H,)Ar; IRPD spectrum has four modes in this

region due to the presence of a low-lying excited electronic state.
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others®'? have used this technique to study the more strongly bound metal ion-
molecule complexes. For the small nickel cation-acetylene complexes, the rare gas
atoms likely bind to the metal by a charge-induced dipole interaction. The tagged
complexes have lower binding energies and higher state densities than the
corresponding pure complexes and are therefore easier to dissociate. Excitation into
the C-H stretches is transferred to the Ni-RG coordinate via IVR and the tagged
complexes dissociate by losing one or more rare gas atoms. Because the tag atoms
are bound to the metal ion and do not interact with the ligand, the IRPD action spectra
of the mixed complexes provide the best possible approximation to the IR absorption
spectra of the corresponding pure complexes.

Each spectrum in Figure 4.2 was acquired in the mass channel that corresponds
to the loss of a single rare gas atom. All of the spectra have features to the red of the
free acetylene modes (3289 cm™ and 3374 cm™), consistent with the DCD model.
Ni"(C,H,)Ar is difficult to dissociate, leading to a broad spectrum with poor signal-
to-noise (not shown). The poor fragmentation of this complex is consistent with the
marginal energetics for this system. Both theory® and experiment™ agree that the
Ni'-Ar bond is about 12 kcal/mol (~ 4000 cm™). If the Ni*-Ar bond strength in the
Ni+(C2H2)Ar complex is close to this value, one photon cannot dissociate this
complex near 3200 cm™. Attaching a second argon lowers the Ni*-Ar per-atom bond
strength and increases the photodissociation efficiency. The middle trace shows the
IRPD spectrum of the monoacetylene complex tagged with two argons. Two intense
bands are observed at 3174/3244 cm™ and a weak pair of peaks appear at 3160/3233

cm™. When a third argon is added to this complex, the two doublets collapse to a
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single pair of resonances at 3170 cm™ and 3234 cm™' as seen in the upper trace of
Figure 4.2. In order to acquire a high quality spectrum of Ni'-C,H, with a single
messenger atom we attach neon. The Ni'-Ne bond is calculated to be 3.4 kcal/mol (~
1190 cm™)* and experiment puts it at 2.4 kcal/mol (~ 840 cm™).>! Absorption of a
single photon near 3200 cm™ is then expected to dissociate the Ni'(C,H,)Ne
complex. Consistent with this, the neon-tagged complex dissociates efficiently. The
lower trace in Figure 4.2 shows the IRPD spectrum of this complex, which has two
features at 3167 cm™ and 3234 cm™.

Two IR-active bands are expected for the monoacetylene complexes. All of
the spectra in Figure 4.2 have resonances near 3170 cm™ and 3240 cm™. They
correspond to the asymmetric and symmetric C-H stretches of the acetylene ligand
within the cluster. The symmetric stretch is infrared inactive, but once acetylene is
bound to the metal ion, the symmetry of the entire complex must be considered and
this mode becomes active. The four bands observed for Ni+(C2H2)Ar2 present a
problem as only two C-H stretches exist for the monoacetylene complex. The weak
signals are red-shifted from the intense bands, but are still in the acetylene C-H
region. The observation of four C-H modes suggests that another type of isomer
might be present in the molecular beam.

Nickel is not known to insert into small hydrocarbons like the early transition

11-13 - - -
and no insertion products are observed in the mass spectrum. Also,

metals do,
such complexes would not have acetylenic C-H stretches (3200-3400 cm™), so we

can rule out isomers generated from insertion chemistry. Another possibility is the

presence of structural isomers with argon attached to acetylene. Similar isomers were
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identified in our study of M"(H,0)Ar, (M = Fe, Mg), where the OH groups competed
with the metal ion for the argon.”>”® Argon attached to water causes a significant red-
shift of the OH stretching frequencies due to hydrogen bonding. An additional red-
shift is possible here if argon binds to an acetylene CH group instead of the nickel
cation. This could account for the weaker red-shifted peaks observed in the
Ni'(C;Hy)Ar, spectrum. The strong bands might be from isomers where both argon
atoms are attached directly to the metal, whereas the weaker signals arise from
isomers where at least one argon is attached to acetylene. We therefore turn to theory
in order to investigate this possibility and aid us in our interpretation.

Single point calculations were first performed at a lower level of theory using
small basis sets before geometry optimizations were performed at the B3LYP level
with the 6-311"G** basis set. This procedure was carried out on all the Ni'(CyHa);.4
complexes discussed below and their structures are shown in Figure 4.3. DFT finds
that the first acetylene binds to the nickel cation to form a 2B1 n-complex with Cyy
symmetry consistent with the previous DFT work by Klippenstein.® The *A; complex
is calculated to lie ~1.5 kcal/mol higher in energy, whereas Modified Coupled Pair
(MCP) calculations predict them to be isoenergetic as reported by Bauschlicher.’
Dissociation energies, scaled frequencies, intensities and key parameters for the DFT
structures are listed in Table 4.1. The Ni"-C,H, interaction causes two main effects:
the C=C bond is weakened and the hydrogen atoms are pushed away from the C=C
axis to reduce repulsion from the nickel cation. The weakening of the binding in the
acetylene moiety causes its stretching fundamentals to shift to lower energy, and the

perturbation on the hydrogen atoms causes the symmetric C-H stretch to become
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Figure 4.3 Theoretical structures of the Ni'(C,H,), (n= 1, 2, 3, 4) complexes

computed with B3LYP using the 6-311"G** basis set.

122



165.8°

1.234 A
170.3°

1221 A e

169.5°

102.2°

1.216 A

123



Table 4.1: B3LYP, 6-311"G**

Energies, Frequencies, IR intensities and Structural information

Key Structural Parameters

Ni*(C,H,), Energies* Frequencies (Ints)’ M+C (A) C=C(A) CCHangle GC,H, Type J-T angle?
n=1
’B, 47.0 3156(232), 3240(27) 1.996, 1.997 1.234 165.8, 165.8 Core
2A, 46.6 3165(225), 3251(26) 2.042,2.042 1.228 166.8, 166.8 Core
n=2
2A, 384 3185(4), 3186(426), 2.088,2.073 1.221 170.3,169.3  Core (distorted) 137.8
3275(84), 3279(1) 2.088,2.073 1.221 170.3,169.3  Core (distorted)
n=3
Cs 16.1 3211(9), 3213(313), 3214(157), 2.177,2.178 1.216 169.4,170.2  Core (distorted) 102.2
3300(45), 3302(50), 3305(10) 2.177,2.178 1216 169.4,170.2  Core (distorted)
2.113,2.113 1.221 167.7,167.7 Core
n=4
Cs 49 3229(39), 3235(120), 3237(146), 2.205,2.220 1217 166.2,165.7  Core (distorted) 86.3
3258(135), 3314(50), 3320(56), 2.205,2.220 1.217 166.2,165.7  Core (distorted)
3324(11), 3356(8) 2.192,2.192 1.219 165.4, 165.4 Core
2.500,2.510 1.205 174.6,175.0 Core

* Dissociation energies =D, (Ni*(C,H,), — Ni(C,H,), , + C,H,) in keal/mol.

I Represents the acetylene-Nit+-acetylene angle o fthe Jahn-Teller distorted pair

T Harmonic frequencies scaled by 0.96. Intensities are in kmy/mol



infrared active. For the n = 1 complex, the acetylenic C-H stretches are predicted to
red-shift by ~134 cm™ for both the asymmetric and symmetric modes.

Neon attaches to the nickel cation on the backside, slightly removed from the
C, axis due to Jahn-Teller effects. It induces only the slightest change on the
acetylene moiety as summarized in Table 4.1. DFT predicts that the C-H stretches in
the neon-tagged complex are shifted back toward the free acetylene frequencies by
only 1-2 cm™. The experimental peak positions and relative intensities in Figure 4.2
compare favorably to the predicted values at 3157cm™ and 3241 cm™. Argon
attaches to the Ni'(C,H,) complex in the same way neon does, but induces a greater
shift of ~ 6 cm™ from the Ni'(C,H,) frequencies. The second argon also binds to the
backside of the cation with an Ar-Ni'-Ar angle of 95.6°. DFT predicts that the
second argon causes an additional 8 cm™ spectral-shift away from the Ni'"(C,H,)
modes and toward the free molecule vibrations. Table 4.2 summarizes the
comparison of the DFT scaled harmonic frequencies to the experimental peak
positions. As argons are added to the n =1 complex, induction causes the acetylene
ligand to become less perturbed within the complex. The acetylene is initially
distorted from its free structure by the metal ion-r bond as described above. As rare
gas complexation proceeds, the metal-m interaction lessens and the acetylene structure
is slowly restored. Therefore, its C-H stretches blue-shift back towards the free
acetylene modes. The neat Ni'-C,H, complex is predicted to have the lowest
frequency C-H resonances. Attaching neon causes the C-H stretches to shift back to

the blue, but only slightly. Adding argon causes a greater blue-shift and adding two
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Table 4.2: B3LYP, 6-311°G** 0.96 scaled C-H frequencies (km/mol) compared to experiment.

Ni+(C2H2) -Ne -Ar -Ar2
Theory Exp. Theory Exp. Theory Exp. Theory Exp.
B, 3156 (232) - 3157 (226) 3167 3162 214) - 3171 (195) 3160
3240 (27) - 3241 (29) 3234 3247 (34) - 3255(35) 3233
2A, 3178 (195) - 3172 209) - 3178 (195) 3174
3263 (23) - 3259 (33) - 3264 (34) 3244
-+
Ni"(C,Hy),
B, 3185 (4) - 3188 (25) 3185
3186 (426) - 3190 (361) 3194
3275 (84) - 3276 (80) 3262
3279 (1) - 3280 (8) -
-+
Ni"(C,Hy)s
’B, 3190 (7) - 3217 (97) 3195
3199 (10) - 3230 (47) 3206
3199 (7) - 3232 (197) 3216
3249 (1) - 3288 (54) 3270
3259 (3) - 3309 (72) 3287
3259 (5) - 3312 25) -
+
Ni"(C,Hy),
B, 3229 (39)
3235 (1200 3228
3237 (146)
3258 (135) 3252
3314 (50)
3320 (55) 3298
3324 (11)

3356 (8) 3338



argons the greatest blue-shift. The IRPD spectrum of Ni'(C,H,)Ar;, in Figure 4.2
depicts two strong peaks at 3174 cm™ and 3244 cm™ consistent in both position and
intensity with the B calculated asymmetric/symmetric resonances at 3171/3255 cm’
!. However, the spectrum also shows a weak but reproducible set of bands at 3160
cm™ and 3233 cm™. They are red-shifted from the intense modes. As stated above,
structural isomers where argon binds to the acetylene could account for the additional
red-shift. However, DFT calculations failed to identify any structures where argon
binds to the CH groups instead of the nickel cation.

The only other reasonable explanation then is that the weaker modes originate
from the same complex in a different electronic state. Ni* has a low lying D3, state
that is 4.3 kcal/mol (1507 cm'l) above the 2D5/2 state.”®> This gives rise to a 2A1
excited state calculated by DFT for the Ni'(C,H,) complex which lies close in energy
to the calculated B, ground state (~ 1.4 kcal/mol). According to the computations,
the 2A1 state is stablized more with respect to the 2B1 as the Ni+(C2H2) ion core is
solvated by subsequent argon atoms. Once the second argon atom is attached to the
Ni+(C2H2) ion core (i.e. Ni+(C2H2)Ar2), the 2A1 state becomes the ground state.
Figure 4.4 shows the Ni'(C,H,)Ar; experimental spectrum as it compares to the
harmonic frequencies of the 2A1 and 2B1 states computed at the B3LYP level.
Theoretical frequencies have been scaled by 0.96 and plotted at a 2 cm™ resolution to
provide a better match to the experiment. The Ni+(C2H2)Ar2 2A1 ground state has C-
H resonances that are ~ 7 cm™ to the blue of the 2B1 frequencies. The most intense
features in the experimental spectrum are also the highest frequency modes and occur

11-14 cm™ to the blue of the weak features. The strong bands at 3174/3244 cm™ are
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Figure 4.4 The IRPD spectrum of Ni'(C,H,)Ar; as it compares to the C-H
vibrations of the same complex in the ’A, and B, states calculated at the B3LYP
level. The harmonic frequencies have been scaled by 0.96 and plotted at a 2 cm’'
resolution. The “B, intensities have been reduced by half. The theoretical structure is

included in the inset.
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therefore consistent with the asymmetric and symmetric C-H stretches of the *A,
ground electronic state calculated for the Ni'(C,H,)Ar; complex. The weaker bands
at 3160/3233 cm™ are likely from a minor population of clusters that are in the *B;
electronic state. Therefore the *B; modes (blue trace) have had their intensities
reduced by 1/2 to illustrate the point. However, there remains some uncertainty when
comparing the experimental and theoretical frequencies for all the monoacetylene
complexes shown in Figure 4.2.

As described above, attaching rare gas atoms to the *B; Ni'(C,Hs) complex
cause the C-H resonances to shift back towards the free acetylene modes. Looking at
the calculated *B; state in Table 4.2, the neat Ni"(C,H,) complex has the lowest
frequency modes in the sample set and the resonances blue-shift in a regular way
upon rare gas complexation. Neon causes a slight blue-shift, argon induces a greater
blue-shift, and attaching two argons produces the largest blue-shift. If the weaker
bands in the Ni+(C2H2)Ar2 spectrum are attributed to the 2B1 state as stated above,
then they are red-shifted from the modes in Ni'(C,H,)Ne. This runs counter to the
spectral trend established by the DFT computations. Because of this trend, the
intense bands are perhaps more consistent with the “B; state as they occur to the blue
of the neon-tagged resonances. The intense features in the Ni+(C2H2)Ar2 can be
assigned to either the *A; or the *B; state. We therefore acquired the IRPD spectrum
for the mono-acetylene complex tagged with three argon atoms as shown in the upper
trace in Figure 4.2. It has two C-H resonances and therefore only a single electronic
state is likely present. The resonances are blue-shifted from the weak signals or red-

shifted from the intense features in the double argon spectrum. One could come to a
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completely different conclusion within the context of the frequency shifts observed in
the experimental spectra. The spectra show that only a single electronic state is
populated in the Ni"(C,H,)Ne and Ni'(C,H,)Ar; complexes, whereas two states are
populated in the Ni"(C,H,)Ar; clusters. Because the intense bands in the double
argon spectrum are blue-shifted from the neon-tagged resonances, it is likely that they
belong to the same electronic state. Likewise, the weak signals in the Ni"(C,H,)Ar,
spectrum and the bands measured for Ni'(C,H,)Ars (which are blue-shifted from
them) belong to the other electronic state. Determining which electronic
configuration is the ground state for each complex is problematic for DFT. B3LYP
computations are known to overestimate the Ni'-C,H, bond energy with respect to
CCSD(T) coupled cluster calculations by as much as 4.0 kcal/mol.° Furthermore,
B3LYP predicts that the *B; is the ground state for the Ni'(C,H,) complex, whereas
the B, and %A, states are calculated to be isoenergetic with CCSD(T) for this
complex.’ Future theoretical work will be required to resolve this issue. Regardless
of which configuration is the ground state for these clusters, it is clear that the four
bands observed in the Ni+(C2H2)Ar2 spectrum are from two electronic states that are
nearly isoenergetic and not caused by the presence of structural isomers.

Figure 4.5 shows the IRPD spectrum of Ni+(C2H2)2Ar and how it compares to
the scaled harmonic frequencies of the same complex calculated with DFT. The
experimental spectrum has reproducible bands at 3185, 3194 and 3262 cm™. The
observation of three strong bands in the C-H stretch region is somewhat surprising. If
the two acetylenes are coplanar and attached to the cation on opposite sides in a D,y

structure, the Ni+(C2H2)2 complex would have four C-H vibrations corresponding to
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Figure 4.5 The IRPD spectrum of Ni'(C,H,),Ar as it compares to the C-H
vibrations of the same complex in the *B; state calculated with B3LYP. The
harmonic frequencies have been scaled by 0.96 and plotted at a 2 cm™ resolution.

The theoretical structure is included in the inset.
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in-phase and out-of-phase motions of the symmetric and asymmetric C-H stretches.
Only two of these would be IR active, the out-of-phase symmetric stretch and the in-
phase asymmetric stretch. The presence of three intense signals in the C-H stretching
region for this complex means that it has adopted a lower symmetry structure or that
isomers are present in the molecular beam. Therefore, theory is again required to
explain the spectral details.

According to the B3LYP calculations, both acetylenes are n-bonded to the
nickel cation side-on but not on opposite sides of the nickel cation. Due to Jahn-
Teller distortion, the acetylenes are slightly pinched-in on one side of the metal at an
acetylene-Ni -acetylene angle of 137.8°(Table 4.1). Like the monoacetylene
complexes, the hydrogens are bent away from linear (SCCH ~ 170°) to reduce
repulsion from the nickel ion. The overall symmetry of the Ni'(C,H,), complex is
Ca,, which gives rise to a 2A, ground state. Argon occupies a site on the backside of
the nickel cation as expected and causes only a minor perturbation on the complex.
The structure of the 2A2 Ni+(C2H2)2Ar cluster is shown in the inset of Figure 4.5 and
its theoretical IR spectrum is the lower trace in red. All four C-H motions are
predicted to have some IR intensity and their fundamental frequencies are predicted at
3188/3190/3276/3280 cm™. However, the peak at 3188 cm™ is calculated to be much
less intense than the nearby 3190 cm™ feature and is not resolved when plotted at a 2
cm’ resolution. Similarly, the weak vibration at 3280 cm™ appears as a shoulder of
the more intense 3276 cm™ band. Table 4.2 contains the band positions and their
infrared oscillator strengths. Beacause of the vibrational overlap, the appearance of

the theoretical spectrum is dominated by two intense signals in the asymmetric and
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symmetric C-H stretching regions. The experimental bands measured at 3194 cm’™
and 3262 cm™ compare favorably to the dominant theoretical frequencies at 3190 cm™
"and 3276 cm™. However, the experimental spectrum also contains a relatively
intense peak at 3185 cm™ and a weak but reproducible feature at 3176 cm™. It is
possible that the n = 2 complex adopts a structure that is less symmetric than the one
calculated by DFT. A more distorted geometry might cause the band predicted at
3188 cm™ to gain intensity and shift further away from the intense 3190 cm™ band,
which could account for the vibration measured at 3185 cm™. However, a lower
symmetry structure cannot explain both bands measured at 3185 cm™ and 3176 cm™.
Only four C-H stretches are possible for the n =2 complex: two symmetric-like and
two asymmetric-like vibrations. Clearly there are three acetylenic asymmetric C-H
stretches in the experimental spectrum. Additional modes in the asymmetric region
suggest that multiple structural isomers are present in the n = 2 cluster distribution or
that some of the clusters are in a different electronic state. The latter seems more
likely from what was learned from the monoacetylene complexes.

Figure 4.6 displays the IRPD spectrum of Ni'(C,H,);Ar and how it compares
to the predicted IR spectrum of the same complex calculated with DFT (red trace)
using the 6-31G* basis set. The theoretical spectrum of the neat Ni+(C2H2)3 has also
been included for comparison (blue trace). Theoretical frequencies have been scaled
by 0.96 and plotted at a 2 cm™ resolution. The predicted IR spectra of the n =3
complexes calculated with the 6-311+G** basis set were less consistent with the
experimental IRPD spectrum. As stated before, the Ni+(C2H2)3 complex is difficult to

fragment, producing a broad spectrum with poor signal-to-noise.”’ The argon-tagged
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Figure 4.6 The IRPD spectrum of Ni'(C,H,)3Ar as it compares to the C-H
vibrations of the neat (blue trace) and argon-tagged complex (red trace) calculated
with the 6-31G* basis set. The theoretical structure of the Ni'(C,H,)3Ar is included
in the inset. Harmonic frequencies from the 6-311+G** calculations were less

consistent with the experiment.
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n =3 complex dissociates efficiently and its spectrum contains a number of
resonances at 3195/3206/3216/3270/3287 cm™. B3LYP (6-31G*) calculations
predict that all three acetylene ligands are n-bonded to the nickel. The nickel cation
is located near the plane defined by the center-of-mass of the three acetylenes.
Similar to the n =2 complex, two of the acetylenes are slightly pinched-in, producing
an acetylene-Ni -acetylene angle of 102.2°. The Ni'(C,H,)3; complex belongs to the
C; symmetry group, and its structure is shown in Figure 4.3. Except for the
distortion, this structure would be analogous to tris-ethylene platinum, a stable cluster
known from traditional organometallic chemistry.! The reduced symmetry of the
molecule causes more C-H stretches to light up in the infrared. Six IR-active C-H
stretches are identified by DFT for Ni'(C,H,)3, though they are calculated to be weak
as summarized in Table 2.

Unlike the n = 1, 2 complexes, attaching argon to the n = 3 complex perturbs its
structure significantly. The binding of argon causes the nickel cation to reside above
the acetylene center-of-mass plane as can be seen in the inset of Figure 4.6. Because
the metal is no longer included in the plane, the C-H resonances shift to higher
frequency and their oscillator strengths gain an order of magnitude as can be seen in
Table 4.2. There are three asymmetric-like modes at 3217/3230/3232 c¢m™ and three
symmetric-like modes at 3288/3309/3312 cm’! calculated for the Ni'(CoH,)3Ar
complex in the A’ electronic state. However, the weak band predicted at 3230 cm™
is not resolved from the intense 3232 cm™ mode when plotted at a 2 cm™ resolution,
and the feature at 3312 cm™ appears as a shoulder on the 3309 cm™ band. The

theoretical spectrum is then dominated by only four infrared signals at our
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experimental resolution: two in the asymmetric region and two in the symmetric
region. The two bands in the symmetric region of the IRPD spectrum at 3270 cm’
and 3287 cm™ compare favorably in both position and intensity to the two theoretical
peaks at 3288 cm™ and 3309 cm™'. Additionally, the experimental signal at 3287 cm’
is somewhat broad (7 cm” FWHM) as compared to the other signals in the spectrum
(~ 4 cm™ FWHM), and maybe the result of an unresolved doublet.

In the asymmetric region, the match between experiment and theory is not as
good. The experimental spectrum has three reproducible bands measured at
3195/3206/3216 cm™. Although theory also calculates three bands in this region at
3217/3230/3232 cm™, the relatively weak band at 3230 cm™ is not resolved.
Therefore, the theoretical spectrum displays only two IR bands at 3232 cm™ and 3217
cm’' in the asymmetric stretch region. Both experiment and theory agree that the
highest frequency asymmetric-like stretch is the most intense peak. Because of its
intensity, the band measured at 3206 cm™ is likely the mode predicted at 3217 cm™.
Theory calculates this mode to be about half as intense as the strongest asymmetric-
like vibration, and the experimental band at 3206 cm™ is about half the intensity of
the strong band measured at 3216 cm™. (It is important to note that intensities
measured by action spectroscopies do not always track true absorption strengths due
to the dynamics of the photofragmentation process. However, theoretical intensities
have been fairly reproduced for all IRPD spectra discussed thus far.) The observation
of an additional mode at 3195 cm™ presents the same problem as discussed for the n =
2 complex. Either the actual structure of the Ni+(C2H2)3Ar complex is less symmetric

than that calculated at the B3LYP level or isomers and electronic states are present.
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If the structure is more distorted, the three calculated asymmetric modes might
separate more and their relative intensities might change and could account for the
three asymmetric features in the IRPD spectrum. Conversely, the band measured at
3195 cm™ might be an asymmetric-like stretch from a different n = 3 isomer or from
clusters in a different electronic state. The latter seems more likely from what was
learned from the monoacetylene comlexes. In general, the overall appearance of the
experimental spectrum is reproduced by DFT (6-31G*), which predicts that all three
acetylenes are m-bonded to the metal. The 6-311+G** calculations also have all three
acetylenes m-bonded to the metal, but the third molecule is not in plane with the other
two, as shown in Figure 4.3. Surprisingly, the predicted vibrations for this structure
overlap, producing a simpler IR spectrum dominated by just two bands (not shown),
and attaching argon does not change its IR spectrum much. More theoretical work
will be required to resolve the issue.

Figure 4.7 shows the IRPD spectrum of Ni'(C,H,)g as it compares to the
predicted spectra of two theoretical structures. Harmonic frequencies have been
scaled by 0.96 and plotted at a 10 cm™ resolution for better comparison to the
experiment. Two relevant isomeric structures were calculated with DFT for the n = 4
complex: a “3+1” complex, where the fourth acetylene is attached to an existing core
acetylene, and a complex with all four acetylenes attached directly to the metal ion in
a pseudo-tetrahedral arrangement. A square-planar structure was also considered, but
the calculations failed to converge. Significant structural changes are not observed
when calculating these structures with either the small or large basis sets, therefore

the results presented here are from the 6-311+G** calculations. According to the
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Figure 4.7 The IRPD spectrum of Ni'(C,H,), as it compares to the two isomers
calculated at the B3LYP level. The harmonic frequencies have been scaled by 0.96
and plotted at a 10 cm™' resolution. The predicted structure where all four acetylenes

are t-bonded to the nickel cation is shown in the inset.
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computations, the isomers are nearly isoenergetic with the ‘3+1’ structure being more
stable by only 1.0 kcal/mol. However, the IRPD spectrum is more consistent with the
structure where all four acetylenes are attached directly to the nickel cation, as shown
in Figure 4.7. This is not surprising, as density functional theory is known to
overestimate hydrogen bonding. Of the isomeric structures computed for the n =4
complex, only the ‘3+1’ structure contains a hydrogen bond. Therefore, comparing
the total energies of these two structures does not provide reliable information on
their relative structural stability. The fragmentation patterns observed in Figure 4.1
and the match between experiment and theory in the vibrational spectra of the n = 4
complex both indicate that the fourth acetylene is attached directly to the nickel
cation and completes its coordination.

The n = 4 theoretical structure belongs to the C; symmetry group because two
of the four acetylenes are pinched-in on one side of the nickel. This structure is
included in the Figure 4.7 inset and also shown in Figure 4.3. The Ni+(C2H2)4 IRPD
spectrum has three intense C-H bands at 3228/3252/3298 cm™ and a weak but
reproducible mode at 3338 cm™. DFT predicts eight infrared active C-H vibrations
for Ni+(C2H2)4 due to its lower symmetry and their frequencies and intensities are
summarized in Table 4.2. However, many of these vibrations overlap when plotted at
a resolution similar to the experiment. For example, the asymmetric-like C-H
resonances at 3229/3235/3237 cm™ appear as a single strong infrared band at 3236
cm’' as seen in the middle trace of Figure 4.7. Likewise, overlapping symmetric
features at 3314/3320/3324 cm™ produce a rather broad, irregularly shaped band

centered near 3322 cm™. Therefore only four bands, three relatively intense at
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3236/3258/3322 cm™' and a weak feature at 3356 cm™, are observed in the theoretical
spectrum. The match between experiment and theory is quite good for both band
positions and intensities. The lower frequency band is the most intense in both
spectra and even the weak, highest frequency feature is reproduced. According to the
calculations, the two most intense resonances at 3235 cm™ and 3237 cm™ involve
asymmetric C-H motions of the two pinched-in acetylenes. The structural asymmetry
caused by Jahn-Teller effects produces a permanent dipole for this complex.
Stretches involving the two acetylene moieties that are bound on the same side of the
nickel cation are more intense due to their larger amplitude dynamic dipole moments.
Of course symmetric C-H stretches are weaker than the asymmetric motions, but of
the four symmetric-like modes, the two intense bands predicted at 3314 cm™ and
3320 cm™ also involve the distorted acetylene pair. This is true for the n =2, 3
complexes as well. The most intense asymmetric and symmetric C-H vibrations are
from the two acetylenes that are bound to the nickel cation on the same side.
According to the calculations, the third and fourth acetylene molecules are
predicted to be weakly bound to the nickel cation. For example, the sequential
dissociation energies for the detachment of a single C,H, ligand can be estimated
from the B3LYP results. As seen in Table 4.1, the bond dissociation energies (BDE)
of Ni'(CyHy), (ie: Ni'(CoHy)a1 ~ CoHy «» Ni'(CyHy),) are 47.0, 38.4, 16.1, and 4.9
kcal/mol for n = 1-4 complexes, respectively. There is a significant drop in BDE
when going from n =2 to n = 3. This is consistent with dissociation energies
measured for similar complexes. Bowers and coworkers measured the BDEs of

Ag'(C,Hy), complexes with equilibrium mass spectrometry and compared their
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results to theory.14 They determined that this system was also four-coordinate and
observed a significant drop in BDE after n = 2. In this case, detachment of acetylene
from the Ni"(C,H,); complex requires ~5600 cm™ of energy, which is still greater
than the energy of a single photon near 3300 cm™. However, only 1700 cm™ is
calculated to dissociate the n = 4 complex, therefore this complex should photo-
dissociate via a single photon process. The inefficient fragmentation observed for
Ni'(C,H,); and the increase in photodissociation yield beginning with the n = 4
complex is consistent with the BDEs estimated from the DFT calculations.

Figure 4.8 shows the IRPD spectra of Ni'(C,H,)Ne, Ni'(C;H,), 3Ar and
Ni'(C,H,);4 to illustrate how the C-H stretches evolve as more acetylenes are nt-
bonded to the nickel cation. The spectra and theory for the n = 1-4 complexes show
that the metal ion-7 interaction distorts the geometry of the acetylene moieties by
weakening the C=C bond and pushing the hydrogens away from linear. This causes
two effects: the symmetric stretches become IR active and all the C-H resonances
occur at lower frequency than the pure acetylene modes. As more ligands are added,
the individual Ni'-acetylene bonds weaken. Therefore, the bands should shift back
towards the free acetylene modes as cluster size increases. The IRPD spectra of the n
= 1-4 complexes are consistent with this expected trend as shown in Figure 4.8. The
asymmetric C-H stretch for the Ni+(C2H2)Ne complex occurs at 3167 cm'l, while the
most intense asymmetric features are 3194 cm™, 3216 cm™ and 3228 cm™ for the
Ni+(C2H2)2,3Ar and Ni+(C2H2)4 complexes, respectively. Thus, the C-H resonances
for the n=1 cluster are red-shifted from the free modes the most and the magnitude of

the red-shift decreases as cluster size increases.
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Figure 4.8 The IRPD spectra of the n = 1-4 complexes from 3100 - 3400 cm™.
The vertical dashed lines represent the free acetylene C-H stretches at 3289 cm™ and
3374 cm™. As subsequent acetylenes are added to the nickel cation, the C-H

resonances blue-shift back towards the free acetylene modes.
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Conclusions

Nickel cation-acetylene complexes are studied with infrared photodissociation
spectroscopy and density functional theory. Both experiment and theory agree that -
complexes are formed for all molecules studied. The metal ion-ligand interaction
distorts the acetylene geometry, weakening the C=C bond and pushing the hydrogens
off the C=C axis. This distortion activates the symmetric C-H stretch in the infrared
and shifts both C-H resonances to lower frequency. The four bands observed in the
Ni'(C;H,)Ar; spectrum arise from two electronic states that are nearly isoenergetic.
DFT calculations predict that the 2A, state is the ground electronic state for this
complex, but the experimental trends suggest that it might be the *B, state. The
structure of the Ni'(C,H,), complex is Jahn-Teller distorted with the acetylene
ligands adsorbed on one side of the nickel cation. This distortion is maintained in the
structures of the larger complexes and accounts for the most intense bands in their
IRPD spectra. The presence of rare gas atoms produce only minor perturbations on
the structures, and therefore the infrared spectra, of all complexes studied except for
Ni'(C;H,)s. According to the computations, attaching argon to the n = 3 complex
causes the nickel to be pulled out of the acetylene center-of-mass plane. This
increases the intensity of the C-H stretches and shifts their band positions to higher
frequency. For Ni'(C;H,)s, the fragmentation patterns, unique IR spectrum and the
close comparison to DFT results all indicate that the fourth acetylene is also n-bonded

to the nickel cation and completes its coordination.
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CHAPTER V
INVESTIGATIONS OF INTRACLUSTER CHEMISTRY IN NICKEL CATION-

ACETYLENE COMPLEXES'

"'Walters, R.S.; Pillai, E.D.; Duncan, M.A. To be submitted to J. Am. Chem. Soc.

156



Abstract

Nickel ion-acetylene complexes of the form Ni'(C,H,),, where n = 4 - 6, are
produced in a laser vaporization pulsed-nozzle cluster source, size-selected and
studied by infrared photodissociation spectroscopy in the C-H stretch region.
Experimental spectra are compared to theoretical results calculated with density
functional theory at the B3LYP level. For the n =4 complex, theory finds that
various reaction products containing n-benzene, n-cyclobutadiene and a metallacycle
are more stable than the unreacted Ni+(C2H2)4 cluster. However, the best match
between experiment and theory is the unreacted isomer which has all four intact
acetylenes m-bonded to the nickel cation. New intense features are observed in the
experimental spectra beginning with the n = 5 complex, and attributed to the
formation of the second solvation layer. Multiple isomeric structures are considered
for the n = 5 molecule to explore the possible role of condensation chemistry that
might occur for this system. Like the n =4 cluster , structures containing reaction
products are found to be more stable with respect to the unreacted isomers. Although
the IRPD spectrum of this complex seems to be more consistent with two unreacted
isomers of Cs and C; symmetry, condensation products cannot be completely ruled

out due to spectral congestion in the C-H region.
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Introduction

The study of transition metals complexed to unsaturated hydrocarbon
molecules has been of long-standing interest in organometallic chemistry as these
compounds are important in heterogeneous catalysis.'> However, detailed
information on the structures of these complexes is often obscured in the condensed
phase. Isolated gas-phase organometallic complexes are solvent free and can be used
as tractable models to study the metal-ligand interaction. Geometric and electronic
structures of metal-olefin complexes have been investigated with theory by a number
of groups.”” The reactions of transition metals with small hydrocarbon molecules
have been observed in gas phase ion chemistry,'* and metal ion-m complex bond
energies have been measured by equilibrium mass spectrometry'” and collision
induced dissociation.'® Electronic photodissociation spectroscopy has been employed
in the past to probe excited states,'"'® but direct spectroscopic measurements of these
complexes in their ground states is limited. Infrared and Raman spectroscopies are
common techniques used in condensed phase studies,'* but applying them to the
gas phase is problematic due to low sample denities. However, recent advances in
high-power pulsed infrared lasers now enable geometric structures of metal-ligand
complexes in their electronic ground states to be investigated by photodissociation.”*
3 1In this paper, we report on the infrared photodissociation (IRPD) spectroscopy of
Ni+(C2H2)4_6 complexes. The spectra are acquired in the C-H stretch region and
compared to harmonic frequencies of theoretical structures calculated with density

functional theory (DFT) at the B3LYP level.
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From the early work on metal-ethylene complexes and metal-carbonyls, the
Dewar-Chatt-Duncanson n-bonding model was developed to interpret the structure of
metal-olefin compounds."*'**' The model proposes that electron density is o-
donated from the filled n-orbitals of the ligand to the unoccupied metal orbitals
coupled with back-donation from the filled metal d orbitals into the unoccupied n*
orbital. Both factors weaken the bonding in the ligand, shifting its vibrations to lower
frequency. Understanding the details of the metal-r interaction is important as theses
compounds are possibly involved in a number of catalytic reactions.'” The cracking
of hydrocarbons as well as olefin polymerization and cyclization reactions are
common to the petroleum, natural gas and chemical industries. Catalysts made from
Group VIII transition metals are traditionally used to carry out these processes. Of
particular interest to this work, acetylene cyclizes to form cyclooctatetraene (COT)
via a nickel catalyst in what is known as the Reppe reaction.'” Although this
reaction and similar ones have been studied for decades, the details are difficult to
observe at the metal-molecule interface. Spectral congestion produced by
overlapping optical excitation and solvent effects often preclude in situ condensed
phase measurements. Therefore, energy pathways and transition state structures in
many catalytic reactions remain speculative.

Gas phase organometallic complexes are solvent free and are therefore
convenient models to study the effects of the metal-rt interaction and the possible
chemistry that can occur in these systems. Bauschlicher was one of the first to study
metal-n bonding with modern theoretical methods using the modified coupled pair

functional (MCPF).? Schwarz and coworkers used DFT to study noble metal ion-
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ethylene complexes and determined that n-backbonding was less important than o-
donation.” More recently, Frenking has incorporated an energy partitioning analysis
to DFT and ab initio methods to determine the extent of electrostatic and covalent
bonding in a variety of organometallic complexes.” There are two theoretical papers
of particular importance to this study. Klippenstein studied the first row transition
metal ions complexed to acetylene with DFT to observe how the acetylene stretches
would be affected by the metal ion-r interacton.’ The other paper by Straub and
coworkers reported on various theoretical mechanisms for the Reppe reaction.” They
studied possible low energy pathways that involve metallacycle transition state
structures for neutral nickel and nickel dimer reactions with acetylene.

In addition to theoretical advances, experiments have evolved to the point
where molecular phenomena can be studied in detail. Reactions of transition metals
with small hydrocarbons have been observed and, in some cases, their energetics
measured in gas phase ion chemistry.*'*  Armentrout has used collision-induced
dissociation to determine bond strengths in a variety of metal ion-n complexes,'® and
other groups have studied similar molecules with photodissociation.”"' There are no
accurate bond measurements reported in the literature on Ni'-acetylene complexes
however. Bowers and coworkers recently reported on bond energies for Ag -ethylene
clusters which are analogous to the molecules reported in this work."” Using
equilibrium mass spectrometry, they determined that the Ag" is four-coordinate, but
that the third and fourth ethylenes are more weakly bound than the first two.
Electronic photodissociation spectroscopy of metal ion-m complexes has been

employed in the past to probe excited states,'”'® but these studies are limited to
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metals that have optical transitions accessible with tunable dye lasers. Information on
tansition metal clusters as well as multiple ligand complexes cannot be obtained
because they predissociate during electronic excitation. Additionally, excited state
structures and energies of metal ion radical complexes are difficult to handle with
theory, making direct comparisons to experiment problematic.

Infrared spectroscopy is therefore necessary to determine ground state
geometric structures which can then be compared to current quantum chemical
calculations. Until recently, IR measurements of isolated metal-olefin complexes

were only available using matrix isolation.”*

New infrared laser systems now
provide a way to study organometallic complexes in a molecular beam environment,
free from matrix effects. IRPD spectroscopy of alkali and alkali-earth metal ion
complexes was first reported by the Lisy group.*® Inokuchi and coworkers have also
employed this method to study similar molecules,”” and our group was the first to

apply this technique to transition metal complexes.**°

Using a free electron laser,
we studied metal ion-benzene clusters to determine how n-bonding affected the
benzene C=C stretches.”” Maitre and coworkers used a similar laser to study various
Fe'-hydrocarbon molecules.”® We have extended these IR studies to higher
frequencies using a bench top OPO laser system.>**° In a communication, we
reported on the IRPD spectroscopy of M'(C;H,)Ar, (M =V, Fe, Co, Ni) in the C-H
stretch region.”’ The spectra show that T-complexes are formed for the Group VIII
metal cations, whereas V'(C,H,) is a three-member ring metallacycle. More recently,

we studied Ni+(C2H2) 14 complexes in the C-H stretch region and compared our

results to B3LYP structures.’” The combined experiment and theory indicate that the

161



n =2 - 4 complexes are Jahn-Teller distorted and that four acetylenes complete the
Ni' coordination. In an earlier letter, we reported on the vibrational spectroscopy of
the n = 3 - 6 complexes which suggested that condensation chemistry might have
occurred after the second solvation layer was formed.” We continue here with a
more thorough investigation of the larger Ni'-(acetylene), complexes. The IRPD
spectra of Ni'(C,H,)4.6 are acquired in the C-H stretch region and compared to

B3LYP results. Multiple theoretical structures are considered, including n-bonded

benzene, m-bonded cyclobutadiene and metallacycle complexes.

Experimental Spectra

Nickel ion-acetylene complexes are produced in a laser vaporization pulsed
nozzle source and analyzed with a reflectron time-of-flight mass spectrometer. The
source and molecular beam apparatus have been described previously.’* The third
harmonic of a Nd:YAG (355 nm) is used to vaporize a rotating nickel rod. Ions are
produced directly from the laser plasma in our specially designed cutaway source that
typically produces clusters containing a single metal ion. Ni'(C,H,), clusters are
made in an argon expansion that contains ~5% acetylene. The pulsed nozzle is a
General Valve Series 9 (1 mm orifice) operating at ~50 psi backing pressure and
pulse durations near 250 usec. The metal ion-molecule complexes are skimmed into
the mass spectrometer chamber and injected into the reflectron by pulsed acceleration
voltages. The ions are size-selected within the first flight tube by another set of
pulsed voltages before entering the reflectron field. They are then intersected at the

turning point with the output of an IR Optical Parametric Oscillator/Amplifier
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(OPO/OPA) laser. If photodissociation occurs, fragment ions separate from the mass-
selected parent ions when reaccelerated in the second stage of the reflectron. Parent
and daughter ions are detected using an electron multiplier tube (EMT) and their
signals are transferred to a PC by an IEEE interface. Photodissociation is more
efficient on resonance, thus monitoring the fragment ion yield as a function of IR
laser wavelength produces the IRPD spectra of the parent ion that was mass-selected.
The OPO (Laservision) uses two KTP crystals pumped by the second
harmonic (532 nm) of a Nd:YAG laser (Continuum 9010) to produce tunable 725 —
872 nm light. This radiation is then combined with the delayed fundamental (1064
nm) in the optical parametric amplifier (OPA). The OPA generates the near IR light
(2050 — 4400 cm") by difference frequency mixing in four KTA crystals. This output
is then used to excite the ion-molecule complexes near the asymmetric (3289 cm™)
and symmetric (3374 cm™) C-H stretches of acetylene,’’ and produce their IRPD
spectra. We frequency calibrated the OPO/OPA in the C-H stretch region by
acquiring the photo-acoustic spectrum of methane (2800-3200 cm™). It should be
noted that we did not use this method of calibration in our previous paper on the
IRPD spectra of Ni'(C2H,), (n=3-6) cornplexes.33 The wavenumbers reported here

. . -1
are accurate and the previous spectra are therefore incorrect by ~14 cm’™.

Theoretical Methods
The structures, energeies, vibrational frequencies and IR oscillator strengths
for the Ni+(C2H2)4_5 complexes are calculated using density functional theory (DFT).

The B3LYP (Becke—3—Lee—Yang—Parr)38 functional available on the Gaussian 03W
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package® is utilized with an all-electron triple zeta basis set employing polarization
functions on all atoms and diffuse functions only on the heavy atoms (6-3117G**).
For the unsaturated molecules, the nickel cation is presumed to bind to the -
electrons, but we allow the calculations to break symmetry to obtain all possible
geometries. The energies are not zero-point corrected and we employ the 0.96
empirical scaling factor for the harmonic frequencies as suggested in the literature.*’
All possible isomeric structures were considered for the unreacted n = 4
complex, including square-planar arrangements and a “3+1” structure as reported
earlier.’> For the reacted systems however, we chose the most likely candidates that
are known from studies on transition metal surfaces and organometallic
chemistry.'*** The experimental spectra for all cluster sizes show intense bands in
the 3150 — 3350 cm™ region that arise from C-H stretches of perturbed but intact
acetylene molecules as discussed below. Hence, the theoretical work presented here
is for the subset of isomers containing at least one unreacted acetylene. For example,
we did not consider cyclooctatetraene n-bonded to the nickel cation for the n =4
complex, as this cluster would not contain an acetylene ligand. One intact acetylene
would remain for this cluster in the n = 5 complex, but its IR spectrum is expected to
be similar to the n-benzene n = 4 molecule and was therefore not studied. Similar
reasoning was used to disregard other reacted species such as clusters containing two
n-bonded cyclobutadienes, one n-cyclobutadiene and one metallacyclopentadiene,

larger metallacycle species, etc.
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Discussion

Previously, we reported on the IRPD spectra of the smaller Ni'-acetylene
complexes as they compared to B3LYP theoretical structures.’® The spectra and
theory revealed that Ni'(C,H,),.4 formed n-complexes, that Jahn-Teller effects are
present in the n = 2-4 complexes, and that this system is four-coordinate.
Additionally, the CH stretches are observed to shift back towards the free acetylene
vibrations as cluster size increases. As more acetylenes are added to the n =4 core
complex, we expect to see signature IR peaks that correspond to surface-bound
acetylene (i.e. second sphere) in addition to the metal-bonded acetylene modes
observed for the n = 4 cluster. Our previous IR studies on M (CO,), complexes
showed a significant new vibrational band for the second sphere ligand, and its
frequency was close to that in the free CO, molecule.**> We therefore expect to see
similar unshifted bands for this system corresponding to solvent acetylene. Figure 5.1
shows the IRPD spectra for Ni'(C2H,)4.¢ complexes. Careful inspection reveals that
the four resonances, three intense and one weak, for the n = 4 complex are still
present in the larger complexes. They correspond to C-H stretches of core acetylenes
that are attached directly to the nickel cation. The 3228 cm™ band measured for the n
= 4 complex red-shifts slightly to 3226 cm™ and 3224 cm™ for the Ni"(C,H,)s and
Ni+(C2H2)6 complexes respectively. On the other hand, the 3252 cm’ mode blue-
shifts to 3253 cm™ and 3254 cm™', while the n = 4 feature at 3298 cm™ doesn’t change
much in its position, but gradually diminishes in intensity as cluster size increases.
Larger clusters also have additional modes that are more intense than the ‘core’

modes. Three new bands at 3192, 3264 and 3282 cm™ are observed for the n = 5
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Figure 5.1 The IRPD spectra of the Ni'(CyH,)4.6 complexes. The bands in the
Ni'(C,H,), spectrum are reproduced in the spectra of the larger complexes.
Additional modes are observed near 3170 cm™, ~ 3190 cm™, 3264 cm™ and ~ 3280

cm’ in the spectra of the Ni'(C,H,)s s complexes
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complex and are reproduced in the n = 6 spectrum at 3190, 3264 and 3280 cm™. The
n = 6 spectrum also displays an additional feature at 3170 cm™. The new peaks
observed between 3260-3285 cm™ are somewhat expected as acetylene dimers and

4142 The features that occur to the red of the

trimers have C-H stretches in this region.
core modes are completely unexpected however. The IR spectra reported previously
for the smaller Ni -acetylene complexes showed that the C-H stretches blue-shift
back toward the free acetylene modes as binding is distributed to multiple
acetylenes.32 The appearance of new intense modes that are red-shifted from the core
modes suggests that something quite different is occurring for the larger clusters
beginning with n = 5. In our previous paper on these complexes, we assigned the red-
shifted resonances to an intracluster reaction product that forms once the second
solvation layer begins.”

Reactions of acetylene on transition metal surfaces are known to produce
benzene™ and the formation of benzene has been observed in gas-phase ion
chemistry.”” Additionally, COT is formed from the cyclization of acetylene using a
nickel catalyst via the Reppe reaction.'” Acetylene is also known to isomerize to form

ot 232,43
metal-vinylidene structures.”™

However, all of these possible reaction products

have C-H stretches below 3100 cm™. Because no signals were detected in this region

for any of the Ni+(C2H2)n cluster sizes studied, we initially ruled out benzene, COT

and vinylidene as possible reaction products.”® We have recently studied

Ni(benzene)Ar, with IRPD spectroscopy and its C-H resonances occur near 3096
-130

cm .” However, fragmentation signals of this cluster in the C-H stretch region were

somewhat weak. Action spectroscopies are not only dependent on optical transition
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strengths, but also on the dynamics of the photodissociation process. In this case, we
are detecting the loss of acetylene, which is more strongly bound than argon.
Photofragmentation of a weakly bound rare gas atom is more efficient than that of an
acetylene ligand, therefore detecting the loss of acetylene is less sensitive. If benzene
is formed in the Ni'(C,H,)s complex, its weak C-H resonances might not be detected
in the acetylene-loss channel. Therefore, benzene formation cannot be completely
ruled out. As we discuss below, the C-H transitions of the other reaction products are
also relatively weak and cannot be ruled out either.

Another possibility is the reaction of two acetylenes to form butadiene-like
complexes. There are two types of species known from organometallic chemistry and

23b,43-45

surface science: the di-c bonded metallacyclopentadienyl complex and the n*

n-bonded metal-cyclobutadiene structure.'**** Cyclobutadiene is unstable, but once
n-bonded to a metal it can make an overall stable complex. From IR studies on
transition metal surfaces and in matrices, the C-H stretches for metallacycles occur
near 3040 cm™ . *** The limited IR data on metal-cyclobutadiene indicate that its C-
H vibration is around 3140 cm'l,48 which is near the value measured for the isolated
molecule.”” From this information alone, we tentatively concluded that the observed
peaks at 3170 cm™ and 3190 cm™ were C-H stretches from 7-bonded cyclobutadiene
formed from an intracluster cyclization reaction of two acetylenes.”

The proposed reaction is reasonable because iron, cobalt and nickel form
stable metal-cyclobutadiene complexes in conventional organometallic chemistry.***’

Unsaturated hydrocarbons can undergo Woodward-Hoffman cycloaddition reactions

if their molecular orbitals have the proper symmetry. The reaction of two isolated
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acetylenes to form cyclobutadiene (2+2 cycloaddition) is symmetry forbidden,” and
has been observed only under high pressure conditions.® However, acetylene -
bonded to a metal changes its orbital symmetries and cyclization might be possible if
another acetylene aligns itself parallel to the first. It is unlikely that two core
acetylenes react to form cyclobutadiene, as they bind tightly to the nickel cation and
cannot achieve the proper configuration. However, acetylenes in the second solvation
layer should have binding strengths similar to acetylene dimer (~ 400 cm™)*"** and
might therefore move more easily into alignment. A core + surface acetylene pair
could then react, producing cyclobutadiene n-bonded to the metal cation. Such a
rearrangement would have to overcome some unknown reaction barrier, but the fact
that the new spectral bands appear after the Ni" coordination sites are filled (n > 4)
supports this hypothesis. In order to test this mechanism we have also studied Co -
acetylene complexes with IRPD spectroscopy.’® The fragmentation patterns and the
IR spectra of the Co'(C,H,), complexes indicate that this system prefers a
coordination of three, as opposed to four for the Ni' system. New red-shifted
features are also observed for the Co'(C,H,), clusters, but they begin with the n = 4
complex. The fact that both Ni'(C,H,), and Co'(C,H,), complexes exhibit the same
intense features only when acetylene is added to the second solvation layer is
consistent with our proposed mechanism.

Because this chemistry is unexpected, a more rigorous test is required to prove
that cyclobutadiene is formed. We therefore turned to DFT computations for this
investigation. A number of different isomeric structures were considered for the

Ni"(C,H,)4 complex. There is the unreacted cluster reported previously, where the
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four acetylenes attach to the nickel cation to form a pseudotetrahedral structure.”
Calculations on an unreacted isomer where the intact atylenes attach to the nickel
cation in a square-planar arrangement did not converge. The remaining structures
include reaction products known from surface science and organometallic chemistry.
The three reacted isomers contain m-benzene, n-cyclobutadiene and
metallacyclopentadiene. If two acetylenes have reacted to form either -
cyclobutadiene or the metallacycle complex, then two acetylenes would remain in the
Ni'(C,H,)s complex. Likewise, if three acetylenes have reacted to form n-benzene,
then one acetylene would remain. As stated previously, acetylene is known to cyclize
to form cyclooctatetraene via the Reppe reaction.'> However, if COT is formed in
the n = 4 complex, no acetylenes would remain and this complex would not absorb
and fragment in the acetylenic C-H stretch region. Therefore, we can rule out COT as
a possible reaction product for the Ni'(C,H,)4 complex. The DFT structures and
relative energies of the possible n = 4 complexes are shown in Figure 5.2 and key
structural parameters, dissociation energies, frequencies and IR intensities are listed
in Table 5.1. As stated before, scaled harmonic frequencies calculated for the
unreacted isomer matched the n = 4 experimental spectrum almost perfectly.”
However, B3LYP predicts that this is not the global minimum structure for this
molecule, and all three isomers containing reaction products were found to be more
stable. The n-benzene complex was determined to be the lowest energy structure
with the n-cyclobutadiene, metallacyclopentadienyl, and unreacted species lying

higher in enerygy by 123.1, 133.2, 146.4 kcal/mol, respectively.
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Figure 5.2 B3LYP theoretical structures and relative energy levels for the n = 4
complexes. Structures containing the reaction products were found to be significantly

more stable the unreacted isomer with all four acetylenes intact.

172



Rel. Energy (kcal/mol)

\

+ 146.4

o . 1
s -
1332 S S
%
S8-°

Py

n =4 Complexes



Table 5.1

Key Structural Parameters

B3LYP, 6-311+G** Energies, Frequencies, IR intensities, Structural information for the n = 4 isomers.

Ni*(C,H,), Energies* Frequencies (Ints) M*C(A) C=C(A) CCHangle C,H, Type J-T angle*
1875(5), 1885(4), 1887(1), 1952(7), 2.205,2.220 1217 166.2,1657  I-T distorted
unreacted Cs 49 3229(39), 3235(120), 3237(146), 2.205,2.220 1217 166.2,1657  I-T distorted 86.3
3258(135), 3314(50), 3320(56), 2.192,2.192 1219 165.4, 165.4 Backside
3324(11), 3356(8) 2.500,2.510 1.205 174.6, 175.0 On-top
1064(2), 1070(0), 1209(14), 1299(3),
metallacycle 1414(46), 1439(0), 1925(3), 3037(0), 2.293,2.319 1210 172.8,173.5 Core
3050(0), 3234(57), 3235(268), 2.293,2.319 1210 172.8,173.5 Core
3330(20), 3330(30)
1070(0), 1152(0), 1215(0), 1275(19),
n-cyclobutadiene  30.3 1308(12), 1877(6), 1878(2), 3099(1), 2.170, 2.159 1219 167.5, 169.1 Core
3108(4), 3125(18), 3135(5), 3221(49), 2.170,2.159 1.219 167.4, 169.1 Core
3222(234), 3309(43), 3310(50)
1433(22), 1437(22), 1523(0), 1526(0),
n-benzene 402 1777(22), 3066(0), 3071(0), 3073(0), 1.973,1.973 1.239 161.4,161.4 Core

3080(6), 3082(5), 3087(0),
3175(114), 3249(59)

* Dissociation energies = D,(Ni*(C,H,), — Ni'(C,H,), , + C,H,) in kcal/mol.

1 Represents the acetylene-Ni+-acetylene angle o f the Jahn-Teller distorted pair

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



Figure 5.3 shows the IR absorption spectra predicted for the n = 4 theoretical
structures in the C-H region. The spectra have been frequency scaled by 0.96 and
plotted at a 10 cm™ resolution to provide a better comparison to the experiment.
Intensities have also been scaled so that the most intense features in each spectrum
are roughly equal. The theoretical spectra of the reaction products are quite similar.
They are dominated by two intense peaks that correspond to asymmetric and
symmetric C-H stretches of the remaining intact acetylenes. For example, if three
acetylenes have reacted to form benzene in the n = 4 cluster, then one acetylene
would be left over. This remaining acetylene is responsible for the intense modes
predicted at 3175 cm™ and 3249 cm™ in the n-benzene theoretical spectrum. The
cyclobutadiene and metallacyclopentadienyl complexes have two unreacted
equivalent acetylenes, which account for their two intense acetylenic C-H resonances
in the 3200 - 3350 cm™ region. The C-H stretches of the product moieties are
predicted to be relatively weak and occur at 3080 cm™ for n-benzene, 3099 - 3135
cm’ for n-cyclobutadiene and 3037 cm™ and 3050 cm™ for the metallacycle complex.
The structure of the unreacted n = 4 isomer has four intact acetylenes n-bonded to the
nickel cation with two of them distorted due to Jahn-Teller effects. Its predicted
spectrum has more features in the 3200 - 3350 cm™' region because of its lower
symmetry structure. As described previously, all eight C-H motions in the unreacted
isomer are predicted to be infrared active due to Jahn-Teller effects.’> However, its
theoretical spectrum has only four main features when plotted at our experimental

resolution because some of these vibrations overlap.
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Figure 5.3 The theoretical spectra of the n = 4 isomeric structures calculated with
B3LYP. Harmonic frequencies have been scaled by 0.96 and plotted at a 10 cm’™'
resolution. Intensities have been scaled so that the most intense features are equal.
All spectra are expected to have intense acetylenic C-H stretches. The C-H vibrations

of the product moieties are predicted to be weak.
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Figure 5.4 shows the comparison between the IRPD spectrum of Ni' (C,H,),
and the theoretical spectrum of the unreacted n = 4 isomer. The structure of the n =4
complex has three acetylenes whose centers-of-mass are near-planar with the Ni” and
a fourth acetylene in an ‘on-top’ position. Of the three planar acetylenes, two of these
are slightly pinched-in on one side of the cation due to Jahn-Teller effects. Because
of this, we refer to them as the ‘distorted pair’ and the third planar acetylene as the
‘backside’ ligand. According to DFT, the in-phase and out-of-phase asymmetric
stretches of the distorted acetylene pair are very close in energy (3235 cm™ and 3237
cm™") and account for the intense peak at 3236 cm™. This intense feature also masks
the weaker asymmetric stretch of the backside acetylene predicted at 3229 cm™. The
band at 3258 cm™ corresponds to the asymmetric stretch of the on-top acetylene.
Therefore, the four asymmetric vibrations appear as two infrared features when
plotted at the experimental resolution. Like the asymmetric features, the distorted
pair and backside symmetric stretches overlap to produce the band centered at 3318
cm’'. The weak transition at 3356 cm™ is the symmetric stretch of the on-top
acetylene. The unreacted isomer’s DFT spectrum reproduces the experimental
spectrum quite well.

The only experimental detail not accurately reproduced by theory is the
separation between the asymmetric and symmetric modes. This is because we are
comparing the IRPD bands to B3LYP harmonic frequencies. When pure acetylene is
calculated at the same level of theory, its vibrations occur at 3420 cm™ and 3523 cm™
(3283 cm™, 3382 cm' scaled) for the asymmetric and symmetric C-H stretches

respectively. As expected, the harmonic values are higher than the well-known
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Figure 5.4 The IRPD spectrum of the Ni'(C,H,)4 complex as it compares to the
predicted spectrum of the B3LYP unreacted isomer. Harmonic frequencies have been
scaled by 0.96 and plotted at a 10 cm™ resolution. All band labels represent the
center of the peak positions. The theoretical structure is shown in the inset. The
ligands highlighted in pink and green are the ‘backside’ and ‘on-top’ acetylenes,
respectively. The other two ligands are slightly pinched-in due to Jahn-Teller effects

and referred to as the ‘distorted pair’ in the text.
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experimental values, 3289 cm™and 3374 cm™.** However, the theoretical spacing
between the modes is 12 cm™ greater than the true separation. It is likely that this
spectral separation is also overestimated in the Ni'-acetylene complexes. The
asymmetric-like bands in the IRPD spectrum of Ni*(C,H,)4 at 3228 cm™ and 3252
cm’ are separated by 24 cm™. The center of the theoretical bands at 3236 cm™ and
3258 cm’™ are also separated by approximately this amount (22 cm™). In the
symmetric region, the 38 cm™ spacing between the theoretical band centers at 3318
cm” and 3356 cm™ is comparable to the 40 cm™ experimental separation. However,
when comparing the difference between the most intense asymmetric and symmetric
features, the theoretical spacing of 82 cm™ is significantly greater than the 70 cm™
experimental measurement. This suggests that anharmonicity effects for the
symmetric acetylene stretches are greater than the asymmetric vibrations, an
important point when discussing the spectra of the Ni'(C,H,)s complexes.

Figure 5.5 shows the B3LYP isomeric structures and relative energies
calculated for the n = 5 complex. Dissociation energies, fundamental vibrations, IR
intensities and structural parameters are included in Table 5.2. The same reaction
product species calculated for the n = 4 complex were considered for Ni+(C2H2)5: -
benzene, n-cyclobutadiene and a metallacyclopentadienyl complex. If three
acetylenes react to form benzene, two would remain for the n = 5 complex. DFT
finds a stable structure where benzene and the remaining acetylenes are all n-bonded
to the metal. Similarly, if two acetylenes react to form the butadiene complexes,
three acetylenes would be left over. DFT finds stable structures for the -

cyclobutadiene and metallacycle complexes where the fifth acetylene attaches as a
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Figure 5.5 B3LYP theoretical structures and relative energy levels for the n =5
complexes. Like the n =4 system, structures containing the reaction products are
more stable the unreacted isomers for n = 5. The n-benzene complex has both
acetylenes attached to the metal. All other isomers have the fifth acetylene attached

as a solven.
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Table 5.2

B3LYP, 6-311+G** Energies, Frequencies, IR intensities, Structural information for the n = 5 isomers.

Key Structural Parameters

Ni*(C,H,)s Energies* Frequencies (Ints) ' M*-C@A) C=C(A) CCHangle C,H, Type
2.215,2.240 1216 166.4,167.3 J-T distorted
3190(51), 3202(498), 3228(105), 2.215,2.240 1217 166.4, 167.3 J-T distorted
unreacted Cs 4.6 3261(119), 3263(133), 3304(62), 2.176,2.176 1.220 165.1, 165.1 Backside
3306(49), 3313(19), 3358(7), 3363(1) 2.490, 2.498 1.205 174.7, 175.0 On-top
- 1.201 177.2,177.6 Solvent
2.268,2.282 1213 168.8, 169.3 J-T distorted
3184(67), 3194(466), 3241(118), 2.189, 2.194 1.219 164.9, 167.1 J-T distorted
unreacted C, 4.7 3258(131), 3263(121), 3293(61), 2.183,2.194 1.219 165.7, 167.2 Backside
3296(35), 3331(29), 3356(9), 3363(1) 2.471,2.475 1.205 174.5,174.8 On-top
- 1.201 177.4,177.7 Solvent
3003(3), 3011(2), 3038(1), 3050(0), 2.279,2.307 1.210 172.5,173.3 Core
metallacycle 2.9 3163(422), 3236(159), 3269(109), 2.293,2.314 1211 172.9,173.0 Core
3306(38), 3331(26), 3368(1) - 1.201 177.5,177.9 Solvent
3094(1), 3109(13), 3118(9), 3129(4), 2.199,2.229 1.218 168.0, 170.6 Core
n-cyclobutadiene 2.9 3176(351), 3222(113), 3266(113), 2.111,2.122 1.222 165.4, 166.9 Core
3289(47), 3307(41), 3366(1) - 1.201 177.1,177.6 Solvent
3059(0), 3065(0), 3066(0), 2.216,2.217 1214 170.0, 170.0 Core
n-benzene 2.8 3076(1), 3076(1), 3083(0), 3229(0), 2.216,2.217 1214 170.0, 170.0 Core

3231(254), 3319(37), 3321(39)

* Dissociation energies =D, (Ni*(C,H,), - Ni*(C,H,), , + C,H,) in kcal/mol.

1 Represents the acetylene-Ni+-acetylene angle ofthe Jahn-Teller distorted pair

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



solvent to an existing core acetylene. The calculations also find that the fifth
molecule binds as a solvent acetylene to the unreacted n = 4 core complex. However,
there are two structures for the n = 5 unreacted complex predicted by DFT. The
solvent acetylene can occupy two different positions near the three planar core
acetylenes. Because two of these core acetylenes are distorted, the binding sites are
not equivalent and give rise to structures with different symmetries. The Cg
symmetry structure is produced if the fifth acetylene binds to the distorted acetylene
pair. The other two possible binding sites in this plane are degenerate and produce a
structure whose symmetry is C;. They involve the interaction of the solvent molecule
with the backside acetylene and one of the distorted acetylenes. Attempts to find a
stable structure where the fifth acetylene attaches near the on-top acetylene in the n =
4 core complex were unsuccessful. The Cs symmetry structure was found to be more
stable than the C; structure, but only by 0.1 kcal/mol. In all cases where the fifth
acetylene binds in the second solvation layer, its m-electrons interact with at least one
hydrogen in a core acetylene to form a ‘T-shaped” configutation. This is consistent
with the structures observed for pure acetylene clusters, which can adopt either the

4142 11 the case of the unreacted n =

“T-shaped” or the “slipped-parallel” geometries.
5 isomers, the solvent molecule interacts with two core acetylenes instead of one.
The different structures (C;, Cg) for the n = 5 unreacted complex give rise to two
slightly different infrared spectra as discussed below.

Figure 5.6 shows the infrared absorption spectra in the C-H region for all the n

= 5 theoretical structures considered. The predicted spectra have been frequency

scaled by 0.96 and plotted at a 10 cm™ resolution to provide a better comparison to
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Figure 5.6 The theoretical spectra of the n = 5 isomeric structures calculated with
B3LYP. Theoretical frequencies have been scaled by 0.96 and plotted at a 10 cm’™'
resolution. Intensities have been scaled so that the most intense features are equal.

The C-H vibrations of the product moieties are predicted to be weak.
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the experiment. Intensities have been scaled so that the most intense features in each
spectrum are equal. Like the n =4 complexes, the C-H stretches for all of the product
moieties, m-benzene, n-cyclobutadiene and the metallacycle, are predicted to be
extremely weak. Because the reaction products contain intact acetylene ligands
however, their infrared spectra have intense C-H bands in the region of the signals
detected in the experiment. The m-benzene complex has two equivalent core
acetylenes which give rise to the infrared bands at 3231 cm™ and 3320 cm™ in its
spectrum. They correspond to asymmetric and symmetric acetylene C-H resonances,
respectively. For the other complexes, one acetylene is bound as a solvent, resulting
in multiple infrared active bands in the C-H region. All of the isomers, both reacted
and unreacted species, have acetylene-like resonances near 3200-3350 cm™, making
absolute assignment of the IRPD spectrum of Ni'(C,H,)s difficult at best.

Figure 5.7 compares the IRPD spectrum of the Ni'(C,H,)s complex to the
predicted IR absorption spectra of the unreacted isomers. As stated previously, the
appearance of new intense features that are red-shifted from the n = 4 core modes in
the spectra of the larger complexes are unexpected. Our previous work on M'(CO»),
complexes also observed new modes once the second solvation layer was reached,
but these occurred near the vibration of free C02.34 For the Ni+(C2H2)5 complex
however, the intense new feature at 3190 cm is ~100 cm™! to the red of the
asymmetric stretch of free acetylene. Because of this, we concluded that the 3190
cm™ band in the n = 5 IRPD spectrum was likely a C-H stretch from a intracluster
reaction product and not an acetylene vibration.”> However, the current DFT results

indicate that this may not be the case. Unlike solvation in the metal ion-CO,
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Figure 5.7 The IRPD spectrum of Ni'(C,H,)s compared to the predicted spectra
of two unreacted isomers calculated with B3LYP. The theoretical frequencies have
been scaled by 0.96 and plotted at a 10 cm™ resolution. All band labels represent the
center of the peak positions. The theoretical structure of the n = 4 unreacted isomer is
included and the marks represent the two possible binding sites for the solvent

acetylene. The ligand highlighted in pink is the ‘backside’ core acetylene.
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complexes, formation of the second layer in Ni'(C,H,), causes some of the core
acetylene vibrations to shift away from their free values due to hydrogen bonding. It
is worth mentioning that acetylene dimers and trimers also have vibrations that are
shifted to lower energy than the free molecule because of hydrogen bonding.*'**
However, we did not consider that this would be an additive effect in the Ni'-
(acetylene), clusters.”®> For example, we have recently studied Ni'(H,0), complexes
with IRPD spectroscopy and it too shows red-shifted OH features due to hydrogen
bonding.*® However, the Ni*(H,0), modes occurred in the same region as hydrogen-
bonded OH stretches in pure water clusters, and we expected to see something similar
in the Ni"(C,H,), system. In this case, hydrogen atoms from core acetylenes vibrate
into the m-bonding electron density of the solvent molecule. The electrostatic
interaction with the electron cloud slows the hydrogen motions, lowering the
frequencies of the core acetylenes’ C-H stretches. The solvated core acetylenes,
whose frequencies are already red-shifted due to the interaction with the metal cation,
vibrate at even lower energy once solvated. Which two core acetylenes are affected
depends on where the fifth acetylene binds to the n = 4 cluster. As shown in Figure
5.7, two unequivalent binding sites result in two different symmetry structures and,
therefore, two different infrared spectra. If the fifth acetylene binds to the distorted
pair (Cs structure), their in-phase and out-of-phase C-H stretches shift to lower energy
producing the intense features predicted at 3202 cm™ and 3263 cm™. The backside
and on-top acetylenes are largely unperturbed and vibrate near their n = 4 frequencies.
Conversely, if the fifth acetylene interacts with the backside ligand and one of the

distorted acetylenes (C; symmetry), their vibrations are shifted to lower frequency
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and account for the 3195 cm™ and 3261 cm™ predicted bands. The vibrations of the
on-top acetylene and remaining Jahn-Teller distorted acetylene are largely
unpreturbed.

The IR bands observed in the experimental spectrum of Ni'(C,H,)s are not
reproduced by either unreacted isomers when considered separately. The Cs
theoretical spectrum is missing the IRPD asymmetric feature at 3253 cm™ and is short
one of the symmetric bands. Likewise, the C; theoretical spectrum is missing the
3226 cm™ IRPD band and its three symmetric features are too widely spaced. The
main point is that a single unreacted structure cannot account for the 3226 cm™ and
the 3253 cm™' feature in the n = 5 experimental spectrum. However, if we consider
that the Cs and C, structures are nearly isoenergetic, both isomers are likely present in
the molecular beam and all the IRPD features can then be accurately reproduced. The
most intense bands in the Cs and C; structures near 3200 cm™' and 3262 cm™ might
overlap and account for the 3192 cm™ and 3264 cm™ intense signals in the
experiment. The Cg asymmetric stretch at 3228 cm™ and the C; asymmetric stretch at
3242 cm™ match the experimental signals at 3226 cm™ and 3253 cm™. Likewise, the
number of symmetric modes is reproduced if both isomers are present. The spacing
between the asymmetric and symmetric features are not correct, but this can be
explained by anharmonicity as discussed above. If anharmonicity is greater for the
symmetric stretches, then the theoretical bands in the symmetric region should
actually occur further to the red and can account for the 3282 cm™, 3298 cm™ and

3339 cm™ bands observed in the experiment.
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Because we did not find a single theoretical structure whose spectrum
accurately reproduces the experiment, other isomeric structures including the reaction
products cannot be completely ruled out. Intracluster reactions might still be possible
for the Ni'-acetylene complexes as the products are found to be more stable. Such
isomers might be present in the experiment and contribute to the IRPD spectrum of
the n =5 complex. For example, the theoretical spectrum for the n-cyclobutadiene
complex in Figure 5.6 reproduces all of the experimental signals except the shoulder
band at 3253 cm’'. We could then invoke the presence of the C; unreacted structure
to account for the missing mode and their remaining bands might overlap. However,
the simplest interpretation is probably the correct one: the new features observed in
the n = 5 spectrum are caused by the solvation of the n = 4 core complex. When a
core acetylene interacts with the solvent acetylene, its vibrations are shifted to lower
frequency. The low symmetry structure of the n = 4 cluster provides unequivalent
binding sites for the fifth molecule, leading to two unreacted isomeric structures that
are nearly isoenergetic. Both structures are likely present in the experiment which
accounts for the complexity observed in the Ni'(C,H,)s IRPD spectrum.

Using the insight gained from the DFT calculations on the n=5 complex, an
interpretation of the Ni'(C2H,)s IRPD spectrum in Figure 5.1 can be made. The only
major difference between the n = 5 and n = 6 spectra is the appearance of the new
feature at 3170 cm™. All other n = 5 bands are reproduced in the spectrum of the
Ni'(C;H,)s complex with only minor changes in positions and intensities. The sixth
acetylene likely binds to one of the two open sites near the planar core acetylenes in

the n = 5 complex. Because there are only three planar sites, occupation of two of
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these by solvent molecules means that one of the core ligands is interacting with both
second sphere acetylenes (see the inset in Figure 5.7). An additional solvent
interaction would produce an additional red-shift of this core acetylene’s vibrations.
Therefore, it is likely that the band measured at 3170 cm™ in the n = 6 spectrum is the
asymmetric stretch of the core acetylene that is ‘caged’ by both solvent molecules.
The caged symmetric stretch should also be more perturbed and lie to the red of the
3264 cm™ experimental band. It is likely that the small intensity increase in the 3254
cm’' band is the symmetric stretch partner of the 3170 cm™ signal, which overlaps
with the 3252 cm™ core mode. Like the n =5 spectrum, assigning the IRPD
spectrum of the n = 6 cluster cannot be made with absolute certainty.

Although DFT predicts that reaction products are substantially more stable
than the unreacted species, the IRPD spectra of Ni+(C2H2)5,6 seem more consistent
with the simple solvation of the n =4 core complex. If this is true, it is likely that
reaction barriers prevent acetylene condensation. However, due to congestion in the
CH region and the weak CH stretches expected for the product species, condensation
reactions cannot be completely ruled out. The spectroscopy of gas-phase
organometallic clusters is similar to condensed phase measurements in that both are
congested in the CH region . Acquiring the IRPD spectra of these complexes in the
fingerprint region to observe their C=C stretches will provide more accurate
information on their structures and additional insight on reaction products that might
be present in the larger complexes. Future experiments using a free electron laser
(200 - 1800 cm™) or an OPO laser equipped with a AgGaSe, crystal (600 - 1800 cm™)

should detect these signals and hopefully resolve these issues.
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Conclusions

Nickel cation-acetylene complexes, Ni'(C,H,)4.4, are studied with infrared
photodissociation spectroscopy and density functional theory. Theory finds that
reaction products containing n-benzene, n-cyclobutadiene and a metallacyle cluster
are more stable structures than the unreacted n = 4 complex. However, the IRPD
spectrum of Ni'(C,H,)4 is consistent with a structure where all four acetylenes remain
intact. The match between experiment and theory suggests that this cluster is a Jahn-
Teller distorted m-complex. New intense features are observed beginning with the n =
5 complex and attributed to the formation of the second solvation layer. The spectra
of Ni'(C,H,)s and Ni"(C,H,)s can be explained if the fifth and sixth acetylene ligands
attach as solvent molecules to the n = 4 core complex. The presence of solvent
acetylene molecules induce additional red-shifts of the core acetylene vibrations due
to hydrogen bonding. A single unreacted structure cannot account for all the modes
in the n = 5, 6 complexes, indicating isomers are present in the molecular beam.
Although there is no need to invoke intracluster reactions to explained the
experimental details, reaction products cannot be completely ruled out. B3LYP
predicts that the CH vibrations of the products are relatively weak and might be
undetected at our sensitivity. Future experiments using IR lasers that cover the C=C
stretch region should prove whether intracluster chemistry is possible for this gas

phase organometallic system.
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CHAPTER VI

CONCLUSIONS

Nickel cation-water and -acetylene complexes, Ni' (H,0), and Ni'(C,Hy,),, are
generated in a laser vaporization pulsed-nozzle cluster source and investigated with
infrared photodissociation spectroscopy and Density Functional Theory. The
combined experiments and theoretical studies have provided significant insight into
the nature of the nickel ion-ligand interactions. In some cases, structural geometries
of the smaller complexes have been determined as well as gas phase coordination
numbers. Also, the ability to size-select these ion-molecule complexes has allowed
their solvation dynamics to be examined from a ‘bottoms-up’ approach. Vibrational
spectroscopy of these prototypical systems has revealed information vital to our
understanding of metal ion-w bonding and metal ion solvation.

Infrared photodissociation spectroscopy of the hydrated nickel ions,
Ni'(H,0),, presented here is the first of its kind, providing detailed information on
how the nickel cation perturbs the strucutre of the water moieties. Comparison of the
IRPD spectrum of Ni'(H,O)Ar; to theoretical results confirms that bonding electron
density is polarized toward the Ni", causing the water ligand’s OH stretches to shift to
lower energy. Inconsistent with earlier experiments, the onset of hydrogen-bonding
was observed to occur at n = 4, indicating that isomers are present for this cluster

size. The IR spectra simplify in the OH region by n = 7 and are attributed to
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formation of complex hydrogen-bonding networks. This result is somewhat
surprising as the symmetric and asymmetric OH stretches are observed for the neutral
water and protonated water clusters up to n = 10. However, this maybe somewhat
misleading due to the vibrational overlap near 3700 cm™ in the hydrated nickel ions.
The IRPD spectra of the larger complexes reveal that dodecahedron structures are not
formed for the Ni'(H,0), complexes. Apparently, the symmetric clustering of water
is prevented by the presence of the nickel cation. AD/AAD line spacings suggest that
the nickel ion continues to influence the hydrogen-bonding network even at the
largest cluster size studied (n = 30).

The first vibrational spectroscopy of gas phase nickel cation-acetylene
complexes, Ni'(C,H,)y, is reported in the C-H region. IR bands are observed at lower
frequency than the free acetylene modes for all cluster sizes, consistent with the
Dewar-Chatt-Duncanson nt-bonding model. The IRPD spectra of the smaller
complexes (n = 1-3) are acquired with the aid of the rare gas tagging technique. A
comparison of their spectra to theoretical results reveal that the n > 2 complexes are
Jahn-Teller distorted. According to the fragmentation patterns of the larger
complexes and the match between theory and experiment, the n = 4 complex is
determined to have all four acetylenes n-bonded directly to the nickel cation, which
completes its coordination. New features appear beginning with the n = 5 complex
and attributed to formation of the second solvent layer. Multiple reaction products
are investigated with theory for the n =4 and n =5 complexes and found to be
significantly more stable than the unreacted species. However, the vibrational spectra

are more consistent with the simple solvation of the n = 4 unreacted core complex,
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but only if more than one isomeric strucure is contributing to the Ni'(C,H,)s IRPD
spectrum. Because isomers are likley present in the ion distribution, intracluster
reactions cannot be completely ruled out as the spectra of the larger complexes are
congested in the C-H region.

The laser vaporization, pulsed-nozzle cluster source coupled with a tunable,
high-powered, pulsed infrared laser has proven to be a powerful technique to study
novel gas phase metal-ion complexes in their ground electronic states. Furthermore,
it has opened the door to examine a variety of materials and substances including, but
not limited to, semiconducter and carbon clusters, pure molecular clusters, molecules
adsorbed onto clusters of pure metals and metal aggregates, as well as multiple ligand
species like the ones presented here. New advances in infrared laser technology, such
as difference frequency mixing in AgGaSe; crystals, continue to push the envelop and
now provide tunable infrared light in the fingerprint region (600 - 1800 cm™) from a
benchtop laser system. Future experiments utilizing this new light source will
provide more detailed information at the metal-molecule interface and hopefully

answer the questions that remain in these prototypical metal ion-molecular systems.
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