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a molecular beam using laser vaporization in a pulsed nozzle cluster source. Cation and
neutral complexes are studied with time-of-flight mass spectrometry and mass-selected
photodissociation. Clusters produced ranged from simple metal-organic adducts to
metal-hydrocarbon and metal-carbide fragments. Mass spectrometry of Cr-coronene
reveals formation of multi-decker sandwiches and a preference for binding to one side of
the coronene molecule. Significant deviation from previously studied systems is
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CHAPTER 1
INTRODUCTION
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2
Almost every element in the periodic chart can form complexes with carbon and,
yet, a compound of metal complexed with carbon was not identified until the mid to late
18th century. It was then that Cadet de Gassicourt prepared and isolated methylarsenical,
(CH3)4As2. Around this same time Zeise Salt, K+ C2H4PtCl3- was isolated and reported
by the Danish pharmacist after whom it was named. However, the actual structure of this
compound remained unknown until the 1950s. The period of time between had one
major discovery.

In 1849, Edward Frankland prepared and isolated diethylzinc,

(C2H5)2Zn which became the first organometallic reagent and dawned a new era in the
expansion of organometallic chemistry. Diethylzinc and dimethylzinc remained the most
utilized organometallic reagent until the beginning of the next century when Victor
Grignard reported the synthetic uses of solutions of alkylmagnesium halides in ethers.
His Grignard reagents quickly displaced diethyl- and dimethylzinc as the organic reagent.
It was because of this discovery that molecules previously considered impossible to
synthesize became easily produced. Shortly after that, organometallics were found to
have uses outside the laboratory and became widely used in industry as gasoline
additives, silicones, reaction catalysts, intermediates in polymer synthesis, medicinal
compounds that lead to the advent of chemotherapy, and chemical warfare.1,2
The discovery of ferrocene in the early 1950s3 and, shortly after, dibenzene
chromium4, were the next great discoveries in organometallic chemistry. This spurred an
enormous increase in research into the area of novel organometallic chemistry with a
change in focus from the uses in organic synthesis to the characterization of newly
created complexes, emphasizing structure and bonding.

The advent of gas phase

spectroscopic techniques, such as laser vaporization techniques, ion beam mass
spectrometry, collision induced dissociation, laser induced photodissociation, time
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resolved IR spectroscopy, flowing afterglow, and photoelectron spectroscopy, developed
in the 1980s opened this field to previously unrealistic synthesis possibilities. One
heavily studied system in solution phase chemistry was metal-benzene. These systems
were easily synthesized in the gas phase and found to create a plethora of novel
complexes with interesting structural configurations. Freiser and coworkers used FT-ICR
mass spectrometry to study these complexes with V, Ta, and Nb.5

These studies

provided bond energies and structural information, but were limited to complexes with
one or two metal atoms and one or two benzene molecules. Bauschlicher and coworkers
conducted theoretical studies on single atoms of the first and second row transition metals
complexed with benzene and determined binding energies, structures and dissociation
energies6.

Our laboratory has studied the silver-benzene system and found charge

transfer character upon photodissociation of the Ag-benzene cation.7 In addition to
charge transfer, our lab has also reported multiple metal – multiple benzene systems for
systems containing V, Co, Fe, and Cu.8 The silver system, in addition to complexes with
transitions metals from titanium to copper, was studied with collision induced
dissociation (CID) by Armentrout and coworkers.9 More recently, Kaya and coworkers
have used two-laser vaporization mass spectrometry and photoelectron spectroscopy to
study M–benzene systems, where M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni. They have
reported magic numbers that correspond to sandwich structures for complexes with the
early transition metals vanadium, titanium, and scandium, whereas the late transition
metals, i.e. iron, cobalt and nickel, adopt a benzene coated cluster type structure.10 Ion
mobility measurements by Bowers and coworkers have provided supporting evidence for
the sandwich structure in the Vn(C6H6)n+1+ complexes.11
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The discovery of C60 in the early 1990s by Smalley and coworkers provided yet
another new and exciting organic ligand to introduce into gas phase studies.12 Kaya has
studied M-C60, where M = Sc, Ti, V, Cr, Fe, Co and Ni, and again found magic numbers
for these systems. They have proposed a stacked, dumbell configuration for the magic
number corresponding to M(C60)2+ complexes where M = Sc, Ti, and V, and proposed a
tricapped planar structure for the prominent M(C60)3+complexes observed when M = Cr,
Fe, Co and Ni.10 Martin and coworkers have reported that complexes of Mx-(C60), for M
= Ti, Zr, V and Y and x up to as many as 200 atoms, have metal coated fullerene
structures.13 Their studies of niobium and tantalum with C60 show metal atom insertion
and efficient destruction of the fullerene cage.14 The ion mobility studies of Jarrold and
coworkers on Nb-C59+ show that the niobium atom is inserted into the fullerene
network.15 Our lab has published mass-selected photodissociation studies conducted on
Mx-C60+ for M = Co, Fe, Ni, Nb, Ag, V
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and competitive binding studies using mixed

ligand sandwich complexes of iron with benzene, coronene and C60.17,18

These

competitive binding studies showed that the relative binding strength of organic ligand to
iron is coronene > benzene > C60.
A relatively new area of novel organometallics involves metals bound to
polycyclic aromatic hydrocarbons (PAHs). Dunbar and coworkers were the first to
combine metals and PAHs in the gas phase.19 They studied the association kinetics of
various atomic metal ions with coronene and tribenzocyclene (an isomeric structure of
coronene, C24H12) complexes using FT-ICR mass spectrometry. However, these studies
were limited to single metal atom complexed with one or two PAH molecules.
Subsequently, our lab has investigated a number of these systems using laser vaporization
of a PAH-coated metal rod coupled with mass-selected photodissociation spectroscopy.20
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These systems were found to produce multiple metal - multiple PAH clusters when metal
= Ca, Ti, V, Cr, Mn, Fe, Ni, Ag, or Bi and PAH = coronene or pyrene. Two chapters of
this work are focused on the results of a portion of that investigation. Chapter 3 of this
work discusses the results of the chromium-coronene study and chapter 4 will discuss the
niobium-coronene and niobium-pyrene results.
Metals complexed with PAHs have become an interesting area of inorganic gas
phase research for several reasons. One such reason is that theorists often employ PAH
molecules as models representing a finite section of a graphite sheet. This facilitates the
study of surface physisorption energetics and dynamics. Likewise, these systems may be
used to model metal intercalated graphite or metal attachment to the walls of carbon
nanotubes. A second reason for the increase in research of metal-PAH systems is their
astrophysical significance.21 PAHs have been proposed to be the carriers of the main
unidentified interstellar bands (UIBs) or diffuse interstellar bands (DIBs) which have
been observed in all parts of the galaxy. They are projected to account for 5-15% of the
cosmic carbon and, therefore, are an abundant component of the interstellar medium
(ISM). Recent studies, however, have shown that isolated PAH molecule spectra do not
exactly match the astrophysical spectra.22 Therefore, the focus has shifted to various
PAH complexes, including metal-PAH systems, to explain these UIBs and DIBs. With
the assistance of molecular beam techniques these types of systems are now easy to
synthesize and study in an environment which closely mimics that of interstellar space.
A final reason that these novel systems are being heavily investigated is that due to the
multiple sites available for π bonding, metal-PAH complexes may produce a variety of
novel organometallics with new structural patterns.

6
Gas phase production and study of novel organometallics is not limited to PAH
ligands. The discovery of a condensed-phase uranium – cyclooctatetraene (COT) analog
to ferrocene, dubbed uracene, in the late 1960s caused a research boom in the area of
actinide organometallics.23

The inevitable extension to lanthanide metal – COT

condensed phase systems, where metal = samarium, neodymium and cerium, found that
these complexes were sandwiches in solution with stabilizing solvent molecules.24 Those
solvent effects quickly dampened the enthusiasm of those working to create a stable,
isolated “lanthocene“ crystal. However, these systems are easily created in the gas phase
where solvent effects are not an issue. Kaya and coworkers were the first to study these
systems in the gas phase.10 They reported sandwich stoichiometries for Ce, Nd, Ho, Eu
and Yb.

This is plausible since triple-decker sandwiches were determined as the

structures of the solution phase Ce-COT and Nd-COT complexes.25 They also found that
the lanthanide metals with preferred oxidation states of +3 have similar photoelectron
spectra with binding energies between 2.5 and 3.5 eV, and subsequently the metals with
preferred +2 oxidation states have similar photoelectron spectra with slightly lower
binding energies between 2.0 and 2.5 eV. Chapter 5 of this work will discuss the results
of our lanthanide-cyclooctatetraene study. This study shows that the photodissociation
spectra of a +2 oxidation state metal, gadolinium, and a +3 oxidation state metal,
samarium, differ and is consistent with the idea of a stronger binding energy in the +3
systems.
As stated throughout the above introduction this work reports the results of three
novel organometallic investigations which encompass five complexes. The five
complexes discussed include Cr – coronene, Nb – coronene, Nb – pyrene, Sm – COT and
Gd – COT. All of these complexes were produced using laser vaporization of a metal rod
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that has either been coated with a sublimed film of PAH or reacted with organic vapor
carried in the backing gas. This experimental procedure will be described in detail in the
next chapter.

CHAPTER 2
EXPERIMENTAL

8

9
The cationic and neutral species probed in this study were synthesized in a pulsed
nozzle cluster source and investigated with time of flight mass spectrometry. Further
information about these complexes was obtained with laser induced photodissociation.

Figure 2-1: The rod coating apparatus

Coated rods are produced by vapor deposition in a vacuum deposition chamber (NRC
model 3114) shown in Figure 2-1.26 A very small amount of the PAH of interest is placed
in a ¼ inch diameter tantalum oven. This oven is then attached to a variable resistance
heater. The metal rod is placed upright on a rotating stage approximately 3-4 cm from the
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orifice of the tantalum oven. The rotating stage is adjusted to allow the rod to turn at a
rate of roughly 12-18 revolutions per minute in order to control the deposition uniformity.
The chamber is sealed and evacuated to approximately 5x10-6 torr. The pumping system
consists of a diffusion pump (Varian VHS-3) backed by a Welch Duo-Seal model 1376
mechanical pump. Once the system reaches the desired pressure the voltage applied to the
tantalum oven is fixed at 40 V and the PAH is heated at a current setting of five amps.
Deposition is normally complete after 10-20 minutes. The sample preparation chamber is
vented and the rod is transferred to the cluster source assembly. When the organic being
studied is not a solid at room temperature, clean rods are used and a volatile, liquid
organic, such as cyclooctatetraene (COT) is seeded into the carrier gas. The COT is
added to a holding cell in the He carrier gas manifold. The helium flows through the
holding cell across the top of the COT and becomes seeded with COT molecules.
Detection and study of the resulting complexes are carried out in the same manner as the
coated metal rods.
The cluster source is housed in the first of two differentially pumped vacuum
chambers of the molecular beam instrument27, Figure 2-2. This initial chamber, dubbed
the source chamber, is kept in the range of 10-6 to 10-7 torr by a diffusion pump (Varian
VHS-10) backed by a Welch Duo-Seal 1475 mechanical pump. The cluster source is
composed of a Newport pulsed molecular beam nozzle, rod holder, and nozzle
extension(s), shown in Figure 2-3.28 A metal rod, PAH-coated or clean, is threaded on to
a stepper motor driven nylon screw which provides flexible translation and rotation of the
rod within the holder. This allows laser ablation to occur on a continually fresh rod
surface. The helium carrier gas flows through the pulsed nozzle and over the rod as the
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Figure 2-2: The molecular beam instrument.
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Vaporization w ith
S econd or Third
H arm onic of
N d:YA G Laser

Figure 2-3: The pulsed nozzle cluster source.

ablation laser, a focused and power adjusted Nd:YAG laser operated at the second or
third harmonic (532nm or 355nm), fires. The ensuing plasma is pulsed into the nozzle
extension where multiple collisions occur and complexes grow. These complexes, along
with the carrier gas, spray out the end of the nozzle extension into the vacuum causing
cooling and providing a near collision free path into the second chamber, dubbed the
mass spec chamber. Before entering this second chamber the center of the nozzle spray
passes through a skimmer cone, thus creating a molecular beam with about a 3 mm
diameter.
The mass spec chamber is kept in the range of 10-7 to 10-8 torr by a diffusion
pump (Varian VHS-6) backed by a Welch Duo-Seal 1397 mechanical pump. This
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chamber consists of the dual field, Wiley-McLaren type time of flight mass spectrometer
coupled with a reflectron (RTOF)29, and a Hamamatsu R-595 electron multiplier tube
(EMT) detector.
Extraction of the species of interest from the skimmed molecular beam is
accomplished by pulsing the acceleration plates in the mass spectrometer. The
acceleration plates are operated in two distinct ways when experiments are conducted on
neutral or ionized clusters. When neutral complexes are studied, the repeller is held at a
potential of 1200 V and the draw-out-grid (DOG) is held at 1100 V. The DOG is a plate
with a one inch diameter hole in the center that is covered with a molybdenum wire
mesh. A third plate defines the beginning of the grounded flight tube. As the molecular
beam enters the region between the center of the plates the ionization laser, a Lambda
PhysikCompex ArF+ excimer (193 nm), fires causing photoionization of the neutral
species. These ions are immediately accelerated by the potential difference away from
the repeller through the wire mesh of the DOG into the flight tube. These ions continue
to accelerate due to the much greater field created between the DOG and ground plate.
The second mode of operation is employed when ionic species are the subject of study.
In this mode the repeller and DOG plates must be held at ground to allow ions to enter
the extraction region. Once the cationic clusters have entered the region between the
plates a pulsed potential accelerates them in the same manner as the photoionized clusters
discussed above. The Wiley-McLaren construction provides not only extraction, but also
causes separation of different complexes based on their velocities. The kinetic energy of
a complex is equal to one-half the product of the mass multiplied by the velocity squared:
KE = 0.5mv2
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Solved for velocity, one obtains:
v = [2KE/m]0.5
Therefore, the bigger the complex the slower the velocity it will have as it travels through
the flight tube. This mass separation allows not only mass identification of the extracted
clusters, but also allows further study of selected masses by laser induced
photodissociation. After the deflection plates have corrected any directional deviation
caused by the extraction process, the beam is squeezed tighter and made more uniform in
diameter by the einzel lens. The beam then reaches the “mass gate”. This is simply two
parallel plates mounted in the flight tube approximately four feet from the mass
spectrometer. It is held at a potential and simply deflects ions into the wall of the flight
tube until the mass of interest arrives. A microsecond pulse to ground allows only that
mass into the reflectron.
The reflectron is a stack of 14 plates one centimeter apart. A potential of 1380 V
is placed on the stack during photodissociation. This creates an electric field that slows
the ions, turns them toward the detector and re-accelerates them. It is at the turning point
that a photoexcitation laser, a second focused Nd:YAG operated at the second or third
harmonic (532nm or 355nm, respectively) is fired. The power of the laser is varied so
that observations of nascent or sequential photofragmentation can be studied. The low
power spectra are obtained at the threshold of fragmentation. Conversely, high power
spectra show the most extensive fragmentation and are most certainly the result of multiphoton processes.
The photofragment and parent ion signals are collected at the end of a second
flight tube by an EMT detector operated at 2.6-3.0 kV. The signal is amplified and sent
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to a LeCroy digital oscilloscope (model 9310) where spectra are accumulated and then
sent to a PC via IEEE-488 interface for analysis. The spectra shown in this work are
presented in a computer difference mode in which the parent ion appears as a negative
mass peak while its photofragments are plotted as positive peaks.

CHAPTER 3
CHROMIUM – CORONENE

16
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Shown in Figure 3-1 is the mass spectrum of the chromium-coronene system.
These cationic clusters are created by laser vaporization of a coronene coated chromium
rod in the experimental manner discussed in the previous chapter. The peaks of highest
intensity correspond to sequential adducts of metal atoms and coronene molecules.
Weaker, unassigned peaks are metal oxides and coronene fragments. Metal oxides are
unavoidable in this experimental setup. When rods are transferred from the coating
apparatus to the source chamber they are exposed to the atmosphere and pick up surface
impurities such as oxygen, water, sodium, etc. All of these minute impurities can be and
are detected in the mass spectrometer. These complexes show series-like progressions
which is a pattern observed in many of the metal-coronene systems we have studied.20
The first such series is multiple metal atoms with one coronene. Within this series the
most prominent peak is that of one metal with one coronene. Then follows a gradual
decline in intensity with each addition metal atom. The last identifiable peak is that of
Cr5-coronene+. This pattern holds for the second series of peaks, multiple metal atoms
with two coronene molecules. Again, the prominent peak corresponds to that of the one
chromium atom complex. A more rapid decline in intensity follows with a very weak
peak at 860 amu corresponding to Cr5-coronene2+. However, for complexes with three
coronene molecules the pattern is different. There is a slight enhancement of the Cr2coronene3+ peak and the largest cluster detectable has only four metal atoms, not five.
This enhancement holds over a variety of different mass spectrometer focusing
conditions. This M2-ligand3 stoichiometry has been previously observed by Kaya and
coworkers for a variety of metal-benzene clusters30. They have suggested that this
stoichiometry has a double-decker sandwich configuration. Not shown in this spectrum
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Figure 3-1: The Mass Spectrum of Chromium-coronene recorded at 532 nm.

is the lower mass region. There were no metal clusters in this region, only the rod
surface impurities mentioned above. The source conditions were observed not to be
conducive to metal cluster growth suggesting that the metal atoms in these complexes are
added one by one, and not as clusters, to the coronene surface.
The structure of these complexes is an interesting question. Metal atoms could
bind to the coronene at individual binding sites or, instead, they could form small clusters
of metal on the surface, effectively binding metal to metal once one metal atom has
attached to the coronene surface. The preferred binding scheme depends on the relative
strengths of the two types of bonding, metal to metal or metal to organic. An equally
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interesting and somewhat parallel question is whether bonding occurs on one side of the
coronene molecule or both. Although the size of the chromium atom changes with its
effective oxidation state, reasonable estimates suggest that three chromium atoms fit
nicely to cover one side of a coronene molecule. Therefore, any cluster having more than
three metal atoms would either have to have metal on both sides or have clustered metal
on one side. With no convenient spectroscopic methods, we have employed massselected photodissociation experiments to probe these possibilities.

Species

IP (eV)

D0 (cation)

D0 (neutral)

Cr

6.7665

-

-

Cr2

6.999

1.30

-

Cr3

-

2.01

-

Cr4

-

1.04

-

Cr5

-

2.34

-

Table 3-2: Ionization potentials (IP) and dissociation
energies (D0) for relevant chromium clusters.

A table of known ionization potentials and bond energies for relevant chromium
clusters is provided in table 3-2. The dissociation energy for many chromium clusters
has been determined by collision induced dissociation.31

However, the ionization

potentials are known only for the atom and dimer.32 Therefore, no method for deriving
the neutral bonding energy for these clusters is available. It is usually true that the
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ionization energy decreases with size for metal clusters and it is then plausible to assume
that all the chromium clusters in this study will have lower ionization energies lower than
that of coronene (7.29 eV). Using that assumption all of the metal clusters eliminated as
photofragments in the dissociation will be charged and appear in the resulting
photodissociation mass spectrum.
Figures 3-2 through 3-8 show the photodissociation mass spectra of the clusters
observed in Figure 3-1. These clusters were studied at both 355 nm and 532 nm. At each
wavelength and for each cluster the photodissociation laser intensity is varied to observe
any changes in the fragmentation pattern. These laser power dependence studies show
significant variation in fragmentation indicating that these processes must be
multiphoton. This is not unusual or unexpected. Large molecules, such as coronene,
have an enormous ability to internally convert electronic excitation energy and to
continually cool themselves to the ground electronic state. Likewise, the unimolecular
rate of dissociation for such a molecule would be slow. It would likely take excitation
energies well beyond the dissociation threshold to see fragmentation on the microsecond
time scale of our instrument. Multiple photons are needed to accomplish this and for
fragmentation to be observed. It is therefore impossible to control the energy put into
these systems and to distinguish between fragmentation pathways that occur sequentially
or parallel to one another. Also seen in the following spectra are some peaks that are
broadened beyond the normal instrument resolution. These are thought to arise from
metastable fragmentation in which the dissociation time is slow compared to the
residence time in the acceleration field. Considering the slow rate of dissociation for
coronene this is not unexpected.
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Figure 3-2: The photodissociation spectrum of Cr-coronene cation.

The photodissociation mass spectrum of Cr-coronene+ is shown in Figure 3-2.
Surprisingly, both the chromium atom and coronene molecule are observed as charge
carrying photofragments. One would expect from the ionization potentials of chromium
(6.77 eV) and coronene (7.29 eV) that the lower of the two, chromium, would be the only
charged photofragment. The observation of coronene cation as a photofragment leads
one to believe that the excitation energy was high enough to access a charge transfer
asymptote. This is indeed a possibility when the high photodissociation laser energy
input is considered (532 nm, 2.33 eV or 355 nm, 3.49 eV). However, this phenomenon
of apparent charge transfer disappears at the low power limit of dissociation (not shown).
At that point, the expected Cr+ is the only observed photofragment. The presence of
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Figure 3-3: The photodissociation spectra of Cr2-coronene+ at low (upper trace)
and high (lower trace) laser power
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coronene cation observed here is more likely to be the result of neutral coronene
photofragments being reionized by the multiphoton environment necessary for
photodissociation. This is a common problem in systems like these where such high laser
fluence is necessary for fragmentation. It is a recurrent feature in many of the following
spectra.
Figure 3-3 shows photodissociation of Cr2-coronene+ at low (upper trace) and
high (lower trace) power. The most prominent photofragment observed in the upper trace
is Cr-coronene+. This fragment results from the loss of Cr neutral from the parent ion and
therefore suggests that Cr-coronene+ has a lower IP than that of Cr+ (6.7665 eV). A
small, broad shoulder is observed at 340 amu. Although it is difficult to assign with
certainty due to the broadening of the peak, it is thought to be the parent ion minus the
fragment CrC. The shoulder peak is observed in any spectra in which Cr-coronene+ is
produced as a photofragment. The presence of this peak, which grows in intensity with
higher laser power, indicates that at least some of the metal atoms have become strongly
bound to the coronene molecule. In effect, they have become inserted into the ring
system. Insertion of niobium atoms into coronene and pyrene33 will be discussed in the
next chapter and insertion of niobium34 and iron35 atoms into the walls of C60 has
previously been reported. The high power trace shows more extensive fragmentation. In
addition to the prominent Cr-coronene+ fragment and a more prominent shoulder peak,
there is also a strong Cr+ peak.

This peak could arise either from sequential

fragmentation of Cr-coronene+ or from reionization of the neutral chromium fragment
produced in the initial photodissociation. Also present is a small coronene+ peak as
discussed previously and a small amount of Cr2+. The latter cannot be produced by
sequential fragmentation of Cr-coronene+ and, therefore, must represent a parallel
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dissociation pathway. The presence of the dimer cation also suggests that there must be
more than one isomer of the parent ion. In this isomer the metal is not inserted into the
ring system, but more weakly interacting.

Figure 3-4: The photodissociation spectrum of Cr3-coronene+ at 355 nm.

Figure 3-4 shows the photodissociation of Cr3-coronene+ at 355 nm with moderate
laser power. Again we see two distinct dissociation pathways, one which produces Crcoronene+ and its sequential photofragments along with the familiar shoulder peak and
another which produces the chromium trimer cation. The appearance of dimer and
atomic metal cations are observed to be laser power dependent. As laser power is
lowered they weaken in intensity until, at the lower limit of dissociation, they disappear
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suggesting that they are produced by further fragmentation of Cr3+. The low power limit
spectrum (not shown) has one fragment ion peak, Cr3+. The presence of metal trimer
elimination here and the dimer cation in the previous spectrum indicates that in at least
some, if not all, of these Crx-coronene+ complexes, all of the metal atoms are located on
the same side of the coronene molecule. It is highly unlikely that metal atoms from
opposite sides could cluster efficiently before being eliminated.

Figure 3-5: The photodissociation spectrum of Cr4-coronene+ at 355 nm.

The photodissociation mass spectrum of Cr4Cor+ is shown in Figure 3-5. This
spectrum was obtained with 355 nm at high power. This complex is the largest multimetal complex with enough signal to photodissociate. However, the signal is still weak
and high laser power was necessary to see any fragmentation. The highest mass peak
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seen is Cr3-coronene+ which is a broad, weak signal consistent with metastable
fragmentation. The remaining peaks are similar to the fragmentation pattern of Cr3coronene+. These are probably produced by sequential fragmentation of this metastable
cation. Other coronene containing fragments are the coronene cation itself, more than
likely reionized neutral coronene as discussed with Figure 3-2, and Cr-coronene+, similar
to that seen in the previous spectrum.

However, there is a noted absence of Cr2-

coronene+ as a fragment ion. This combined with the metastablility of Cr3-coronene+
complexes denotes some enhanced stability in the three metal atom complex. This is in
agreement with the three chromium atom per side geometric motif. Another interesting
facet of this spectrum is the appearance of a small Cr4+ peak. This peak supports the
notion that the chromium atoms bind to the same side of the coronene. This fragment
peak does, however, have a second possible identity as discussed below.
A number of new features appear in this spectrum that cannot be assigned as any multiple
of metal and coronene . Peaks at 130, 180, and 252 amu have not been observed as
fragment ions in any of the other multi-metal complexes. These peaks correspond to
organometallic fragments from a dissociated coronene ring system.

Mass 130

corresponds to Cr-benzene+ and mass 180 to Cr-naphthalene+. The broadened peak at
252 is approximately the same mass as Cr-pyrene+ or it can also be formed by eliminating
neutral dibenzene chromium (208 amu) from the parent ion. Also worth noting, the peak
which is labeled as Cr4+ occurs at this same mass, 208 amu. This peak could then also be
assigned as Cr-(benzene)2+ . Unfortunately, these signals are weak and broad and the
mass resolution is low. The uncertainty is approximately 1-2 mass units. The
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Figure 3-6: The photodissociation spectra for Cr-coronene2+ (upper trace)
and Cr-coronene3+ (lower trace) at 532 nm.
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fragmentation of metal-coronene into smaller organometallic fragments is not unlikely.
Extensive rearrangements are likely due to the high energy requirements of such a
process. What is truly interesting is that these fragments only appear when the cluster
contains four chromium atoms even with the high laser powers used on complexes with
fewer chromium atoms. The presence of at least four chromium atoms seems to be a
necessary requirement to open these new fragmentation pathways.

The idea of a

necessary number of metal atoms for ring destruction has been reported previously in the
photodissociation of metal-C60 complexes.14
Figure 3-6 is the photodissociation spectra obtained for Cr-coronene2+ (upper) and
Cr-coronene3+ (lower) at 532 nm. The Cr-coronene2+ peak was a prominent peak in the
original mass spectrum of ions created in the source. This apparent stability together
with the stoichiometry suggests that it has a sandwich type structure. The sandwich
structure is also supported by the absence of pure coronene cluster formation in the
original distribution. It appears that the presence of chromium atoms is a necessary
requirement for coronene to aggregate. Once this complex has formed high laser power
is necessary to dissociate it. The only fragments of this complex observed are Crcoronene with the 340 amu shoulder and chromium cation. In the lower trace, we see
that the Cr-coronene3+ parent ion fragments almost exclusively into Cr-coronene2+ with a
very small amount of Cr-coronene+. The strong peak intensity of the Cr-coronene2+
fragment here provides more evidence that it is indeed a sandwich structure.

In

experiments not shown, the system was seeded with acetone to test for any exposed
metal. In those experiments, this suspected sandwich complex, Cr-coronene2+, did not
react with the acetone, but all Crx-coronene complexes did as they must certainly have
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Figure 3-7: The photodissociation spectra of Cr2-coronene2+ (upper trace)
and Cr2-coronene3+ (lower trace) at 532 nm.
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exposed metal. This is consistent with the idea that sandwich structures have protected
metals which are not available for further bonding.
Figure 3-7 shows the photodissociation of Cr2-coronene2+ in the upper trace and
Cr2-coronene3+ in the lower. There are two structural possibilities for the Cr2-coronene2+
complex, one in which the metal atoms are sandwiched between the two coronene
molecules or an alternating metal-coronene-metal-coronene structure. The prominent
fragment peak observed is Cr-coronene2+. This supports the alternating metal-coronene
motif. Moreover, in the previously mentioned acetone studies, Cr2-coronene2+ did form
an adduct providing evidence for this structure. The weak signal indicating the presence
of Cr2-coronene+ would be produced by elimination of a coronene from the sandwich.
This fragment would have exposed metal on both sides of the coronene molecule. Such a
complex would be fairly unstable and dissociate easily into Cr-coronene+. The Crcoronene+ peak was the most prominent fragment in the photodissociation of both Cr2coronene+ and Cr-coronene2+, Figures 3-3 and 3-6 respectively. Therefore, it could be
produced as a sequential fragment from either of those two higher mass fragments.
The lower trace shows the same fragmentation peaks with the exception of Cr2coronene+. A reasonable structure would be a double decker sandwich motif in which
there are alternating coronene-metal units.

This constitutes a coronene-capped Cr2-

coronene2+ so that there is no exposed metal in this complex. These stoichiometries have
previously been suggested for Vx-benzeney complexes and other multi-metal
organometallics.36 The fragmentation pattern shown supports this as well. First, the
complex loses one of the outer coronene end caps. It then loses the exposed chromium
leaving the single atom sandwich. Lastly, another coronene is eliminated leaving the
stable Cr-coronene complex.
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Figure 3-8: The photodissociation spectra of Cr3-coronene2+ (upper trace)
and Cr3-coronene3+ (lower trace) at 355 nm.
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The largest multiples observed for the chromium-coronene system are dissociated
in Figure 3-8. The initial signal was weak and, therefore, high laser power was necessary
to observe any fragmentation. There are a number of isomeric structures possible for
such systems, but the dissociation spectra are fairly simple.

The upper trace, Cr3-

coronene2+, has only one high mass fragment, a very weak signal at Cr3-coronene+. This
fragment would be produced from the loss of coronene from the parent. This information
together with the lack of any sandwich intermediates such as Cr2-coronene2+ or Crcoronene2+ is not consistent with the alternating sandwich structure motif. Instead, this is
consistent with a sandwiched metal trimer. Further evidence for such an entity is the
presence of Cr3+ as a fragment. A trimer sandwich was also the proposed structure for
previously investigated Fe3-coronene2+. The lower mass fragments are consistent with
the fragmentation pattern observed in the Cr3-coronene+ photodissociation mass
spectrum, Figure 3-4. Both complexes show reasonably high stability in that they are
difficult to dissociate and fragmentation signal is very weak.
The lower trace provides more information about the stability and structure of
Cr3-coronene2+. If it is indeed a stable complex, then it should be a prominent mass
fragment of Cr3-coronene3+ and it is.

In this spectra, as in the upper spectra, the

fragments associated with the trimer sandwich breakdown are observed, as well as the
stable Cr-coronene+ and its shoulder peak at 340amu. There are, however, new features
in this spectra. Here we see the above missing alternating sandwich intermediates, Cr2coronene+ and Cr-coronene2+. These fragments are weak and could be present, but
undetectable in the upper spectra. They represent an exact splitting of the parent ion into
two parts. One part must be initially neutral, however, with the high laser powers used
here reionization of that neutral photofragament is likely to occur. The interesting point
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of these spectra is that for such large molecules with many possible isomers there are
relatively few photofragments, and that the strength and stability of the trimer sandwich
is evident in both. Also present in this spectra is evidence that there are indeed two
isomeric structures of Cr3-coronene3+ present in the molecular beam.
After many spectra it becomes difficult to discern what is important, but there is
some fascinating information contained in this study. The most obvious is that chromium
forms strong bonds to coronene. This is evident in the necessity for high laser power,
multiphoton conditions to cause fragmentation and the observed chromium carbide
elimination in some of the complexes. Coronene is known to bind strongly to metals.
Previous work in our lab has focused on the competitive binding between metals and
mixed ligands.37 In that work, the mixed ligand complexes created, Fe-Coronene-R+
where R = benzene or C60, showed that during photodissociation benzene or C60 were
eliminated first. Since the bond energy of Fe-benzene is known to be 49 kcal/mol, it can
be deduced that the Fe-coronene bond is greater than this. The binding energy of Crbenzene, 40 kcal/mol, is quite similar to that of Fe-benzene and it is therefore expected
that the chromium-coronene bond also would be strong.
The evidence for preferential binding is another interesting fact obtained through
this investigation. The prominence of metal cluster peaks throughout the work suggests
that metal atom attachment occurs preferentially on one side of the coronene surface. It
is possible that the metal clusters could form first and then bind to the coronene, but no
evidence for metal clusters in the original distribution of ions out of the source exists.
The source conditions and nozzle channel used for this study were not conducive to metal
cluster production even when no coronene was present.

Therefore, it seems that

coronene is necessary for metal atoms to cluster and that these complexes grow from
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sequential addition of metal atoms to the coronene surface.

Although it has been

mentioned that three chromium atoms fit nicely to cover one coronene side, it also makes
sense that surface metal atoms would be available to bind with other metal atoms
available in the source, just as surface metal atoms complexed with the acetone in the
probe for unprotected metal atoms. The idea that three chromium atoms are ideal to
cover one side is also consistent with NMR spectroscopy and theory which finds that the
outer alternating rings of the coronene molecule have greater electron density.38 These
are more likely to bind to a metal atom than the center of the molecule. Binding to these
outer rings has been observed in synthetic organometallic chemistry39 and ab initio
calculations agree that this type of binding is energetically favored40.
This information has significant implications for the alternating sandwich
structures.

Although for Cr-coronene2+ a centered metal atom placed between two

coronene is the first such construct that comes to mind, in reality this is not the most
likely structure. The metal would bind, as discussed, to an outer ring of each coronene.
The charge induction in both rings created by the newly bound metal would be of the
same polarity causing the ends of the two coronenes to rotate away from each other
creating a staggered conformation. The Cr2-coronene3+ "double decker" sandwich would
then have a "stair-step" motif. Illustrations of these possibilities, along with the trimer
sandwich and Cr3-coronene+, are shown in Figure 3-9. Notice that the presence of a
metal filling between the two coronenes necessitates a highly symmetric structure
wherein there is no interaction between coronene molecules, only between metal and
coronene. Although this data does not provide exact structural information the proposed
structures are the simplest explanation for the observed fragmentation.

CHAPTER 4
NIOBIUM – CORONENE
AND
NIOBIUM – PYRENE
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Shown in Figure 4-1 are the mass spectra for the niobium-PAH systems. The PAH
is either coronene or pyrene. The cationic clusters in the upper trace are created by laser
vaporization of a coronene coated niobium rod. Those in the lower trace are created using
a pyrene coated niobium rod. All of the spectra discussed in this chapter are produced
and photoexcited using the third harmonic, 355 nm, of a Nd:YAG. Both spectra show
sequential adducts of metal atoms with PAH molecules. This has been seen previously
with many of the metal-PAH systems we have studied.20 However, these spectra are
markedly different from the established pattern of these types of systems. There are a
number of new features present in these spectra such as the presence of many metalhydrocarbon and metal-carbide ions. These peaks can only be the result of fragmentation
of the adducts being produced in the cluster source. Included in these ions is Nb4C4+
which is known to be a magic number in niobium-carbide clusters.41 Fragmentation of
the PAH is conceivable considering the energetics of the laser plasma, but these
conditions have rarely produce fragmentation of the PAH in any other metal-PAH system
studied. The high stability and slow unimolecular dissociation rate of these PAHs do not
favor dissociation. Yet, this extended fragmentation exists in both of these spectra.
Prominent peaks in both spectra are NbxCy+ and Nb-CxHy+. The most logical explanation
for the existence of these peaks is that niobium atoms disrupt the π bonding in these
PAHs, becoming strongly bound to or inserted into them during the vaporization process.
This is followed by significant rearrangement and dissociation of the ring system
resulting in the formation of the carbides and metal-hydrocarbons observed. The early
transition metals, niobium included, are known to form carbides with smaller
hydrocarbons,41 but this is the first such result with PAHs.
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Figure 4-1 : The Mass Spectra of Niobium-Coronene and Niobium-Pyrene.
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The obvious preference for single niobium atoms complexes is another new
feature. Complexes with two niobium atoms are either not observed (upper trace) or very
weak (lower trace). Previous studies with other metals under similar conditions produce
Mx-PAHy+ up to x = 5 or 6, as illustrated in the previous chapter with chromium. The
metal atoms in these systems are thought to cluster together on one side of the PAH
molecule or bind to individual binding sites creating a metal film over the PAH surface.
Here, the only multi-metal ions observed with any intensity are metal-carbides. The
source conditions here are not significantly different than those that produce multi-metal
adducts in other systems. The density of metal vapor in this system should be the same
as with the other metals. It appears, then, that multiple metal adducts are produced in the
plasma, but they must be even more reactive than single metal adducts. These highly
reactive multiple metal adducts must dissociate more efficiently than the single metal
adducts and bare PAHs to produce some of the multiple metal carbides observed.
Immediately, questions of the mechanism of metal insertion and why niobium is
so effective in this type of reaction could be asked. The presence of excited metal atoms
in the plasma could certainly promote this kind of insertion. The structures of the
resulting metal carbides and metal hydrocarbons are also of interest. Previous ab initio
calculations on the metal carbide ions predict a cubic structure as that found in the bulk
solid material.41c. While there is no direct method to probe the plasma chemistry, some
of the structures of the more abundant species can be probed with mass-selected
photodissociation. Those findings are presented below.
Figure 4-2 is the photodissociation spectra recorded for Nb-pyrene+ (upper trace)
and Nb-pyrene2+ (lower trace). After an initial loss of molecular hydrogen there is a
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systematic loss of (C2Hx)n from the parent ion (x = 2 best fits the data, but we do not have
unit resolution here). The lower mass fragments show prominent peaks for NbC4+ and
NbC6+. The resolution here is good enough to distinguish between bare carbide and
hydrocarbons.

It is impossible to tell under these experimental conditions if this

systematic fragmentation is concerted, sequential or parallel. The elimination of H2 and
C2Hx is a known fragmentation channel for isolated PAH ions.42 Power dependence
studies indicate that high laser power is required to observe any fragmentation.
Therefore, these fragmentation pathways must be multiphoton which explains how
multiple bonds are broken. Additionally, the extent of ring fragmentation is observed to
vary with laser power. The sequential loss of C2Hx eventually producing carbides is
consistent with this data. Because hydrogen is depleted before carbon, the carbide
masses are an obvious result of such a sequential fragmentation process. These low mass
fragments are the same as many of those observed in the initial distribution of cluster
masses from the previous mass spectrum for Nb-pyrene. Therefore, it seems that the
laser vaporization plasma chemistry is able to fragment the Nb-pyrene system in much
the same way as does the photochemistry.
The lower trace shows the same initial loss of H2 and then a weak series of peaks
suggesting the loss of C2Hx from the parent ion, Nb-pyrene2+.

However, the first

prominent peak is Nb-pyrene+. This would result from the loss of an intact pyrene
molecule suggesting that in systems with more than one pyrene, the second is not as
strongly bound to the niobium atom. The lower mass peaks look almost identical to those
in the upper spectra with prominent peaks for NbC4+ and NbC6+, but with more complete
fragmentation of the ring system. While the fragmentation of the upper spectra shows
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Figure 4-2 : Photodissociation spectra for Niobium-pyrene+ and Niobium-pyrene2+.
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only these two carbide masses the lower spectra shows all carbide masses down to the
bare niobium atom.
Figure 4-3 shows the photodissociation spectra of Nb-coronene+ (upper trace) and
Nb-coronene2+ (lower trace). The fragmentation pattern of the Nb-coronene+ is very
similar to that of the Nb-pyrene+. There is the initial loss of molecular hydrogen and then
the previously observed sequence indicating loss of C2Hx, here again, x = 2 best fits the
data. In the lower mass region there is a prominent peak for NbC4+, as well as all other
niobium carbides and the bare niobium ion. The power dependence of these peaks
suggests that this is also a sequential dissociation process like in Nb-pyrene+. The lower
trace shows that Nb-coronene2+ fragments in the same manner as Nb-pyrene2+. The
parent ion first loses H2 and then the next fragment seen is the loss of an intact coronene
molecule resulting in Nb-coronene+. The fragmentation pattern is then identical to that of
the upper trace with loss of C2H2 units down to the carbides and then the atomic ion.
Throughout all of these spectra NbC4+ has been a prominent fragment ion and it is here as
well. The simplest interpretation for this spectrum is that the Nb atom is inserted into one
coronene and then weakly binds to another.

This second coronene is eliminated

efficiently and the resulting complex undergoes a sequence of fragmentation producing
the metal-hydrocarbons and metal carbides.
Both the coronene and pyrene systems show similar photodissociation behavior
with complete destruction of the ring system. In previous metal-PAH photodissociation
studies, conducted on a wide variety of metals, this type of behavior has never been
observed. In those studies, single metal complexes where metal = Cr, Fe, Ti, V, Ag, Ni,
etc., the photodissociation spectra always showed elimination of metal from an intact ring
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Figure 4 -3 : Photodissociation spectra for Niobium-coronene+ and Niobium-coronene2+.
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system. This study, in which the metal remains intact in a hydrocarbon or carbide
structure and the ring dissociates suggests that niobium atom has inserted or become
incorporated into the PAH molecule or has caused significant rearrangement of the planar
aromatic into a three dimensional metal-hydrocarbon cluster. It is also possible that the
Nb-CxHy+ masses present in the spectra are actually metallocene intermediates (i.e. Nbbenzene, Nb-napthalene, etc). In previous exohedral metal studies with C60, Martin and
coworkers reported that niobium and tantalum were unusual among transition metals in
their ability to fracture the fullerene cage.14 Clusters that contained more than one atom
of other metals, such as Ti or V, were also found to react with C60 to produce carbides
and/or fragments which suggest that they become incorporated into the fullerene wall.
Jarrold and coworkers have done ion mobility measurements on Nb-C59+ that establish
that the niobium atom does insert into the fullerene.43

In that study, niobium and

tantalum were reported to be the most reactive. It is apparent that niobium exhibits
exceptional chemistry in the presence of PAH ring systems.
This enhanced reactivity is difficult to understand. One could postulate that
niobium forms stronger carbides than other transition metals. However, this is not the
case. Although it does form one of the most stable bulk carbides, titanium and tantalum
have higher carbide bond strengths44, but neither were found to behave in this manner. It
also is conceivable that the metal-arene π bonding strengths are a factor. Although
thermochemical measurements for Nb-PAH systems have not been reported, data is
available for Nb-benzene.45 That data shows that niobium does form strong bonds with
benzene, but that it is not unusual from other transition metals that also bind strongly. A
final possibility and one which is difficult to test, is that niobium atoms and/or cations
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that are produced in the laser plasma have a higher concentration of metastable excited
states than other metals studied. These excited states are well known to occur in the
plasma environment. They also are known to be much more reactive than their ground
state counterparts. However, because these metastable metal atoms are known to occur
with a number of transition metals, it remains unclear why niobium would be more
efficient at accessing these states than other transition metals.

Regardless of the

mechanism behind it, it is clear that niobium created in laser vaporization experiments
exhibits a higher reactivity than any of the other metals we have studied.

CHAPTER 5
SAMARIUM – CYCLOOCTATETRAENE
AND
GADOLINIUM – CYCLOOCTATETRAENE
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Shown below are the mass spectra for the lanthanide-cyclooctatetraene (Ln-COT)
systems.

These cationic complexes are produced first as neutral clusters by laser

vaporization of a samarium or gadolinium metal rod (ESPI; grade 3N) with the first
harmonic, 532 nm, of an Nd:YAG laser. The cyclooctatetraene, COT, is seeded into the
helium carrier gas as explained in the experimental section of this work. A waiting room
nozzle extension is utilized.

The waiting room is 3 centimeters long with a 1 cm

diameter hole covered by a 3 mm exit orifice. The neutral metal-COT complexes are
subsequently photoionized with the focused output, 193 nm, of an ArF excimer laser.
Both spectra show sequential adducts of metal atoms and organic molecules. Kaya and
coworkers have studied similar Ln-COT systems (where Ln = Ce, Nd, Eu, Ho, and Yb)
and found them to prefer the (n,n+1) sandwich stoichiometries.46 In fact, double decker
sandwiches of Nd-COT and Ce-COT have been synthesized in the condensed phase.47
The observation of these types of stoichiometries in the gas phase, where no solvent
effects are present, is therefore quite expected. The metals chosen for our study included
neodymium, but, unlike Kaya, we opted to study the metals to the right and left of Eu in
the periodic table. Because of their proximity, these metals, Sm and Gd, would be
expected to exhibit similar behavior. They also provide the study with different oxidation
state metals. Samarium has been observed in synthesized Sm-COT complexes to prefer
the +2 oxidation state over +3. Gadolinium, on the other hand, has only a +3 oxidation
state as does neodymium and lanthanum, the final metal included in the study. Because
the information obtained for Gd, Nd, and La was almost identical only one metal is
presented here, gadolinium. Another important note about these systems is that these
metals have multiple isotopes. This causes broadening of some peaks which contain
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more than one metal atom. However, resolution in these spectra is quite good and upon
closer inspection many of the individual isotopes can be seen.

Figure 5-1: Mass Spectrum of Samarium-COT recorded at 355 nm.

In the samarium-COT system, Figure 5-1, there are three series-like progressions
each having one more metal atom. The first such progression corresponds to complexes
with one metal atom. There is a strong peak at Sm-COT+ in this series followed by a less
intense peak for Sm-COT2+. There are no peaks beyond the (1,2) in this series. The
absence of (1,3) or any larger clusters with only one metal suggests that one samarium
atom prefers to bind to a maximum of two ligands. The second series is that of the two
metal atom complexes. Here there is a weak (2,1) peak followed by an enhanced (2,2)
peak. The series then declines sharply showing a weak (2,3) signal. This is the most
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complete of the three series. The three metal atom containing complexes are very weak
signals. Surprisingly, the first observed cluster is that of (3,3) which is slightly larger
than the (3,4). The notable absence of (3,1) and (3,2) suggests that these complexes are
not comprised of metal atoms clustered on the surface of COT, as was the case in some of
the Cr-coronene complexes. This is in agreement with the fact that clusters beyond the
samarium dimer were not observed to be produced under these source conditions without
the presence of COT. These complexes must then be formed not randomly, but with
some ordered structure. Overall, this spectrum suggests that samarium prefers a (n,n)
type stoichiometry over the (n,n+1) stoichiometry usually observed for sandwiches.
However, as previously stated, in condensed phase chemistry, samarium is known to
form sandwiches. A reasonable explanation for this behavior is found in the two possible
oxidation states, +2 and +3. The organic ligand, COT, is most stable as a dianion. This
causes the molecule to become planar and obey the 4n+2 rule of aromaticity. It is then
easy to understand why the (1,1) is the most stable conformation for the neutral
complexes created in the source as one samarium would donate two electrons to COT
creating a stable, neutral, ionicly bonded complex. This is consistent with the fact that
samarium has been reported to prefer the +2 oxidation state in the synthetically prepared
half-sandwich complex and also that Sm-COT complexes are reported to be polymeric.48
The structure of the (n,n) stoichiometries is therefore an interesting question. They could
exist as sandwiched dimers or they also could be sandwiches with uncapped metal atoms,
or, in the case of larger multimers, as ligand-coated metal clusters. We have employed
mass-selected photodissociation experiments to provide more information. Figure 5-2
shows the photodissociation of Sm-COT (upper trace) and Sm-COT2+ (lower trace).These
clusters were photoexcited with the focused output, 355 nm, of a Nd:YAG laser.
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Figure 5-2: The photodissociation mass spectra of Samarium-COT+
and Samarium-COT2+ at 355 nm.
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Although laser intensity was varied to observe any change in the fragmentation
pattern, it did not cause significant deviation from what is observed here. The ionization
potential (IP) of Sm is 5.6437 eV 49 and that of COT is 8.0 eV. 49 The expected result of
photodissociation would be simple cleavage of the metal-ligand bond resulting in Sm+.
Indeed, the upper trace shows the expected metal elimination as the only fragmentation
channel.

The lower spectrum shows loss of an intact COT resulting in Sm-COT+

suggesting that Sm-COT+ has an IP lower than that of COT. Further fragmentation of
this complex leads to the bare Sm+. This is similar behavior to the analogous Crcoronene+ discussed in Chapter 2. Most of the novel organometallics we have studied
exhibit these same fragmentation pathways.
The photodissociation spectra of the multiple metal complexes is shown in Figure
5-3. Sm2-COT has been observed in solution phase chemistry to be an inverted sandwich
with samarium molecules on either side of the COT molecule.48 However, the fragments
observed in this spectrum suggest that the metal is clustered together or at the very least
the interaction between the two is great enough to keep them together through the
fragmentation process. This is evident in the markedly different fragmentation pattern
shown here indicating dissociation of the COT ring system. The upper trace, Sm2-COT+,
shows an initial loss of consecutive C2H2 units. This results in a prominent Sm2-C4H4+
peak along with less intense Sm2-C6H6+ and Sm2-C2H2+ peaks. Another new feature is
+

the presence of Sm-C2H2 which must result from the further fragmentation of the Sm2+

C4H4 or directly from the parent ion since it was not observed as a fragment of SmCOT+. The previously observed Sm-COT+ and Sm+ fragments are present here as well.
The presence of Sm-COT+ indicates that it not only has an IP lower than that of COT, but
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Figure 5-3: The photodissociation mass spectra of
Samarium2-COT+ and Samarium2-COT2+ at 355 nm.

52
also of Sm, as Sm2-COT+ would have to lose a neutral Sm atom in order for this to be
produced. The mass spectrum of COT alone,45 not shown here, shows that the most
prominent fragment ion is C6H6+ and while that fragment is observed here it is not the
most prominent. Because samarium is suspected to bond to opposite sides of the COT
ring and the ring strain of cyclobutene is very high, it is unlikely that the Sm2-C4H4+ is a
four membered ring sandwiched by two metal atoms. It is more likely to be an open ring
fragment with Sm atoms at each end. This would also account for the splitting fragment,
Sm-C2H2+ because the larger cluster would have the samarium atoms separated by a
single C – C bond :
Sm
Sm
C=C–C=C
The fragmentation of that single C – C bond would result in two Sm-C2H2+ molecules.
This extended fragmentation is observed again in the lower trace of Sm2-COT2+.
Apart from the initial loss of an intact COT molecule from the parent ion this spectrum is
very similar to the upper trace. There is a prominent Sm2-C4H4+ signal along with the
Sm-COT+ and Sm+ as seen above. However, instead of Sm-C2H2+ we observe Sm-C4H4+.
These peaks suggest that although the samarium atoms are strongly bound to one
cyclooctatetraene molecule, the second COT is weakly attached and dissociates
efficiently. Although these studies do not provide conclusive structural determinations it
is of interest to note that it takes two samarium molecules to cause ring fragmentation of
the COT molecule and that even in the multiple COT complexes those fragmentation
pathways remain relatively the same.
The mass spectrum of Gd-COT is shown in Figure 5-4. Here we observe only
two series, the single metal and double metal atom complexes. The strong intensity of
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the gadolinium ion signal, which has been omitted here to show the rest of the spectrum
in greater detail, suggests that although there is an abundance of gadolinium available to
react with itself in the source it does not readily do so. Gadolinium was observed not to
cluster beyond the dimer in these source conditions. Within the first series of single metal

Figure 5-4: The Mass Spectrum of Gadolinium-cyclooctatetraene.

atom complexes there is again only the (1,1) and (1,2) and they are of equal intensity.
Gadolinium, like samarium, is known to produce sandwich complexes in solvent
stabilized solution phase experiments.24

However, gadolinium possesses only one

oxidation state, +3. This may explain the lack of cluster signal provided the abundance
of gadolinium atoms. In the double atom series the (2,1), (2,2) and (2,3) are observed as
seen previously with the Sm-COT system. However, here the enhanced signal is the
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(2,3).

This is best understood by considering the oxidation state of the metal and

remembering that the ions photodissociated here were initially neutral species in the
source. The most natural neutral molecule created by the interaction of Gd (+3) with
COT (-2) would be Gd2-COT3. This stoichiometry, as mentioned before, has been
previously reported by Kaya and coworkers in their work with lanthanide-COT systems
in the gas phase46 and by Edelman in his condensed phase work with these lanthocenes48.
It is believed to be the double decker sandwich structure.

Mass selected

photodissociation studies provide the following information.
Figure 5-5 is the photodissociation spectra of Gd-COT+ (upper trace) and GdCOT2+ (lower trace). Since the IP of gadolinium (6.15 eV)49 is lower than that of COT
(8.0 eV) the expected fragmentation is simple elimination of gadolinium cation. That is
observed, however, it is not a clean elimination as in the samarium complexes. In fact,
the fragmentation of Gd-COT+ differs from that of Sm-COT+ significantly. It is obvious
here that only one gadolinium atom is necessary to cause fragmentation and Gd-C5H5+ is
the most prominent fragment ion. This holds throughout the laser power dependence
studies and increases in intensity with increasing laser power. There is also a small peak
indicating the presence of Gd-C6H6+. This peak remains stable in intensity under a
variety of laser fluences. The observation of immediate ring fragmentation is consistent
with a strong ionic interaction. This is also consistent with Kaya’s report of a stronger
binding energy in systems with +3 oxidation state metals.10
The lower trace of Gd-COT2+ shows the only high mass peak is Gd-COT+ which
results from loss of an intact COT molecule. The low mass fragments are identical to
that of the upper spectrum. Therefore, it appears that the second COT molecule is only
weakly

55

Figure 5-5: Photodissociation Spectra of Gadolinium-COT+
and Gadolinium-COT2+ at 355 nm.
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interacting with the gadolinium atom as in Sm2-COT2+ and as in the Nb-PAH systems
discussed in the previous chapter.

Figure 5-6: Photodissociation Mass Spectrum of Gadolinium2-COT3+ at 355 nm.

The photodissociation spectrum of Gd2-COT3+ is shown in Figure 5-6. This is the
highest mass cluster observed in the original distribution of clusters photoionized from
the source. Relatively high laser power was necessary to observe any fragmentation
indicating that this is a reasonably stable molecule. This inherent stability is consistent
with the argument that the (2,3) would be the most likely neutral produced under the
source conditions. The most prominent features in the spectra are Gd+ and Gd-COT+
similar to what was observed in the previous spectrum. However, a number of new
features are present. There are the expected intact metal-ligand clusters of Gd-COT2+ and
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Gd2-COT2+ which were observed in the original mass spectrum and would be the result
of loss of a metal atom or intact COT molecule, respectively. However, between these
two peaks are three peaks marked with an asterisk. These peaks cannot be identified as
complexes containing whole COT molecules and due to the difficulty created by mass
coincidences they cannot be identified with certainty. Three possibilities exist for these
unassigned peaks.

The first possibility is that these represent a Gd-COT2-CnHn+

progression, where n = 2, 4, and 6.

The (1,2) is observed in the source to be a stable

molecule and COT is known to fragment into C6H6+ and to a lesser degree other CnHn+
fragments. The second possibility is that these peaks represent, from left to right, Gd2C6H6+, Gd2-COT+, Gd2-COT-C2H2+. This is also a plausible explanation based on the
clusters observed in the initial cluster distribution. The (2,1) signal is weak, as are these
peaks indicating that they are not stable and would be more likely to dissociate in the
environment of the photoexcitation laser. The third possibility is that these clusters
represent some combination of the two. The small peak to the right of the Gd+ can be
assigned as Gd-C2H2+, although the broadening of the peaks in this spectrum makes unit
resolution unattainable. This would be consistent with the first and third asterisked peaks
being Gd-COT2-C2H2+ and Gd2-COT-C2H2+, whereas the middle peak is most likely the
(2,1). Regardless of what these peak actually are, the interesting thing about them is that
here complexes do not always adopt an odd numbered hydrocarbon fragment from the
COT.

Previous spectra show the prominent COT fragmentation as C5H5 and it is

somewhat unexpected that the higher mass fragmentation does not follow this pattern.
The fragments observed are consistent with a sandwich structure if only the peaks
with greatest intensity are considered. A sandwich would fragment sequentially, first
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ejecting neutral COT, then Sm, then COT and finally the last COT leaving Sm+. That is
exactly what is shown here to be the predominant fragmentation pathway.

CHAPTER 6
CONCLUSIONS
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These studies have provided evidence that laser ablation of a coated rod or clean
rod with seeded carrier gas can effectively and easily produce gas phase organometallic
complexes. The ability to mimic the interstellar environment provides an opportunity to
study clusters which may have some significance in the effort to assign the UIRs and
DIBs that currently have no known cause.
It has also been shown that these complexes have distinct dissociation pathways.
Although our lab has investigated many transition metal – PAH complexes and observed
a regular pattern of dissociation the complexes presented here do not follow that pattern.
Most metal-coronene complexes dissociate readily into whole subunits of M-ligand.
Chromium-coronene shows similar behavior to those previous results until a required
number of metal atoms per coronene molecule is obtained. At Cr4-coronene+ the metal
cluster begins to cause disruption of the coronene ring system resulting in masses which
can only be assigned as Crx-CnHn+ where the hydrocarbon fragment is benzene,
napthalene or pyrene.
A more impressive example of ring destruction is observed with niobiumcoronene and niobium-pyrene. In these systems only one metal atom is necessary to
reduce the coronene ring to hydrocarbon and metal carbide fragments. Niobium is also
unique in that it prefers single metal complexes.

However, carbide fragments are

observed for Nbx-Cy up to x = 4 in the original source distribution of clusters suggesting
that higher mass clusters are immediately reduced to metal carbides as they are created.
These higher mass niobium carbides do not form during photodissociation indicating that
these are not merely rearrangements or clusters of existing Nb-C fragments.
The lanthanide-COT systems provide evidence for ring disruption of a
nonaromatic organic ligand in the presence of metal. Although with the donation of
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electrons from the metal to the COT the 4n+2 rule of aromaticity is obtained. Here
information supporting previous reports of stronger binding in systems that contain a
metal with a +3 oxidation state, here gadolinium, over than of systems with a +2 metal,
here samarium, is observed. It is also shown that multiple samarium atom complexes do
bind strongly enough to cause ring fragmentation upon photodissociation.
Future studies should focus on lanthanide metal interactions with various
hydrocarbon molecules, such as coronene. Because these metals have very little covalent
character, they may produce interesting structural patterns. Other possibilities are to
attempt to synthesize the Ln-COTs via our laser vaporization flow tube reactor (LVFR).
Since the basic building blocks of Ln-COT sandwiches are known to exist in solution this
system represents a unique opportunity to create larger sandwiches which can be isolated
for structural characterization.
Although the metal-PAH systems have been studied in depth in our laboratory
these systems still hold promise for providing further information on the relative binding
strengths of many metal-arene systems.

More competitive binding studies would

certainly yield interesting and necessary information on the energetics of the metalorganic ligand interaction.
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