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ABSTRACT

A brief survey of the history of metal carbonyls and their study is provided, and the methods
for generating and studying metal containing species in the gas phase are discussed. In the work
presented, gas phase metal ion-ligand complexes ate generated with a laser vapotization/supersonic
expansion source and studied with infrared photodissociation spectroscopy. Specifically, the atomic
metal ion-carbonyl interactions of Au’ and Pt" with CO and Mg', Al" and Ca" with the organic
carbonyl acetone are studied. These complexes' mass spectra and IR photodissociation breakdown
patterns give clues about their gas phase coordination number. Metal carbonyl interactions are usu-
ally interpreted with the famous Dewar-Chatt-Duncanson (DCD) model. In conjunction with cal-
culations, when available, the IR spectra of these complexes are used to understand the binding in-
teraction and structure. Complexes of Au’(CO),, n = 3-6 fall under the heading of "nonclassical"
metal carbonyls, as evidenced by their vibrational spectra which show shifts of 60-70 cm™. These
complexes have highly symmetric structures as suggested by the single peaks in their IR spectra.
Complexes of Pt"(CO),, n = 4-6, demonstrate only slightly blue shifted spectra of ~ 10 cm™, and the
interaction is suggested to be more of an offsetting synergy in the bonding motifs of the DCD mod-

el. In agreement with the previous work of Armentrout and coworkers, our findings indicate that



gas phase platinum cation has a preferred coordination number of four that is near square planar.
Complexes of M*(acetone), M = Mg, Al and Ca, demonstrate classical red-shifted behavior due to
their binding to the carbonyl oxygen. The shift each complex displays relative to free acetone can be
interpreted in light of the metal's ionic radius Both the Mg" and Ca" complexes have unanticipated
doublets in their spectra. These doublets are interpreted as being Fermi resonances with the help of
density functional theory. The three studies reported here were aimed at understanding the funda-

mental interactions of organometallic systems with relevance to inorganic and biochemistry.
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CHAPTER 1

INTRODUCTION



Metals make up the majority of known elements, and they exhibit significant variations in
chemical and physical properties. They may naturally be found in the earth’s crust and core and in
all bodies of water. Moreover, metal atoms and ions are introduced to the atmosphere through the
ablation of meteors.”” In nature, most metals exist in one of several possible charge states due to
their inherently low ionization potentials, but of course some are found as both economically and
historically important neutrals. At a chemical level, metals and their ions may participate in bonding
ranging from purely electrostatic to purely covalent, often with a mixture of these interactions. Met-
als in ionic form can serve to activate biological and enzymatic activity within organisms,”” catalyti-
cally affect reactions of industrial scale and importance® " and influence the manifold reactions in

terrestrial, aquatic and atmospheric environments.

The study of metal ion-ligand complexes is an important cornerstone to understanding the
binding, energetics, coordination and solvation of species with biological, catalytic and synthetic im-
portance. For example, in enzymes, the binding of cations often determines structure, specificity
and function.® Metals and metal aggregates are thought to provide surfaces for complex reactions in
the interstellar medium.” Furthermore, the foundations of much of coordination chemistry and
organometallic chemistry rely on neutral and/or ionic metal’s interactions with one or more

10-12

ligands.

Metal carbonyl systems form an important class of compounds in industry, inorganic chem-
istry and surface science. The well-known Fischer-Tropsch mechanism for converting carbon
monoxide into usable saturated hydrocarbons relies on carbon monoxide's interaction with a metal
surface, notably iron or cobalt.> " Additionally, whole sections or chapters of typical inorganic text-

books are devoted to metal carbonyls.'”"> Carbonyl functional groups form part of the structure of



amino acids in proteins to which a metal often binds.">"* While much of the groundwork for under-
standing metal carbonyls has been laid, many questions remain. In particular, the contributions of
solvent interactions and counterions are not fully understood in terms of the metal carbonyl binding
and structure. Moreover, the specific components of the interaction in the binding of a CO mole-
cule or carbonyl functional group to a metal is not clear for gas phase systems, unhindered by coun-

terions and condensed phase media.

This introduction begins with a section surveying metal carbonyl interactions as understood
with traditional inorganic models of binding. Then, it will examine our general understanding of
gas-phase metal carbonyl systems through various experimental and theoretical studies. Finally, it
will examine our understanding of the origins of the behavior of metal carbonyls, specifically related
to vibrational shifts in IR spectroscopy. In the subsequent section, we will examine the general
methods used to produce gas phase ions, and support the reasons for our method of choice. Final-
ly, we will briefly examine what methods have been used to probe gas phase metal ion-ligand com-

plexes, including a survey of our work using IR spectroscopy to probe metal ion-ligand systems.
1.1 Metal Carbonyl Interactions

The majority of known metals form complexes with CO. Transition metals are widely
known to form metal carbonyl complexes, but main group metal- and metalloid-carbonyl complexes
do exist.” This is remarkable because CO is generally considered a weak Lewis base, and yet it
forms strong bonds to metal centers.'" The strong binding of carbon monoxide to transition metals
is usually interpreted in light of the 18-electron rule, to which the majority of these complexes ad-
here.""" According to this principle, carbon monoxide donates two electrons in a dative interaction,

and many condensed phase complexes exist which fulfill the 18-electron rule for stability.'” "' Of-



tentimes, the complexes are multinuclear, in which multiple metal atoms are involved, such that all
the metals reach this associated level of filled-shell stability. While this orbital-filling principle is a
generally observed rule, it is not absolute. A notable exception to the 18-electron rule is V(CO)s,
which has 17 electrons.'”"? This neutral example has nearly a full d shell and forms stable complex-

es, being very close to the 18-electron count.

While the 18-electron rule is a starting point for understanding coordination numbers and
structures, there is much theoretical research aimed at a deeper understanding of the interactions of
metal carbonyl systems. This work has attempted to improve our understanding of the metal-CO
bond, the reasons for its spectral shifts in the infrared and the binding interactions which define
these two observables. Frenking and coworkers wrote an excellent review detailing the bonding of
transition metal compound with ligands, including CO.'® Many other papers have probed the bond-
ing in metal carbonyl systems at various levels of theory.'"*>* Other theoretical work has aimed at
understanding the electronic properties of various metal carbonyls.”* ** Thus, theoretical work has
paved the way for the enhanced knowledge of metal carbonyl properties, but it is left to experiment
to validate theory and make observations. Hence experiments are necessary to test theory and help

deepen our understanding of these fundamental chemical systems.

In surface science, carbon monoxide exhibits interesting signature behavior, and it is well
known that the C-O stretching frequency depends on its binding motif on a metal surface.” The
stretching frequency of free CO is 2143 cm™.* For so-called "atop" sites, in which the carbonyl is
localized to only one metal atom on the surface, the characteristic frequency observed is in the range
2000-2200 cm™. However in a bridging configuration, where a single CO molecule spans two metal

atoms, the frequency shifts significantly to the red, typically 1850-1900 cm™. Likewise, for three-fold



binding interactions, a further red shift may be observed as low as 1800 cm™. In an isolated complex
of CO with a metal atom or small metal cluster, the vibrational shifts can tell much about the pre-

terred binding using infrared spectroscopy.

In the condensed phase, metal carbonyl complexes often exist with the metal in a zero oxi-
dation state. However, many ionic metal carbonyl complexes have been synthesized, requiring
counterions. Aubke and coworkers have published a number of papers on the generation of ionic
metal carbonyl species in the condensed phase and reported their infrared spectra.””> In relatively
recent work, they have generated a number of homoleptic cationic carbonyl complexes of Ir(IIT),”
Pt(ID),”"* Ag(D)* and Au(D)*** in fluoro- and super-acid media. They report vibrational shifts and
interpret them in light of popular bonding models and condensed-phase interactions. Gas phase
spectra of the metal ion carbonyl complexes are important to understand the effects that the su-

peracid solvents and counterions play in these vibrational shifts.

Andrews and coworkers have examined many metal carbonyl systems in frozen, rare gas ma-
trices using infrared spectroscopy.” They have reported vibrational shifts for nearly all neutral tran-
sition metal carbonyl complexes and many anionic transition metal species.”® For cationic metal
carbonyls, they have described vibrational shifts in CO complexed to Groups 8, 9,° 10, and 11°*
* transition metals. Other groups have reported vibrational spectra for atomic copper-, silver- and
20ld-CO as well as gold cluster-CO complexes in frozen matrices."” * While the effects of the rare
gas matrices can be estimated, it is not entirely clear what changes they induce in the IR spectra of
the metal carbonyl species. Clearly, gas phase work is needed to further probe these metal carbonyl

interactions.



Much gas phase work has been done trying to elucidate the chemistry, binding interactions
and structures of ionic metal carbonyl systems using mass spectrometric techniques. Using collision
induced dissociation (CID), Armentrout and coworkers have studied a number of metal carbonyl
systems and determined their bond energies. In conjunction with theory they have interpreted their
findings and reported gas phase coordination numbers for a number of main group and transition
metal complexes, including Li*,” Na",®¥ K% Mg“, Pt"," Cu®, Ag+,45 Fe"* V** and Cr™ com-
plexed to CO.*™ Using this same technique, Ervin and coworkers have looked at the binding and re-
activity in anionic metal carbonyls formed from Group 10**" and Group 11°"** transition metals.
While mass spectrometric techniques can provide much information about these gas phase complex-
es and hint at the bonding, they cannot directly elucidate the structure of these complexes. It is up

to spectroscopy to supplement our understanding of these gas phase metal carbonyl complexes.

There have been a number of photoelectron studies of gas phase metal carbonyls. Lineberg-
er reported photodetachment studies of anionic metal carbonyls of Ni and Fe.”>** Using this same
technique, other groups have reported photoelectron spectra of Group 6 and Group 8 metal

55-57

carbonyls. Similarly, Wang and coworkers have studied CO on noble metal surfaces using pho-

toelectron spectroscopy.”™

Metal carbonyl complexes were some of the first systems isolated and characterized with in-
frared spectroscopy, and according to their vibrational shifts, they are often interpreted in terms of
two general labels. Classical metal carbonyls, which describes the bulk of all metal-CO complexes,
typically exhibit red-shifted vibrational spectra, decreased C-O bonding and shorter metal-carbon
bonds." Conversely, nonclassical metal carbonyls show blue shifted behavior and increased C-O

bonding." Typically, nonclassical systems also have increased metal-carbon bond lengths. A salt of



platinum carbonyl was the first complex to be studied, and remarkably it showed a blue shift, which

61-63

is associated with nonclassical metal carbonyl behavior. That the bulk of the metal carbonyl
species probed in the ensuing century were primarily classical in nature is no surprise, owing to the
mechanism used to understand the bonding in these systems. That mechanism is the famous De-

war-Chatt-Duncanson (DCD),"” **® sometimes called the Blyholder bonding scheme,”"

when ap-
plied to metal surfaces. These bonding mechanisms have been applied with success to many other
metal ligand interactions such as metal water systems.”””* In metal carbonyl systems the tendency of
CO is to bind end-on through its C terminus, and this binding occurs through two primary contri-
butions. An on-axis O-type type interaction arises from the dative electron contribution from the li-
gand to the metal. This is believed to largely determine the bond distance of the metal-ligand com-
plex and is of a more electrostatic charge-dipole nature. This interaction generally causes an increase
in vibrational frequency relative to free CO and stronger CO bonding, as discussed below. Additio-
nally, there is a Tt back-bonding mechanism, often associated with the metal's d electrons, if present.
These d electrons contribute electron density into the empty antibonding orbital of the ligand result-
ing in three primary effects. First, the metal-ligand binding becomes more covalent in nature, as true
sharing of electron(s) occurs. Secondly, the ligand bonding becomes weaker, as electron density is
donated into the CO antibonding orbitals. Finally, there is usually an apparent vibrational shift in
the C-O stretching frequency. It is generally accepted that the back bonding motif is the more im-

portant contribution to the binding in metal carbonyl systems."

The origin of the relative shift of the vibrational frequency in a metal carbonyl system is
largely understood in terms of a DCD mechanism, as mentioned above. All metal carbonyl interac-
tions involve a o-type donation of electron density from the 560 HOMO of CO to the metal, result-

ing in the dative metal-CO bond. For classical carbonyls, the dominant contribution to the binding



is a covalent back bonding in the 21* LUMO of CO resulting in vibrational frequencies that are of-
ten shifted to much lower values than that in free CO. This effect is seen for the bulk of all transi-
tion metal carbonyl systems. However, for metal ions with closed d shells such those in Group 11
(Cu’, Ag" and Au") and main group metals which have no d electrons, back bonding is usually inef-

ficient, if present at all.

To study the origin of the vibrational blue shift associated with binding to these metals,
Lupinetti and coworkers did a series of computations to elucidate the effects of metal ion binding on
the C-O stretching frequency and electron distribution.” They determined that the o-type interac-
tion of all metal-carbonyl systems results in a vibrational blue shift due to the shift of electron densi-
ty in the molecular orbitals on CO. The bonding molecular orbitals on free CO have a slight polar-
ization on the oxygen end, resulting in an inhomogeneous electron distribution. Upon binding to a
metal, the electron density in the C-O bond shifts becoming more homogenous, creating a stronger
interaction and resulting in higher vibrational frequencies. In effect, the CO binding becomes more
"N,-like" with balanced bonding molecular orbitals. Moreover, when Lupinetti and coworkers com-
puted the effect to vibrational frequency when the cation binds to the oxygen end in CO, the result
was a red shift. This is an important finding, because previous suggestions about the blue shift con-
sidered its origin to be in the slight antibonding character in the 56 CO orbital.'® That idea held that
loss of electron density in the 50 orbital resulted in a stronger CO bond and higher stretching fre-
quencies because of a reduction in antibonding electron density. If this were true, then a cation
binding to either end of the CO molecule should result in blue shifted frequencies, and the findings
of Lupinetti and coworkers clearly refute this."” This o-type interaction, while not the dominant in-

teraction in classical metal carbonyls, is still clearly the fundamental binding motif which paves the



way for TI-type back bonding. Moreover, this electrostatic interaction is present in «// metal carbonyl

complexes, although it is largely offset in most systems through the covalent backbonding interaction.

Classical and nonclassical have become general terms used to designate the relative shifts of
the vibrational frequency for condensed phase studies. As mentioned above, it is widely accepted
that nonclassical metal carbonyl systems have vibrational frequencies that are greater than 2143 cm.
Classical metal carbonyl systems exhibit vibrational frequencies below this value. However, Strauss
and coworkers have challenged this simple distinction based on their theoretical work." " They
claim that the definition of classical versus nonclassical should be tied less to the vibrational shifts
that CO undergoes when attached to a metal, but rather to the metal-CO bond distance. This is an
important idea, because as Strauss and coworkers point out, the counterions and solvent present in
condensed phase vibrational spectra can result in significant changes to the back-bonding compo-
nent in the DCD model.” This increased backbonding can result in significantly shorter metal-CO
bond lengths, usually associated with classical behavior, but with vibrational shifts that fit the tradi-
tional nonclassical description (i.e., to the blue of free CO). As Strauss and coworker discuss, there
exists a region where classical and nonclassical behavior collapse into a bonding scheme where the
origins of these classifications largely offset one another."” In fact, we observe this with gas phase
platinum ion carbonyl complexes, as discussed in Chapter 4. The blue shifts we report are minor,
~10 cm’, unlike the clearly nonclassical gold ion-carbonyl complexes which have shifts of 60-70
cm’. The unpaired electron in Pt” strengthens the covalent interaction with the CO, an interaction
that is not possible for the closed shell gold ion. So by standard inorganic definitions,'"” we could ar-

gue that platinum cation carbonyl complexes are nonclassical. But until higher level calculations for



this system are available, we can only suggest that the nonclassical and classical motifs in the binding

are largely offsetting and the resulting observed blue shift is slight.

The above discussion is for metal-CO interactions, but this dissertation also presents work
done for main group metal ions interacting with the organic carbonyl acetone. As discussed later,
this interaction is clearly of the classical type with a significant C=0O vibrational red shift relative to
free acetone. Like the metal-CO systems, the basis for this red shift is the binding interaction be-
tween the metal and the carbonyl in acetone. However, in the complexes of M (acetone), M = Mg,
Al, Ca, the binding is through the oxygen of the carbonyl and not through the carbon. The resulting
red shift in vibrational stretches is the result of this interaction, as discussed in detail in Chapter 5.
In brief, the lone pair b, electrons of the oxygen have slight bonding character. In interacting with
the metal ion, the C=O bond is weakened slightly and the vibration shifts to lower frequency. The
magnitude of this shift should depend on the size of the metal cation, and arguments are made that

support this idea.

In conclusion, the direction and magnitude of the vibrational shifts that we can measure for
metal carbonyl systems in the gas phase, in conjunction with theory, can help to elucidate the dom-
inant binding interactions causing these shifts. Metal carbonyl systems serve as convenient laborato-
ries to test high level theory and expand our understanding of the chemical interactions that these
organometallic systems undergo. This dissertation aims to shed some light on our understanding of

these systems.
1.2 Generation of Gas Phase Metal Ion Complexes

One of the first techniques for synthesizing metallic and molecular ions in the gas phase was

electron impact ionization (EI), which is still used today.”"” This method uses an electron beam to

10



ionize materials vaporized by an oven or other means. But the EI method has its drawbacks. First,
the energetic electrons often cause fragmentation of the ions of interest, which limits this method to
the study of relatively strongly-bound systems, as more weakly bound systems do not survive intact.
Secondly, the ions that can survive fragmentation may obtain high internal energies from collisions
with the energetic electron beam. Such high internal energies can lead to broad spectra that are diffi-
cult to decipher. Strategies have attempted to overcome this second drawback by coupling the EI
source with a supersonic expansion.”” But the main limitation for our work is that the EI process
requires starting materials which have a high vapor pressure or low melting point.

Other techniques for generating gas-phase ions include discharge sources,”” "

electrospray
sources” " and Matrix Assisted Laser Desorption Ionization,"" """ abbreviated as MALDI. While all
of these techniques do offer their advantages for the production of ions in the gas phase, they all
generate relatively low ion densities and each presents its own drawbacks. Discharge sources require
conductive materials, which limits them for the study of semimetal and nonmetal substances. More-
over, the high electrical fluxes necessary to generate sufficient quantities of metal-containing com-
plexes can lead to hot gas-phase complexes, though coupling the discharge source to a supersonic
expansion can help mitigate the complex's high internal energy by transferring it to translational mo-
tion. Electrospray sources can produce gas-phase metal ion complexes with metals in their nascent
condensed-phase oxidation state, whereas most other techniques produce metal ions in a singly
charged state. Electrospray sources start with metal-ligand complexes in solution and introduce
them into vacuum via a charged needle electrode inside a glass capillary. But electrospray sources
generally yield small quantities of gas-phase complexes that can have high internal energies. MALDI

has been effectively used to propel large molecules into the gas-phase and ionize them softly. While

this technique is effective, especially for biological samples, it has the added complexity of relying on

11



a matrix for the generation of gas-phase complexes. Moreover, a MALDI-generated sample can be
internally hot.

Laser vaporization has proven to be a viable technique for generating gas-phase clusters and

complexes of nearly any solid material.'”

Here, a laser is used to vaporize the material directly with-
out the need for heated ovens, capillary delivery systems or matrix compounds. Moreover, this
method can produce large ion densities unlike the techniques discussed above. However, laser va-
porization used by itself can produce complexes with high internal energies. Coupling the laser va-
porization technique with a pulsed nozzle can create a supersonic expansion that effectively gener-

ates cold metal complexes in the gas phase.'*"”

With the supersonic expansion the hot internal
degrees of freedom are transferred to translational motion, and the complexes are effectively cooled.
Because of its facility for dealing with highly refractory materials, high ion yield, and effective cool-
ing, we employ this technique for all of the studies presented here. The details of how we couple

laser vaporization to the pulsed nozzle and implement it in our experiments are outlined in detail in

the next chapter.
1.3 The Study of Gas Phase Metal Ion Complexes

Ionic gas-phase metal complex systems have been extensively studied in the past with mass
spectrometry. These spectrometric methods have aimed at determining binding energies, coordina-
tion numbers, gas-phase reactivities and the thermodynamics for a variety of different metal ion-lig-
and systems. Collision induced dissociation, radiative association studies and equilibrium mass spec-
5, 42-48, 131-141, 141, 141, 141, 142, 142-145, 145-159

trometry have been used to report metal-ligand binding energies.

These mass spectrometric studies can directly correlate reactivity and binding energies with the size

12



of the complex; however, they cannot directly elucidate the structure of such complexes. Spectros-

copy is needed to obtain structural information about these gas phase metal-ion complexes.

Traditional direct absorption experiments are generally not feasible for complexes generated
with the above mentioned sources, as the gas phase ion densities are simply too low. Even the laser
vaporization technique produces ion densities that are below the detection limits of most instru-
ments relying on direct absorption. Thus, alternate means of studying the spectroscopy of gas phase
ions were developed. Action spectroscopy relies on an event of the complex related to the resonant
absorption of a photon. Both photoionization and photodissociation can be detected efficiently,
and monitoring their yields allows a spectroscopist to study a complex through their action.

In earlier work by our group and others, the electronic spectra of small molecules and complexes
were studied using dye lasers and UV-visible optical parametric oscillator/optical parametric ampli-
fiers (OPO/OPA). In those studies, the chromophore is usually the metal ion center, which must
have an accessible electronic transition within the range of the available light sources. Metal cations

such as Mg" and Ca" have convenient p*s transitions which permit complexes with these ions to

160-177 160-166 167-171

be probed with tunable UV-Vis sources. Our group, Fuke and coworkers and

. T72-
Kleiber and coworkers' >’

studied these metals bound to molecules such as N,, CO,, H,O, C,H,,
C,H, and CH;0H and rare gases such as Ne and Ar. Other groups have made similar measure-
ments on complexes of these ligands with strontium cation."*"* The vacuum-UV electronic spectra
of Al" bound to single ligands has been similarly investigated.'” Brucat and coworkers'>""> %
and Metz and coworkers'”'"” have also examined complexes of transition metals with small mole-

cules. But transition metals are usually inherently reactive, which can result in broad spectra. Fur-

thermore, the primary limitation of electronic photodissociation studies is that only very small sys-
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tems have sharp spectra. Complexes with multiple ligands often rapidly predissociate upon electron-
ic excitation, which leads to broad, featureless spectra providing limited information.'”

An alternative to electronic photodissociation spectroscopy is zero kinetic energy (ZEKE)

197-202 In

photoelectron spectroscopy and its cousin Mass Analyzed Threshold Ionization (MATI).
ZEKE spectroscopy threshold electrons that are produced are detected, as light from a tunable
source photodetaches an electron from an anion or ionizes a neutral complex. Hence this spectros-
copy technique can be used to measure the ionization potential of a neutral of the electron affinity
of an anion. ZEKE spectroscopy can provide rotationally resolved structure in a spectrum, further
elucidating the geometries of a complex's electronic states. MATI is a similar technique where in-
stead of detecting the low energy electrons, the resultant ions are detected and mass analyzed. Since
neutral complexes often undergo a significant change in geometry when ionized, an analysis of the
Frank-Condon factors is essential to fully understand the neutral/ionic electronic states probed with
ZEKE spectroscopy. Wang and coworkers have used photoelectron spectroscopy to study many

: : : 58-60, 110, 111, 203, 204
systems, including gold cluster anions.”™ ™ ™ ">

Finally, infrared resonance-enhanced photodissociation spectroscopy (IR-REPD) is a rela-
tively recent technique for studying metal ion-ligand complexes in the gas phase. Unlike the elec-
tronic spectroscopy methods where the metal center is the chromophore, IR action spectroscopy
probes the vibrations of attached ligands. Structural information can be determined directly with the
help of theory because the probed complexes are in the ground electronic and vibrational states.
Because the photon energies are relatively low, reactions are generally not initiated upon irradiation,

however intracomplex reactions have been probed with IR-REPD by our group.’*”
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Early work in IR photodissociation spectroscopy used line-tunable CO; lasers to study metal
ligand systems.”**"* Due to the inherently small tuning range of these lasers, these studies were lim-
ited. However, relatively recent advances in laser technology provide broadly tunable light that can
be used to investigate many vibrations. Free electron lasers (FELs) produce tunable IR light span-
ning 40-2500 cm™. These devices permit the study of fingerprint IR modes as well as some low-fre-
quency metal-ligand stretches. Indeed many studies of metal ion-ligand complexes, metal cluster
ion-ligand complexes and neutral metal carbide and metal oxide systems have been reported by Mei-
jer and coworkers using a FEL.”**** While these devices have opened up a whole new arena for
IR spectroscopy, they do present some limitations. Due to the high intensity and inherent nature of
the pulse train generated by these FELs, multiple photon absorption is often the mechanism for dis-
sociating strongly bound complexes with the result being broad spectra, often with linewidths that
exceed 30 cm”. For more weakly bound systems, the spectra can be power broadened. Clearly it is
challenging to make a detailed spectroscopic analysis with such large observed linewidths. Further-
more, FELs require significant investments in space and cost. Experiments must "go" to the laser,

rather than bringing the laser to the experiment as discussed below.

Benchtop OPO/OPA systems are now available which produce tunable IR light in the
2000-4500 cm™ region with linewidths of less than a reciprocal centimeter. With an additional modi-
fication, the tuning range of these basic systems can be extended down to near 700 cm”. These laser
systems have been used to study a variety of gas-phase molecular complexes in numerous laborato-
ries.”**” Lisy and coworkers were the first to use an IR OPO/OPA system to study alkali and alka-
line earth metal ion complexes via IR-REPD.”" Inokuchi and coworkers have studied similar metal
ions complexed to NH;, H,O and CH;OH this way.”**” Our group was the first to apply IR-

8

REPD spectroscopy to transition metal ion-ligand complexes.”® We have used this technique to
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study a variety of metal ions complexed to CO,, > 2> P22 N, 2% H,0,> ™ C,H,,** ** CH,, "
and CO.” As mentioned above, more recent developments in IR generation technology have pet-
mitted the study of infrared bands below 2000 cm™.*'** The addition of an AgGaSe, crystal to the
OPO/OPA allows the benchtop system to produce tunable light down to ~700 cm™. Using this
crystal, we measured spectra for M (acetone) complexes, M = Mg, Al, Ca, near the carbonyl stretch

of acetone (1731 cm™)**

, as discussed in Chapter 5. Our IR-REPD studies have allowed us to un-
derstand the coordination numbers of metal cations as well determine the structures of M (ligand),

complexes.

While IR-REPD spectroscopy can lead to the understanding of a gas-phase complex's bind-
ing, structure and coordination number, it is not without limitations. First, the metal ion-ligand
complex must dissociate on the timescale of the experiment for detectable fragmentation. Energy
absorbed by the ligand is vibrationally redistributed throughout the complex. If there is sufficient
energy to fragment the molecule upon redistribution (i.e., sufficient energy is deposited into the
weakest bond, usually the M"-ligand bond), a bond may break and action spectroscopy recorded by
way of ligand elimination. For larger complexes with many ligands, less energy is typically required
to eliminate a ligand; however, the increased density of states that arises from the large complex
translates to slow vibrational redistribution and long lifetimes. Hence, the complex may not fall
apart on the timescale of the experiment. Conversely, smaller complexes do not typically have life-
time issues, but they may have strong binding interactions which are greater than the incident pho-
ton energy. Depending on the strength of the binding, multiphoton absorption may be able to ac-
cess a photodissociation channel, but this process is typically inefficient due to the typically low laser

fluences available with our IR sources. Thus both large and small complexes may absorb IR pho-
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tons, but their photodissociation may be inefficient and below the sensitivity of our apparatus. To

deal with these issues other techniques were developed to permit the study of such systems.

To study systems where photodissociation is otherwise inefficient, a couple of strategies can
be implemented. For small complexes where the binding of the ligand is directly to the metal and
fragmentation is not possible with a single photon, we employ the technique of "tagging".” ** >
The idea here is that the binding interaction of a spectator molecule or atom (such as Ne, Ar, H, or
N,) is comparable to or less than the excitation photon energy. Moreover, the binding energy of the
spectator ligand is expected to decrease in a system with additional ligands. Upon absorption on
resonance, the tagged metal ion-ligand complex fragments via the loss of the tagging molecule or
atom and a spectrum can be recorded. But the question may be asked, "What are the effects of the
spectator ligand on the untagged complex?" Using theory, we can investigate the impact that the
spectator ligand has on the untagged complex and ascertain whether it truly behaves as a spectator
or participates more strongly in the complex's energetics and significantly affects its structure. As

discussed in Chapter 5, we use this technique with the rare gas Ar to study the IR photodissociation

of M"(acetone), M = Mg, Al, Ca.

A second approach for measuring the spectra of strongly bound systems is to look for spec-
tra associated with complexes that have a large number of ligands. For larger systems, especially
multiple ligand complexes, there is often a saturation point for metal-ligand binding, which may cor-
respond to the gas phase coordination number of the metal ion. When the number of ligands ex-
ceeds the active binding sites on the metal, then a "second sphere" of ligands results which is bound
by only ligand-ligand interactions. This binding is expected to be similar to that of the pure molecu-

lar dimer, and in the case of (CO),, it is only ~150 cm™.*” As the vibrations typically probed with
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our current instrument have frequencies that are much higher than this value, the pure ligand inter-
action may result in efficient photodissociation with a single resonant IR photon, and a spectrum
may be recorded.

We have studied many complexes of the form M"(CO,),, and their spectra are typically blue-
shifted relative to the free molecule, in the region of the CO, antisymmetric stretch (2349 cm™).**
2824225435 The blue-shift arises from the electrostatic nature (ion-quadrupole) of the binding, and it
was found that the CO, binds end-on to the M™* through an oxygen. In di-ligand complexes, where
a transition metal is at the core, the structure was found to be linear; however, Mg" forms bent
structures with two ligands.”* This effect was discussed in light of the polarization that the first lig-

and has on the 3s' electron of the magnesium cation: to minimize repulsion, the second ligand binds

on the same side as the first. In a similar vein, our group has investigated the interaction of metal

247-249 245, 246, 259

cations with benzene and acetylene, studying the nature of their bonding through pho-
todissociation in the region of the C-H stretch (~3000-3400 cm, depending on the molecule). As
reported in those works, the direction and magnitude of a vibrational shift can help to understand

the interplay of covalent and electrostatic interactions in the mechanism of their binding.

Our IR-REPD studies of M"(H,0), probed the antisymmetric and symmetric OH vibrations
of water near 3700 cm™.”>** These spectra indicated that the OH vibrations red-shift upon binding
to metal. This is the result of charge transfer in the metal-water interaction, weakening the OH

bonds and shifting their vibrations to lower values.” "

Vanadium cation mono-water spectra had
resolved rotational structure, by which bond lengths and angles could be deduced.” Furthermore,

analysis of the rotational structure yielded a rotational temperature near 35 K for the complexes

18



produced in our instrument. Since water is so fundamental to life and our planet, these studies are

important basic research for understanding more complicated metal-water interactions.

Related to the work presented in this dissertation, we recently investigated metal-dinitrogen
complexes with IR-REPD.*>** The nitrogen molecule is isoelectronic with CO, but unlike CO has
no IR active stretching vibration, being a homonuclear diatomic. Scanning in the region near 2300
cm™”® we found that the N-N stretch is "turned on" upon complexation to the metal ions V' and
Nb*.** #* We discovered that the N, ligand prefers to bind to the metal cation end-on, and the
complex's N-N stretch red shifts relative to the bare dinitrogen stretch. Using IR-REPD and theory,

we were able to probe the coordination number for these metal-dinitrogen complexes as well as

their structures.

IR-REPD spectroscopy has proven itself to be a valuable tool to probe the structures of
many metal-ligand systems in the gas phase. In coupling these experiments with calculations, much
information about the energetics, structures and bonding of a given system can be determined. Us-
ing this technique, we present here our studies of gas phase metal carbonyl complexes in the region
of the free CO stretch (2143 cm™),” and metal bound to acetone in the region of its free carbonyl
stretch (1731 cm™).”* Chapter 2 outlines the experimental conditions used to study the metal ion-
carbonyl complexes. In subsequent chapters, we look into the gas-phase organometallic binding of
atomic Au’ and Pt to CO and the binding interactions of Mg", Al" and Ca” with the organic mole-
cule acetone. For the gold carbonyl complexes, cleatly "nonclassical" metal carbonyl behavior is ob-
served, with significant blue shifts relative to the free C-O stretching frequency. This phenomenon
is discussed with the help of high level calculations in Chapter 3. In the platinum carbonyl complex-

es studied, slight blue shifts are observed, and this is examined in light of the synergy associated with
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the Dewar-Chatt-Duncanson model in Chapter 4. Due to the intrinsic challenge associated with cal-
culations for the open shell platinum cation, no high level theory is available for those systems. For
the main group metal cation-acetone complexes, we examine the spectral shifts near the carbonyl

stretching region of acetone (1731 cm™)**

and interpret them with density functional theory. These
complexes show classical, strongly red-shifted metal carbonyl behavior, which is discussed in Chap-

ter 5.
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The fundamental characteristics of a given molecular complex can be complicated by solvent
interactions, ambient thermal energies and other condensed-phase interactions. Furthermore, metal
complex species often possess a net charge or are highly reactive, which may result in the system not
surviving ambient atmospheric environments. The capability to generate and isolate a given molecu-
lar complex in the gas phase can enhance the ability to interpret its spectrum and therefore its struc-
ture, bonding and energetics.' Our approach to generating and studying metal-ligand complexes is to
couple a laser vaporization source with a mass spectrometer and study them with photodissociation

action spectroscopy.’

2.1 The Molecular Beam Apparatus

To generate and characterize metal complex species, a molecular beam apparatus is em-
ployed, as shown in Figure 2.1.>* This apparatus consists of two differentially pumped vacuum
chambers. The first chamber is where complexes are synthesized and supersonically cooled using
laser vaporization of a metal rod (discussed below) coupled to a pulsed nozzle. This chamber is
pumped using a Varian VHS-10 oil-diffusion vacuum pump (pumping speed ~5300 1/s for He)
backed by a Welch 1375 mechanical pump. A Nd:YAG laser is focused on the metal rod to create a
plasma. The generated plasma contains cationic (studied here), neutral and anionic species as well as
energetic electrons. Because the positive and negative species in the plasma balance, it has no net
charge and is a so-called neutral plasma. This metal plasma is entrained in a rapidly expanding pulse
of buffer gas, in which ligands of interest are usually seeded. Subsequently, this expansion is
skimmed into the analysis chamber. This second chamber incorporates a homemade reflectron

time-of-flight mass spectrometer modified to allow photodissociation studies. It is maintained at
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Figure 2.1 The molecular beam apparatus. It is composed of two differentially pumped units, the
source chamber and a modified reflectron time-of-flight mass spectrometer for the study of gas

phase metal-ligand complexes.
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about 107 torr with a Varian VHS-6 diffusion pump (2400 1/s for He) backed by a Welch 1397 me-

chanical pump.
2.2 Pulsed Laser Vaporization

To produce complexes containing metal atoms, we use laser vaporization combined with a
pulsed nozzle supersonic expansion.>” Such a source can effectively produce complexes with nearly
any metal, semi-metal, alloy or non-metal that can be formed into rods of -, V4-, or V2-inch diame-
ter. In these experiments, the vaporization laser is a pulsed, high power Nd:YAG (Spectra-Physics
INDI-30-10) operating at a repetition rate of 10 Hz. Either the second harmonic (532 nm) or third
harmonic (355 nm) of the Nd:YAG may be employed, but for all experiments performed here, the
third harmonic was used with a pulse energy of 0.5-5 mJ. Each pulse has a near-Gaussian spatial
profile with a diameter of ~7 mm and a time duration of 10 nsec. A quartz lens (focal length ~35
cm) is used to focus the pulsed laser beam to approximately 0.5-1 mm on the rod, depending on the
diameter of metal rod used. Typically smaller diameter rods require more focused vaporization laser
beams. The metal rod of interest is attached to an external stepper motor through homemade
reduction gearing which rotates and translates it at a controllable rate to constantly expose fresh
metal surface. Inside the source chamber, the rod is mounted in a specially designed holder that
aligns its edge with the pulsed nozzle orifice and has an aperture to admit the vaporization laser
pulses. In all experiments performed, the so-called cutaway rod holder design was employed, al-
though other holder designs may be used for the study of different types of metal complexes (e.g.
multiple metal systems).’ Figure 2.2 shows a diagram of the cutaway rod holder design while Figure
2.3 is a photo of the rod mounted in the holder. The high intensity, focused laser beam impinges on

the metal rod of interest and causes localized heating. Thereby, the metal is ablated and the ensuing
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Figure 2.2 The cutaway rodholder. This design produces copious quantities of M"(ligand), and

M*(ligand),Ar complexes.
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Figure 2.3 Photo of the rod and rodholder in the source chamber. An aluminum rod is mounted in

the specially-designed cutaway rod holder. The skimmer is visible on the left side of the chamber.
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plasma can reach very high temperatures (several thousand Kelvin). As mentioned, the neutral plas-
ma becomes entrained in the pulsed buffer gas (usually Ar or He) seeded with atomic and molecular
ligands of interest. A Series 9 General Valve controlled with the Iota One controller pulses this
buffer gas mix into the chamber. The valve orifice diameter is 0.5 mm and the gas is typically admit-
ted at pressures ranging from 4-18 atmospheres. The buffer gas collisions thermalize the hot plasma
to a temperature near 300 K. Subsequently, the entrained pulse of gas expands in the vacuum cham-
ber supersonically, rapidly cooling the species in the expansion. Because of the large gas pulses,
large pumping capacities are requisite for this chamber. Timing and synchronization of the laser and
gas pulses are achieved via external digital delay generators (Stanford Research Systems DG535). By
controlling the delay between the laser and nozzle firing, the complex distribution can be optimized

for the desired study.

Because all of the complexes studied here are single metal atom species, the cutaway rod
holder design serves as the best choice. It allows immediate expansion after the buffer gas flows
past the laser generated plasma, which typically produces atomic metal ion complex species of the
form M"(ligand),. This rapid expansion minimizes collisions between complexes and allows very
weakly bound and multi-ligand species to be studied. Hence, the systems resulting from the super-

sonic expansion are frozen into their configurations and geometries.

Ligands of interest may be introduced in various ways. Sometimes the buffer gas itself can
serve as the ligand of interest; hence, it can serve both as a thermalizing medium and the source for
the ligands binding to the metal cation. Other ligands that exist as gaseous molecules (e.g. CO or
CO,) may be mixed with the inert buffer gas at a partial pressure. Ligands which derive from liquid-

phase molecules, such as acetone, have a finite vapor pressure and can be introduced into a specially
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designed small chamber attached to a manifold. This mixing chamber is filled with a Kimwipe® and
several drops of acetone are added. The chamber is then sealed and the buffer gas is allowed to flow
through the Kimwipe®, picking up the ligand of interest. This chamber can be cooled in a bath or
heated resistively to control the vapor pressure, but in practice, ambient temperature and time allow
for an equilibrium to be established which facilitates targeted complex growth. Ligands derived
from solids were not examined in these studies, but resistive heating can enhance their vapor
pressure for entrainment. In most experiments one or two drops of water is added to the manifold
lines. It has been empirically determined that water facilitates the growth of metal cation complexes,
particularly weakly bound species. As discussed elsewhere, it is believed that water facilitates their

growth by scavenging electrons in the plasma.’

2.3 Complex Selection and Detection

The supersonic expansion is skimmed with a 3 mm orifice cone (Beam Dynamics, Inc) locat-
ed ~10 cm downstream that serves as the portal to the second chamber. This skimmer samples a
very small portion of the supersonic expansion and produces a collimated molecular beam. At this
point, the beam still contains a mixture of electrons, ions and neutrals, but in this second chamber,
only cations are selected for study. Because only a fraction of the original gas pulse is skimmed, this
chamber does not have the pumping requirements of the source chamber, so a smaller vacuum sys-
tem is used. But it is essential that this chamber is maintained at high vacuum, ~107 torr. In this
pressure region, the mean free path of the molecules (several meters) is such that no collisions occur

while the complexes travel through the rest of the apparatus, preserving them.

For mass analysis, a Wiley-McLaren reflectron time-of-flight mass spectrometer is used to

study the positively charged species.” A pair of pulsed acceleration plates, which form the starting
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point for the mass analyzer, selects the cations. Because the molecular beam has a finite volume,
this design minimizes the spatial effects that limit mass resolution. Moreover, this mass spectrome-
ter extracts ions perpendicularly from their initial flight path, effectively minimizing any initial veloci-
ty in the direction of extraction. The design consists of a repeller plate and draw-out grid (DOG),
both biased by switched voltages, and a dc-ground plate. The biasing potentials applied to the re-
peller and DOG are typically 1000 V and 900 V, respectively. The electric field serves to give the
ions the initial energy push necessary to fly through the mass spectrometer. Because the plates are
biased with a positive polarity, cations in the molecular beam are extracted while anions are rejected
and neutrals pass through unaffected. A horizontal deflection plate is also implemented on the axis
of the beam to compensate for the transverse velocity inherent in the direction of the molecular
beam. This plate may have an applied potential that is varied, typically 0-120 V. Once the cations
are extracted, an einzel lens serves to focus the ion packets, affecting them in a way similar to an op-
tical lens' ability to focus light. Like most of the parameters in the mass spectrometer, the biasing

voltage of the einzel lens may be varied (0-1000 V) to yield efficient complex detection.

Since the ions all start out with the same energy provided by the electric field from the re-
peller/DOG/ground plate, they will separate according to their mass-to-charge ratio. This relation-

ship may be expressed as

E=qV=5my = jm(,( d ) Equation 2.1

where q is the charge of the ion, V is the voltage applied, m is the ion's mass, v is its velocity, d is the
flight length and t is the time in transit. Because all species studied here are monocations, the time

of flight of each ion is directly related to its mass. To assign masses, a channel of known mass is
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first chosen, relying on the isotope pattern or other known features of the spectrum. Then, the re-

maining masses may be assigned according to the expression

Equation 2.2

which follows from Equation 2.1.

At the end of the first flight tube, a stack of ten parallel plates forms the reflectron field.
The plates have applied dc voltages that serve to slow down and redirect the ion packet to a second
flight tube. The typical voltage bias is 1350 V at the back of the reflectron plates to ground at the
entrance of the reflectron, divided evenly over the ten plates. The mass spectrometer has enhanced
resolution from the reflectron’s refocusing of the ion packet. Also, the reflectron has been modified

to allow photodissociation studies, as discussed below.

Tons are detected, whether probed with laser spectroscopy or not, with an electron multiplier
tube detector (Hamamatsu R595) at the end of the second flight tube. This detector provides an
amplification of about 107, and the signal generated is amplified by a fast, variable preamplifier (Stan-
ford Research Systems SR445A). This device typically is set to amplify the signal by a factor of 5X.
A Lecroy (WaveRunner 1.'T-342) digital storage oscilloscope (DSO) then collects the signal. Data is
transferred from the DSO to a PC via a standard IEEE-488.2 protocol interface where it can be an-
alyzed. Interfacing and control of the PC, DSO and photodissociation laser is accomplished with
custom-written software coded in MS Visual Basic 6, SP5. A typical mass spectrum collected with

the instrument is shown in Figure 2.4.

In order to select the particular mass channel of a single metal complex , a pair of plates are

mounted in the flight tube on either side of the ion’s flight path. These plates are held at a constant
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Figure 2.4 Mass spectrum of Pt'(CO),. The small mass progression not labelled is Pt"(CO),(H20).
This represents a typical mass spectrum produced by the laser vaporization/mass spectrometer mol-

ecular beam machine. Note that the platinum cation is off-scale.
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potential of 250-400 V before and after the ion of interest passes to deflect these other ions into the
wall of the flight tube. To allow the desired ion packet through, the plates are quickly switched to
ground for a short duration using a custom designed switching power supply (Directed Energy, Ft.
Collins, CO). This is shown schematically in Figure 2.5. This feature of the mass spectrometer pro-
vides the ability to spectroscopically investigate complexes of &nown mass. With this arrangement,
the first flight tube serves to select an ion complex as a parent mass channel, photodissociation takes
place in the reflectron region and the second flight tube allows mass analysis of the parent and any

fragments.

For spectroscopic studies, the reflectron has been modified for photodissociation studies of
a given complex with the addition of a pair of windows.”>” These two inch windows must have high
transmission with minimal losses throughout the wavelength region scanned. In practice, we find
that windows of ZnSe with an anti-reflection coating work well over the tuning range of the laser
down to the far-IR wavelengths. They are placed such that high peak-power pulsed laser light may
intersect the beam at the turning point of the ion packet in the reflectron. Control of the intersec-
tion position is achieved by two externally mounted gold mirrors. Additionally, an external gold
concave mirror can be used to reflect and focus the laser beam back through the reflectron for in-

creased fluence in the interaction zone.

Spectra may be collected either at fixed photodissociation wavelength or by tuning the in-
frared laser. When collecting photodissociation spectra at fixed wavelengths, on resonance, a differ-
ence mass spectrum is generated. Here, a mass spectrum is collected with the resonant photodisso-
ciation laser “off” (no fragmentation channels) and subtracted from a subsequent mass spectrum

collected with the laser “on” (fragmentation and parent channels present). The result is a mass spec-
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Figure 2.5 The mass selection process. In the upper figure, ions pass unhindered. A voltage causes
deflection of the ions as shown in the middle figure. The lower figure shows how ions of interest

are selected by the rapidly switching the applied voltage ground.
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trum that shows fragment channels as positive peaks and the parent channel as an ion depletion
peak. An example of such a difference mass spectrum generated from resonant photodissociation
laser on/laser off spectra is shown in Figure 2.6. Likewise, spectra can be obtained by tuning the in-
frared light source. When the laser light comes on resonance, fragmentation channels may grow in.
Hence, monitoring a fragment channel or channels as a function of infrared wavelength results in an
infrared action spectrum. In either the fixed- or tuned-frequency case the resonant infrared photon
must be of sufficient energy to cause efficient fragmentation of the ion studied for a signal to be de-
tected. In cases where the infrared photon energy is of insufficient energy to cause fragmentation,
no signals may be observed. To study the spectroscopy of such systems, spectator ligands may be
attached (often rare gases such as Ar) to the nascent M (ligand), ions employing a technique known
as “tagging”.* '""? Binding energies of these spectator ligands to the complex are often much less
than the infrared photon energy, and so fragmentation may become efficient in the tagged species.
Thus, tagging opens up the possibility to study metal ion complexes which would otherwise be inac-
cessible to photodissociation studies. In all cases, this method of obtaining action spectra is highly

dependent on tunable infrared light sources.

2.4 Tunable Infrared Light Source

Because of the low densities of metal-containing complexes produced and the relatively
small volume of the molecular beam, traditional infrared absorption experiments are not practical.
Instead, we rely on infrared lasers to measure action spectroscopy via photodissociation in a chosen
metal ion complex. Hence we require tunable sources of infrared radiation of sufficient power to
initiate fragmentation. We can then monitor the fragment yield as a function of laser wavelength.

Until relatively recently such infrared sources were unavailable, but laser systems have become avail
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Figure 2.6 The method of generating a difference mass spectrum for Au’(CO);. In the top trace, a
mass spectrum is recorded with photodissociation laser “on”. Subsequently, a mass spectrum is
recorded with photodissociation laser “off” as in the middle trace. Subtraction results in a differ-

ence mass spectrum, shown in the lower trace.
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able in the last decade which permit studies spanning the IR region 2000-4500 cm™.* "> > Fur-
thermore, new developments in crystal technology and availability permit studies below 2000

-1 21-24
cm .

We employ a LaserVision optical parametric oscillator/optical parametric amplifier (OPO/
OPA) system pumped by the fundamental of a high power, injection-seeded Nd:YAG laser (Contin-
uum 9010) running at 10 Hz. A diagram of the optical train for the OPO/OPA is given in Figure
2.7. 'The typical pump energy from the Nd:YAG laser is 600 m]/pulse which is split into two beams
with an energy ratio of ~2:1. Approximately 200 m]/pulse of 1064 nm laser light is converted to
the second harmonic (532 nm) and used to pump the OPO stage. The balance of the pump energy
is mixed with the output from the OPO in the OPA stage for the generation of mid-IR wavelengths

(~2.2-5 pm, 2000-4500 cm™).

The OPO stage consists of two potassium titanium oxide phosphate (KTiOPO,, known as
KTP) crystals, with dimensions of approximately 7x7x15 mm. They are angle tuned using servomo-
tors to achieve phase matching. The paired crystals counter-rotate to each other to facilitate the
parametric process and compensate for any translation effects of the beam in the medium. The cav-
ity includes a grating to limit the bandwidth of the system to below a wavenumber and an output
coupler. When phase-matching conditions are met, this oscillator generates two beams, a signal and

idler, in a process known as downconversion. These beams are related according to the relation,

a)pump = a)x[gnal + W idier Equation 2.3

where the following convention is used: Wsigna > Wiar. Here, w is the energy of the radiation in

reciprocal centimeters. Signal wavelengths are from 710-845 nm and idler wavelengths span

1350-2000 nm. The signal is not used further in the OPO/OPA, but can be monitored as a diag-
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nostic. The idler beam is sent to the OPA stage for difference frequency mixing to generate mid-IR

wavelengths.

The OPA state consists of four potassium titanyl arsenate (KTiOAsO,, or KTA) crystals
(7x7x15 mm). As in the OPO, the OPA crystals are angle tuned to achieve phase matching condi-
tions. These crystals are in two matched pairs, with each pair counter-rotating to minimize beam
walk. In this stage, difference frequency mixing (DFM) is used to generate tunable light in the mid-
IR region (20004500 cm™). This process generates a new beam by taking the difference of two in-

cident beams according to
Wria—1r = Wro64mm — WoPo 1dler Equation 2.4

and relies on nonlinear crystals that are optically transparent to all three wavelengths. Typical out-
put energies in the mid-IR region are 0.5-15 m]/pulse, depending on wavelength with linewidths less

than a wavenumber.

While many molecules and ligands have infrared stretching vibrations above 2000 cm™, the
bulk of traditional infrared fingerprint vibrations fall below the tuning curve of the stand-alone
OPO/OPA. For example, many carbonyl-complex stretches fall in the region from 1600-1800 cm™,
many ring-based modes occur below 1500 cm™ and many bending modes occur below 1000 cm™.
Until recently, the low frequency IR spectrum was accessible only by free-electron lasers (FELs).
FELs are expensive to build and maintain and require significant space. Moreover, due to the intrin-
sic nature of the radiation generated by an FEL, multiple photon absorption often leads to power

broadening of spectra.

However, new and exciting developments in crystal technology have permitted the extension

of tunable infrared light below 2000 cm’ to ~700 cm™ for use in spectroscopic studies.” * These
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crystals, coupled with a standard mid-IR OPO/OPA, have paved the way for experiments which fit
on the laboratory bench top and yield linewidths comparable to that of the OPO/OPA laser itself.
A silver gallium selenide (AgGaSe,, with dimensions of 7x7x25 mm) crystal added outside of the
OPA mixes its signal and idler outputs. From the difference of these beams, a far-IR output beam is
generated in a process similar to that in the OPA stage. The crystal is mounted on a rotating stage
and angle tuned by a servomotor. Because of the long wavelengths produced beam walk is at a min-
imum, even in the single crystal. Typical output energies are 50-500 pJ of tunable far-IR energy, de-
pending on wavelength, with linewidths comparable to the OPO/OPA itself. Figure 2.7 depicts the
AgGaSe; as a add-on to the OPO/OPA for far-IR generation. The output is filtered through a get-
manium window, which transmits only far-IR light to the experiment. With this crystal, infrared
photodissociation spectroscopy is opened to many new possibilities for probing chemically interest-

ing metal complexes in a bench top laboratory setting.
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Figure 2.7 Diagram of the mid-IR laser. It is an optical parametric oscillator/optical parametric
amplifier(OPO/OPA) that uses difference frequency mixing (DFM) for generation of mid-IR wave-

lengths (2000 - 4500 cm™).
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Figure 2.8 Diagram of the IR OPO/OPA with the external AgGaSe, crystal for the DFM
generation of far-IR wavelengths. This crystal effectively extends the tuning range of our instrument

down to ~700 cm’.
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CHAPTER 3
GAS PHASE INFRARED PHOTODISSOCIATION SPECTROSCOPY AND THEORY OF

Au*(CO), COMPLEXES'

1Velasquez, I11, J.; Njegic, B.; Gordon, M.S.; Duncan, M.A. The Journal of Physical Chemistry A 2008,
772,1907-1913.
Reprinted here with permission of the publisher.
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3.1 Abstract

Au’(CO), complexes are produced in the gas phase via pulsed laser vaporization, expanded
in a supersonic jet and detected with a reflectron time-of-flight mass spectrometer. Complexes up
to n = 12 are observed, with channels corresponding to the n = 2 and n = 4 showing enhanced in-
tensity. To investigate coordination and structure, individual complexes are mass-selected and
probed with infrared photodissociation spectroscopy. Spectra in the carbonyl stretching region are
measured for the n = 3-7 species, but no photodissociation is observed for n = 1, 2 due to the
strong metal cation-ligand binding, The carbonyl stretch in these systems is blue shifted 60-70 cm’
with respect to the free CO vibration (2143 cm™), providing evidence that these gas phase complex-
es are so-called nonclassical metal carbonyls. Theory at the MP2 and CCSD(T) levels provides
structures for these complexes and predicted spectra to compare to the experiment. Excellent
agreement is obtained between experiment and theory, establishing that the n = 2 complex is linear,

the n = 3 complex is trigonal planar and the n = 4 complex is tetrahedral.
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3.2 Introduction

Transition metal-carbonyl chemistry has a long and rich history that spans well over a centu-
ry. Many examples of transition metal-carbonyl complexes have been synthesized and characterized
throughout inorganic and organometallic chemistry, and some of these systems are used for homo-
geneous catalysis processes.”” At a more fundamental level, TM-carbonyls are important models for
complex systems such as chemisorption on metal surfaces’ or the binding of small molecules at the
active sites of metallo-proteins. Infrared and Raman vibrational spectroscopy of metal carbonyls
provides a convenient probe of their chemical environment." Gas phase metal carbonyl ions have
been studied extensively in mass spectrometry.”” The structures and bonding of these ions have
been investigated with theory.”® The reactions of carbonyl ions have been well characterized, and
bond energies have been determined,”” but there is much less data on their spectroscopy. Howev-
er, experiments have employed photoelectron spectroscopy to obtain information about the corre-
sponding neutral ground state's vibrational levels.””* Infrared spectroscopy has been used to
measure vibrational spectroscopy for a variety of metal atom and metal cluster carbonyl ions in rare

: 7, 353
gas matrices.”’ s

Moreover, infrared photodissociation measurements have been described for
metal cluster carbonyl cations using free electron lasers.”* In the present study, we employ similar
methods to investigate the unusual carbonyl complexes of gold cations with benchtop infrared laser
systems.

The bonding in transition metal carbonyl compounds is often understood in light of the

classic Dewar-Chatt-Duncanson complexation model.” " * %

In this picture of classical metal-
carbonyl bonding, two general types of interactions contribute to the formation of the metal-CO

bond. The CO contributes electron density from its HOMO on-axis, forming the dative o bond.
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But 1 back-bonding occurs by donation of electron density from the partially filled d-shells of the
metal into the LUMO of CO. In so-called classical metal-carbonyls then, the C-O stretching fre-
quency is lowered and its bond lengthened because of the loss of bonding electron density and the
gain of antibonding electron density in the LUMO on CO. It is interesting to note that the majority
of transition metal carbonyl complexes show this classical behavior. In contrast to this, examples
are known of non-classical carbonyl bonding, which usually occurs for systems with filled d electron
shells that are not able to donate or accept charge efficiently.'” '™ The noble metal atomic ions are
known to form such non-classical carbonyls in the condensed phase.”™ Although noble metal ¢/s-

41-43

ter complexes with carbonyls have been studied with gas phase infrared spectroscopy,”  there is no

previous gas-phase spectroscopy for the atomic M'(CO), species of these metals.

Haruta’s discovery’ ™ of the ability of gold nanoparticles on a metal oxide support to oxidize
CO at low-temperature has stimulated many investigations into the properties of gold clusters sup-

**" In all of these studies, a common theme has been the coopera-

ported on metal oxide surfaces.
tive effects of the metal cluster and its support. Related to this, both gas-phase experiments and the-
ory have documented the unusual catalytic activity found for small gold clusters and how this
activity varies with cluster size, charge state and the nature of the support.””® The intrinsic reactivity
of the pure metal cluster system or its support without the metal are difficult to distinguish with ex-

periments or theory. However, gas phase measurements of isolated metal systems may be able to

provide needed insight in this area.

Condensed-phase vibrational spectra of cationic gold carbonyls show a marked increase in
the stretching frequency of metal-bound CO compared to free gas phase CO (fundamental = 2143

cm™), depending on the metal, earning these compounds the designation as nonclassical carbonyls,
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6-20, 47-50

as noted above. In the case of gold-carbonyl systems in condensed media, the blue shifts

measured were significant.”” Numerous theoretical studies have discussed the origins of this vibra-
tional blue shift, which appears to be unique to only a few metals, including the noble metals.”””
Several groups have collected infrared spectra for cationic, neutral and anionic gold-carbonyl clusters

: : 35, 37, 38
(as well as many other metal-carbonyl systems) frozen in rare-gas matrices.”” "

Infrared spectra
were recorded for CO bound to cationic gold clusters, Au,” (n=3-20) in the gas-phase by Meijer and
co-workers.""* Castleman and co-workers studied CO interacting with cationic gold oxides.”! And

77,78

recently, microwave spectra have been obtained for gas-phase OCAuX (X = F, Cl, Br and I).

Using infrared photodissociation spectroscopy to investigate bonding and structure, our
group has studied a number of transition metal-ligand systems with interest in organometallic chem-
istry. In particular we have measured infrared spectra for several different metal cations with multi-
ple CO, ligands.”® We have studied acetylene bound to Ni" to determine the coordination number
as well as the structures of these small complexes.” Furthermore, we have measured infrared spec-
tra for N, complexes (isoelectronic with CO) with V" and Nb".*** And we have observed shifts of

the carbonyl stretch on acetone when binding to cations such as Mg', Al* and Ca".**

Using these
same methods, we investigate the nonclassical species Au’(CO), (n = 3-7) in the gas-phase and in-

terpret the spectra with ab initio calculations to understand the structure and bonding in these

systems.

3.3 Experimental

Gold-carbonyl cation complexes are produced by 355 nm pulsed laser vaporization (Spectra-
Physics Indi 30-10) of a ' inch gold rod sample mounted in a rotating rod, pulsed nozzle source.”

The rod holder used in these experiments is the so-called cutaway design.*” The expansion gas is a
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mixture of 2% CO in Ar, by partial pressure. Depending on source conditions, various Au’(CO),
complex size distributions are produced. These complexes are detected and mass-selected with a re-
flectron time-of-flight mass spectrometer, as described previously.” Tunable infrared radiation is
produced with a specially designed infrared optical parametric oscillator/amplifier (OPO/OPA) sys-
tem (LaserVision) pumped with a Nd:YAG laser (Continuum 9010). The linewidth of the OPO/
OPA is about 0.3 cm’, and its pulse energy is 1-2 m] in the wavelength region scanned here. BExcita-
tion of the mass-selected ions takes place in the turning region of the reflectron, and fragment mass
analysis occurs in the flight tube section after this. Monitoring fragments as a function of infrared
frequency generates an infrared spectrum in the carbonyl stretch region (2140 to 2270 cm™). To es-
tablish breakdown patterns of larger species (and thus elucidate gas-phase coordination), the laser is
set to the resonance frequency of the selected complex. Then mass spectra are recorded with the
photodissociation laser "on" followed by a recording with the laser "off". The difference of these
spectra reveals the resonant fragmentation patterns of a selected metal complex. These fragmenta-
tion patterns can suggest gas phase cation-ligand coordination numbers, as terminal fragment ions
can lose outer ligands to yield stable geometries that result from inner-sphere ligands binding directly
to the metal..

All calculations were done by our collaborators, Gordon and coworkers, using the
GAMESS* * program suite with the MacMolPIt"’ program being used to visualize the molecules.
Calculations were performed employing the cc-pVDZ85™ (abbreviated here as ccd), cc-pVTZ85%
(cct) or cc-pVQZ85™ (ccq) basis sets on carbon and oxygen atoms. The gold atom was treated with
19 explicit electrons using the SBKJC* effective core potential (ECP) with scalar relativistic correc-
tions augmented with a 3f/2g set of polarization functions with f function exponents of 2.00, 0.84

and 0.31, and g function exponents of 1.90 and 0.69, and one set of s and p diffuse functions with
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exponents of 0.01. Spherical gaussian functions were used. Second order perturbation theory
(MP2)™* or coupled cluster (CCSD(T))** levels of theory were used. The molecules were consid-
ered in their full point group symmetries. Molecules were tightly optimized””” with the largest com-
ponent of the gradient required to be less than 1x10”° Hartree/bohr, using MP2 analytical gradients

and CCSD(T) numerical gradients.

A normal mode analysis™ was performed using MP2 seminumerical Hessians and fully nu-
merical CCSD(T) Hessians. Hessians were calculated using double differencing of the energy with
0.01 Bohr displacements from the equilibrium geometry in both positive and negative directions.
Anharmonic frequency calculations were performed using the vibrational self consistent field
(VSCF) method.” A grid of 16 points is created for each normal mode by making 8 displacements
from the equilibrium geometry in both the positive and negative directions. In order to account for
mode-mode coupling, simultaneous displacements from the equilibrium geometry were made along
two normal mode displacement vectors; this generates a two-dimensional grid of 16x16 points. Elec-
tronic structure calculations were performed at each of these points. Anharmonic coupled vibratio-
nal frequencies were calculated using a second order perturbation theory correction for the vibratio-

nal self consistent field calculation.

3.4 Results and Discussion

The laser vaporization source efficiently generates varying sizes of gold-carbonyl cations as
well as other minor species. Figure 3.1 shows a mass spectrum of Au’(CO),, for n up to 12, where
the gold cation peak is off-scale. Depending on source conditions, complex sizes up to n = 24 can
be grown, but for this study, the focus is on those with n < 7. The small peaks interspersed between

the Au’(CO), peak are Au’(H,O)(CO),. The salient feature of the mass spectrum is the significantly
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Figure 3.1 Mass Spectrum of Au’(CO), showing optimized conditions for small values of n up to

12. The Au" cation is off-scale, while the small series not labeled is Au’(H,O)(CO),.
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enhanced intensity for the n = 2 mass channel, which occurs independent of source or mass spec-
trometer focusing conditions. This enhanced intensity suggests that the n = 2 complex is more sta-
ble than other stoichiometries, as would be the case if this is the preferred coordination number for

gas-phase gold cation.

To investigate gold cation coordination we measured the fragmentation behavior of these
complexes with resonant photodissociation mass spectra. For these measurements, a particular
mass channel was selected and the IR laser scanned in the region where the C-O stretching reso-
nances are expected until a photodissociation signal was apparent. The mass spectrum was then
recorded with the photodissociation laser "off" and then subtracted from that recorded with the
laser "on". The resulting difference spectrum shows the breakdown of a parent channel into one or
more fragment channels. In the case of gold-carbonyl cation, no fragmentation signal could be
found for the n= 1 and 2 complexes. These complexes should have IR-active vibrations in this re-
gion, and strong resonances are predicted by theory (see below). However, the absence of observed
photodissociation points to a cation-carbonyl binding that is too strong to be broken by infrared ex-
citation at this energy for the n = 1 and 2 complexes. Hence, we can conclude that the Au’(CO)
and (CO)Au’(CO) binding energies are in excess of the infrared photon energy that would excite the
C-O stretches in these complexes (~2200 cm™ or 6.3 kcal/mol). The larger complexes with more
CO ligands do yield an observable photodissociation signal, as shown in Figure 3.2 for the n = 3-6
complexes. These systems lose a single CO ligand upon resonant excitation with infrared radiation.
The photodissociation laser pulse energy used is low, about 1 m] in an unfocused 3 mm diameter
spot, and the fragmentation channels vary with laser pulse energy consistent with a single photon

process.
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Figure 3.2 Difference mass spectra of Au’(CO), (n = 3-6). Each parent channel fragments by loss

of CO. No photodissociation is observed for the n = 1 and 2 complexes.
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We can therefore conclude that the CO binding energy for the n = 3-6 complexes is less than the IR
photon energy (~2200 cm™). The only previous experimental information on these bond energies
comes from the work of Schwarz and co-workers.”” They found a bond energy for Au’(CO) of

1.95eV (45.0 kcal/mol), consistent with the lower limit obtained here for this ion

To measure vibrational spectra for these complexes, we measure the wavelength dependence
of their fragmentation yields. Since the n = 1 and 2 complexes do not photodissociate in our experi-
ment, we cannot study these systems in any way. The usual method for investigating systems where
the metal-ligand interaction is greater than the photon energy is rare-gas "tagging".” "> * 1% 1" Tn
tagging, a more weakly bound rare-gas atom is added to the complex to enhance the photodissocia-
tion yield. We were able to tag both Au’(CO) and Au’(CO), with Ar, producing small amounts of
the desired tagged complex ions. However no fragmentation was observed with these tagged com-
plexes. The binding energy of Ar to Au’ in the diatomic was calculated by Pyykko to be ~2600
cm-1."" In light of this strong Au'-Ar interaction, it is understandable that photodissociation of
Au’(CO)-Ar or Au’(CO),-Ar may not be efficient near 2200 cm”'. A more weakly bound spectator
ligand should make it possible to observe photofragmentation. But in several tries, we were unable

to successfully tag any Au’(CO), complexes with neon atoms. Hence, we were unable to obtain any

spectra for the n = 1 and 2 complexes.

The n = 3-6 complexes do fragment near 2200 cm’', and the measured resonance-enhanced
infrared photodissociation spectra for Au"(CO),, n = 3-6 complexes are presented in Figure 3.3. In
this figure, the value of the free CO stretch is indicated with a red line and the calculated C-O
stretch frequencies for n = 3 and 4 are marked with blue lines. Of particular note is that all of these

measured spectra exhibit single peaks that are significantly blue-shifted from that of the free C-O
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Figure 3.3 Infrared photodissociation spectra of Au'(CO), (n = 3-6). The dashed red line indicates
the position of the free C-O stretch (2143 cm™), while the blue solid lines for n = 3 and 4 indicate

the calculated frequencies. No photodissociation is observed for n = 1 and 2.
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stretch in carbon monoxide (2143 cm™).'"” The solitary peak in the C-O stretching region suggests
that these complexes have high symmetry, with equivalent CO ligands. Otherwise, more than one
infrared band would be detected. We can then suggest that the n = 3 complex should be trigonal
planar, and that the n = 4 complex should be square planar or tetrahedral. The n = 3 complex has
its band at 2215 cm™, which is shifted 72 cm™ to the blue from the free-CO stretch, and this is the
largest blue shift observed here. The n = 4, 5 and 6 complexes have their bands at almost the same
positions of 2205, 2204 and 2203 cm’, respectively. These represent respective shifts of 62, 61 and
60 cm’. Blue shifted CO vibrations have also been reported previously for condensed phase
Au’(CO), complexes and for complexes isolated in rare gas matrices. In condensed phase studies,
the documented blue shifts are 52 and 68 cm™ for the n = 1 and 2 complexes, respectively. While
our spectra begin with the n = 3 complex and so a direct comparison cannot be made, the qualita-
tive trend of blue-shifted CO stretches is apparent. In matrix isolation experiments, shifts of 60 and
50 cm™ were observed for the n = 3 and 4 complexes, respectively. Because the matrix environment
may induce 5-10 cm™ shifts, the agreement between our recorded spectra and reported matrix shifts

is rather good.

We also collected a noisy spectrum for the n = 7 complex that is not shown here. In previ-
ous studies of metal ion-CO, complexes, we have seen an "unshifted" vibrational band signaling the
presence of such external ligands.”* However, the n = 7 complex only has one blue shifted band
at 2201 cm’', which falls at essentially the same position as the band in the n = 6 spectrum. In the
spectrum for the n = 7 complex, there is no band near the position of the free C-O stretch (2143
cm™) that would indicate an external CO binding. Since CO has a small dipole moment (0.11 D),
the IR intensity of such a band is expected to be low, and it is possible we would miss it because of

the small signal levels present in this spectrum. We also did not see unshifted vibrations in our pre-
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vious studies of metal ion-N, complexes. Again, this is because the N, ligands not directly attached

to the metal ion have virtually no IR intensity.

To further investigate the origins of these blue-shifted spectra and to determine the struc-
tures of the complexes that might be consistent with these shifts, our collaborators performed calcu-
lations at various levels of theory. The calculations were performed using the same basis set for Au”
in all cases, while the C and O basis set was varied from ccd to cct to ccq. CCSD(T) optimized mol-
ecular geometries employing the ccd basis set are given in Figure 3.4. As shown in the figure, the
optimized structures for both the n = 1 and 2 complexes are linear. The n = 3 complex has a trigo-
nal planar structure, and the n = 4 complex is tetrahedral. In each complex, the C-O bond distance
is slightly longer than it is for the CO diatomic (r, = 1.128 A)."” The Au*-C bond distance is rough-
ly 2 A, increasing from the shortest value of 1.982 A for the n = 1 complex up to the longest value

of 2.162 A for the n = 4 complex.

Table 3.1 presents the calculated differential binding energies for the Au'(CO), (n = 1-4)
complexes. According to these data, Au" has a high affinity for binding the first and second CO
molecules, with binding energies in the neighborhood of 50 kcal/mol. The n = 2 complex has
slightly higher binding energy for its outer CO than the n = 1 complex. This kind of increase in
bond energy upon addition of a second carbonyl ligand has been reported and discussed previously
by Armentrout and co-workers.”** "% A significant decrease in the binding energy occurs here
for the n = 3 and 4 complexes, whose outermost ligands are computed to be bound by ~10 kcal/
mol. The highest differential binding energy, which occurs for the second CO ligand, and the dra-
matic decrease in binding energy after this, suggests that the preferred coordination number for Au”

in the gas-phase complexes is two CO ligands, consistent with out experimental findings discussed
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Figure 3.4 Optimized geometries at CCSD(T) level of theory with the ccd basis set on C and O
atoms. The accompanying table indicates complex symmetries and computed Au’-C and C-O bond

lengths.
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Complex  Point Group  Au'-C bond length (A)  C-O bond length (A)
Au'(CO) C, 1.982 1.133
Au’(CO), D,, 2.014 1132
Au’(CO), D, 2.102 1.135
Au’(CO), T, 2.162 1.136
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TABLE 3.1: Differential binding energies of Au"(CO),, n = 1-4, in kcal/mol.*

differential binding energies (kcal/mol)

molecule ccd/MP2 cct/MP2 ccq/MP2 ccd/CCSD(T)  cct/CCSD(T)
Au’(CO) 51.37 49.82 51.19 45.89 43.92
Au"(CO), 58.50 56.19 56.17 51.93 49.6
Au"(CO); 12.52 10.73 8.76

Au*(CO), 13.27 11.80 9.20

* Calculations were done at MP2 or CCSD(T) levels of theory using ccd, cct, or ccq basis sets on C

and O atoms.
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above. This same value for the coordination number of gold cations has been suggested in previous
work on condensed phase complexes, and it has been discussed in terms of an s-d(0) hybridization
model.” ' "> ™ Such hybridization minimizes the o repulsion between the filled ligand orbitals and
those on the metal, thus enhancing the strong electrostatic component in the binding for the first
and second ligands. Back bonding into the T* orbital on CO is also enhanced by this hybridization
configuration. However, addition of a third or fourth CO ligand makes the s-d hybridization much

less effective, and there is a dramatic drop in the binding energy, as seen here.

The calculated binding energies for these complexes are in qualitative agreement with our ex-
perimental data. Experimentally, we find that the binding energy of the outermost CO ligands in the
n =1 and 2 complexes is greater than the ~2200 cm” photon energy, which places a lower limit on
this binding at 6.3 kcal/mol. The computed values in the 40-50 kcal/mol range at vatious levels of
theory are all consistent with this lower limit, but much higher in value. For the n = 1 complex, our
present computed value is in good agreement with the previous experimental result of Schwarz (1.95
eV or 45.0 kcal/mol)” and in good agreement with the previously calculated value reported by
Dargel et al. (2.08 eV or 48.0 kcal/mol)® at the CCSD(T) level of theory. Our theory is also consis-
tent with our experiment in the suggestion that the binding energy drops substantially after the n = 2
for the n = 3 and 4 complexes. However, the calculated values for the binding energies vary by 8-10
kcal/mol, depending on the level of theory. And quantitatively, the computed values are higher than
our experimental values. Because we observe efficient photodissociation for the n = 3-6 complexes
near 2200 cm', we can place a firm upper limit on the outermost CO binding energy of 6.3 kcal/

mol.
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To improve the computed thermochemistry, the CCSD(T)/cct differential binding energies
can be estimated by assuming the improvements due to the use of larger basis sets (e.g., ccd vs. cct)
and improvements due to the use of higher levels of theory (e.g., CCSD(T) vs. MP2) are approxi-
mately independent of each other. This assumption is fundamental in the popular GN methods of
Pople and co-workers.'””'" Using the values in Table 3.1, this approach reduces the n = 3 and n =
4 differential binding energies to about 5 and 5.2 kcal/mol, respectively. These values are well with-
in the experimental range. Further improvement to the ccq basis set is expected to have a small ef-
fect in the same direction. So, the experiment and theory here both support the dramatic drop in
the ligand binding energy for the third and fourth CO, as suggested by the s-d hybridization model.
Table 3.2 reports the vibrational frequencies observed in the experiment as well as those computed
at the different levels of theory for the various Au’(CO), complexes. The accuracy of the calculated
MP2 vibrational frequencies for CO improves somewhat by improving the basis set from ccd to ccq,
with the largest improvement obtained by shifting from ccd to cct. The accuracy of the calculations
improves by going from MP2 to CCSD(T) methods, as one might expect. The CCSD(T) predicted
frequencies are nearly independent of basis set, which suggests that one may achieve satisfactory ac-
curacy at a relatively low computational by implementing a small basis set (e.g., ccd) with the

CCSD(T) approach.

The choice of basis set causes a 1-3 cm™ variation on the accuracy of the calculated frequen-
cy shifts for Au,(CO)", n = 1-4, a negligible effect. Both MP2 and CCSD(T) correctly predict the
trend in the magnitude of the frequencies shifts, but the MP2 calculations are only qualitatively
correct. Hence, this suggests that CCSD(T) calculations are necessary to obtain frequencies that are

within 10 cm™ of the experiment. Including anharmonicity in the frequency calculations should fur-
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ther improve accuracy. But there are no available experimental data for the Au"(CO) complex' vi-
brational frequencies, and the high computational cost of VSCF calculations precludes the small
corrections gained by including anharmonicity for the Au’(CO),, n = 3 and 4 computed frequencies.
The frequency for Au’(CO) at the highest level here (2225 cm™) is slightly higher than that comput-
ed previously by Neumaier et al. (2211 cm™) at the DFT-BP86 level.” The value computed here is
much greater than that reported by Lupinetti et al (2177 cm™') using a combination of CCSD(T) and

MP2."

Both the experimental and calculated data show that the C-O stretching frequency is higher
in the bound complex that in the free CO molecule, with an interesting dependence of the magni-
tude of the frequency shift on the number of CO ligands bound to the gold cation. This trend in
computed frequency shift can be summatized as Au’(CO), > Au’(CO) > Au’(CO); > Au'(CO),.
The frequency of the C-O stretch increases upon CO binding to gold cation by about 100 cm™.
There is an additional increase of ~25 cm™ upon binding of the second CO to the Au’(CO). Hence,
there is an increase of ~125 cm™ in the C-O stretching frequency of Au’(CO), compared to that in
the free CO molecule. Binding of the third CO significantly reduces the magnitude of the computed
C-O stretching frequency shift to ~85 cm™. The fourth CO binding to the n = 3 complex leads to a
small change of < 10 cm™. This suggests that there is a leveling off of the magnitude of the C-O

stretch frequency shift in Au’(CO), complexes.

As noted above, we were unable to measure spectra for the n = 1 and 2 complexes, but
these species have been studied in the condensed phase environment of a superacid matrix by Will-
ner and Aubke.” In that study, the C-O stretching frequency for the n = 1 and n = 2 complex was

reported to be 2195 and 2211 cm’', respectively, which are both considerably lower than the values
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computed here. But it is not clear what effect, if any, the superacid matrix has on these spectra. The
computed vibrations can be compared directly to our gas-phase experiment in the case of then = 3
and 4 complexes. At the highest level of theory (ccd/CCSD(T)), the harmonic frequency computed
for the n = 3 complex is 2229 cm’', which is 14 cm™ higher than the experimentally observed value
of 2215 cm™. For n = 4, the computed value is 2218 cm™', which is 13 cm™ higher than the observed
value of 2205 cm”. These computed harmonic values are unscaled, and the approximate value and
trends of the blue shifted vibrations match experiment well. We can use the Au"(CO) data, where
both harmonic and anharmonic values were calculated, to derive a scaling factor to correct the larger
species' spectra for the effects of anharmonicity. So doing results in a scaling factor of 0.986. Ap-
plying this factor to the ccd/CCSD(T) frequencies computed for the n = 3 and 4 complexes
produces scaled frequencies of 2197 and 2186 cm™. These scales values are lower that the experi-
mental values. Furthermore these scaled values are even further away from the observed vibrations
than the unscaled values. Therefore we can conclude that there is no advantage in applying a scaling

factor to the computed frequencies.

The blue-shifts in the vibrational frequencies occurring in these nonclassical carbonyl sys-
tems have been discussed extensively in the literature.” The binding interaction is expected to in-
volve o-type donation from the 50 carbonyl HOMO and Tr-type back-donation in the 21* LUMO.
For other metal carbonyl complexes, the back-donation is expected to be a much more significant
component in the binding, and subsequently the bond energies and frequency shifts.” However, be-
cause the gold cation is a d" configuration, back donation is inefficient. Eatly proposals for the ori-
gin of the shift to higher C-O stretching frequencies claimed that the 50 orbital of CO has partial
antibonding character.’ If this is true, then OC—Au’ o donation would remove the electron density

in this orbital, thus strengthening the bond, resulting in higher C-O stretching frequencies, as is ob-
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served experimentally. However, using a combination of CCSD(T) and MP2 methods, Lupinetti et
al. investigated this proposed binding interaction carefully. In their study, they compared the effect
of placing a charged atom at either end of the carbonyl."’ They report that attachment at the oxygen
end of the carbonyl did not produce the same frequency shift as attachment at the carbon end. The
suggested removal of 50 antibonding character should have been possible in either binding configu-
ration. Thus the explanation relying on a reduction of 50 character is not the correct one. Instead,
Lupinetti et al. suggested that an electrostatic orbital polarization effect is responsible for the C-O
frequency blue shift. In the isolated CO, the bonding orbitals in the valence shell have more elec-
tron density on the oxygen. However, attachment of an ion on the carbon end of CO induces a po-
larization that effectively balances the orbital density on both atoms, thus enhancing the binding.
This is the effect that is attributed to the blue-shift for nonclassical carbonyl systems.” "’ Consistent
with this suggestion, the HCO" ion, which also cannot have back donation, is calculated and ob-
served to have a blue-shifted C-O stretch, but the HN," complex, which has exactly balanced charge

on its "ligand", does not (it is predicted and observed to be red-shifted).’

Finally, it is interesting to compare the vibrational shifts seen here for the atomic gold cation
complexes to those reported previously for gold c/uster ions. Fielicke et al. have previously investi-
gated the gold cluster complexes containing 3-10 atoms*' and the corresponding gold cluster anion

complexes containing 3-14 atoms."”

In these systems with differing numbers of CO ligands, the
cations were found to have blue-shifted C-O stretching frequencies, relative to the free CO diatom-
ic, while anions were found to have red-shifted vibrations, again relative to the free CO molecule.
The anions have additional electron density, enabling efficient T back bonding. Thereby, electron

density in the 7% LUMO of CO is increased, and the vibrational frequencies are driven to lower val-

ues. This is the so-called classical carbonyl behavior observed for the bulk of all other metals. In
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the cationic gold clusters, the same kind of blue shift seen here is reported, but with less magnitude.
As an example, the C-O stretch for Au; (CO) occurs at 2180 cm™.*' Apparently, when the charge in
a cluster cation is shared over more atoms, the polarization effect is diluted, and the blue shift in the
C-O stretch frequency is less than that for the atomic ion complex. Consistent with this charge dilu-

tion effect, the blue shift becomes gradually less as larger gold cluster cation carbonyls are studied.”'

3.5 Conclusions

Complexes of Au’(CO), have been generated with a laser vaporization source and investigat-
ed with infrared photodissociation spectroscopy and theoretical calculations at the MP2 and
CCSD(T) levels of theory. Mass spectra and photodissociation patterns indicate that gas phase gold-
carbonyl complexes have a preferred coordination number of two, which is consistent with the com-
puted binding energies reported here. The gas-phase spectra of Au'(CO),, n = 3-6, all exhibit sig-
nificant blue-shifts from the free carbon monoxide stretch, as observed in both condensed phase
measurement and matrix-isolation studies, indicating nonclassical carbonyl behavior. No gas phase
experimental data is available for the n = 1 and 2 complexes. Single bands are observed for each of
the complexes studied in the C-O stretching region, which is consistent with high symmetry struc-
tures. We can therefore conclude that Au’(CO); has a trigonal planar structure and Au’(CO), is
tetrahedral. Calculations done at the CCSD(T) level of theory with cct basis sets for C and O atoms
yield best agreement with experimental vibrational frequencies. More importantly, the theory and

experiment show good agreement in the trends of the vibrational shifts.

The picture of the bonding in these complexes is one of a dative interaction in which the
lone pair density from the carbonyl ligand is nominally donated into the empty s orbital of the gold

cation. This ligand repulsion is minimized by s-d hybridization, which also enhances the binding
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strength. This interaction saturates at two ligands. The dominant effect of the electrostatic bonding
polarizes the CO ligand, shifting its vibrational stretching frequency to higher values than those of
the free CO diatomic. These effects have been discussed at length in previous theoretical work, and
they have been reported experimentally for Au’(CO),, n = 1 and 2, complexes in the condensed
phase with counterions present. This combined experimental and computational study documents
the expected trend in the bond energies and provides the first view of the frequency shifts for the
larger n = 3-6 complexes. The blue shifts in these vibrations for atomic gold cation complexes are

greater than those seen previously for carbonyl complexes of gold cluster cations.
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CHAPTER 4:

GAS PHASE INFRARED PHOTODISSOCIATION STUDY OF Pt"(CO), , n = 4-6

COMPLEXES: CLLASSICAL OR NONCLASSICAL METAL CARBONYL BEHAVIOR?'

'Velasquez, 111, J.; Duncan, M.A. To be submitted to Chemical Physics Letters
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4.1 Abstract

Complexes of Pt'(CO), are generated using a laser vaporization source coupled to a
supersonic expansion. The complexes n = 4-6 are probed with infrared photodissociation
spectroscopy in the vicinity of the free CO stretch (2143 cm™). No fragmentation was observed for
the n = 1-3 complexes, indicative of their high binding energies, as seen in other work. The n = 4
complex produced a noisy spectrum and is expected to have a binding energy which would not
result in fragmentation with a single ~2150 cm” photon. Because of the high laser fluence
conditions necessary to fragment the n = 4 complex, the suggestion here is that photodissociation
occurs as a two photon process, which is corroborated by the binding energies computed and
observed in the literature. The n = 5 and 6 complexes do efficiently fragment with a single photon
absorption and their frequencies are slightly blue shifted (< 12 cm™) with respect to free CO. The
single-peak spectra suggest high symmetry structures and the breakdown patterns of the ions gives
evidence for a coordination number of four. The synergy in the metal-carbonyl bonding is

discussed in light of the slightly-shifted vibrational frequencies.
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4.2 Introduction

Transition metal(TM)-carbonyl systems have a rich chemical history that spans nearly 150
years." There are numerous examples of TM-carbonyl complexes that have been synthesized and
characterized throughout inorganic and organometallic chemistry.”* TM-carbonyl complexes are of-
ten used in synthesis and industrial catalysis.'> Additionally, TM-carbonyls can serve as important
fundamental models for complex systems such as chemisorption on metal surfaces. Infrared and
Raman vibrational spectroscopy of metal carbonyls provides important information about their
structures and bonding.” Gas phase metal carbonyl ions have been studied extensively using mass

-18

spectrometry.”® Theory has probed the structures and bonding in these ions.””"® Bond energies

19-26
However,

have been determined, but there is much less data on their gas phase spectroscopy.
photoelectron spectroscopy has been employed to study a variety of metal carbonyl anions, provid-
ing vibrational information for the corresponding neutral ground states.”™ Infrared spectroscopy
of unsaturated neutral metal carbonyls isolated in rare gas matrices has been reported,” *'* and in-
frared photodissociation measurements have been described for metal cluster carbonyl cations using

34-37
free electron lasets.

Our group recently reported an infrared photodissociation study of atomic
gold-carbonyl cations in the gas phase using table-top infrared optical parametric oscillator laser sys-

tems.” In this study, we extend our investigations of TM-carbonyl species with such infrared lasers

to investigate the carbonyl complexes of atomic platinum cations, Pt'(CO),, n = 4-6.

The Dewar-Chatt-Duncanson model is typically used to describe the bonding in transition
metal carbonyl compounds and complexes.””*** In this paradigm, the metal-CO bond is under-
stood as a synergistic relationship between two general types of interactions, o-type donation and Tr-

type back donation. The CO contributes electron density from its HOMO to the transition metal
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on-axis, forming the dative o bond, and removing electron density from the carbonyl. Donation of
electron density from the d-shells of the metal into the LUMO of CO results in 11 back-bonding. In
so-called "classical" metal carbonyls, the C-O stretching frequency is lowered, often significantly, rel-
ative to that in free CO (2143 cm™)," and its bond lengthened due the gain of antibonding electron
density in the LUMO on CO. The vast majority of transition metal carbonyl complexes demon-
strate such classical behavior due to partially filled d orbitals that can contribute to significant Tt back
bonding as evidenced by their red-shifts relative to free CO.'™*#*

Exceptions to a rule can often provide deeper insight into a bonding mechanism and exam-

8, 35, 30, 38, 43-46 :
P77 Nonclassical metal carbonyl systems

ples are known of "nonclassical" carbonyl bonding.
usually include metals with filled d shells that are not able to donate or accept charge efficiently, such
as noble metal atomic ions. Theoretical studies have discussed the origins of this vibrational blue
shift, which appears to be found for only a few systems, including the Group 10 and 11 metal sys-

“47 Indeed, the noble metal atomic ions are

tems formed in condensed-phase superacid media.
known to exhibit such nonclassical behavior in the condensed phase, and our work noted above re-
ports the theory and blue-shifted spectra for gas-phase Au’(CO),, n = 3-6, complexes.”* Further-
more, noble metal cluster complexes with carbonyls have been studied in the gas phase using multi-

%% For metal carbonyl systems with

photon infrared spectroscopy with a free electron laser.
incompletely-filled d electronic shells, such as the atomic platinum cation, we might expect classical

carbonyl behavior marked by a characteristic red-shift with respect to free CO. In fact, as discussed

below, gas-phase platinum carbonyl cations demonstrate a small vibrational blue shift.

Platinum is an important metal forming a vital component of cancer-fighting drugs48 and

both industrial- and laboratory-scale catalysis.” Platinum is well known as a particularly active cata-
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lyst, and its activity is ubiquitous in helping to control emissions of automotive combustion gases.’
Indeed a platinum carbonyl salt was the first metal carbonyl isolated and studied in 1870.*”" Fur-
thermore, it has been shown that the platinum cation can activate methane for subsequent catalytic
dehydrogenation in the gas phase.” The intrinsic reactivity of a pure metal cluster or gas phase met-
al-ligand complex is difficult to measure. However, gas phase measurements of isolated metal sys-
tems using vibrational spectroscopy may be able to enhance our understanding of the structure and
binding in these complexes. Microwave studies have examined low-frequency bending modes in
neutral Pt(CO).” Condensed-phase vibrational spectra of dipositive platinum carbonyls display an
increased stretching frequency at 2261 cm™ for metal-bound CO in highly acidic media.* *> *> **
Moreover, infrared studies exist of monocationic, neutral and anionic platinum-carbonyl complexes

frozen in neon matrices. In one such study, Andrews and coworkers report observed vibrational

frequencies of 2205, 2210 and 2208 cm™ for Pt'(CO),, n = 1-3, respectively.”

Our research group has used resonance-enhanced infrared photodissociation spectroscopy
to investigate a number of transition metal cation-ligand systems and to probe their gas-phase struc-
tures. We have reported infrared spectra for several different metal cations with multiple CO, lig-
ands.”>" We have studied acetylene bound to Ni* to determine the coordination number as well as
the structures of small complexes.” Numerous metal-water complexes have been investigate by our
group.”” " We have measured infrared spectra for N, complexes, isoelectronic with CO, with V"
and Nb".*"* Using the organic carbonyl acetone, we have measured the shifts associated with the
carbonyl stretch upon binding to Mg*, Al* and Ca".”> And as mentioned previously, we have report-

ed significant blue-shifts for multiple CO ligands bound to atomic gold cation, labeling these com-
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plexes nonclassical carbonyls.” In the present study, we investigate the behavior of Pt"(CO),, n =

4-6, complexes in the gas-phase using these same methods.
4.3 Experimental

Platinum-carbonyl cation complexes are produced by pulsed laser vaporization (355 nm;
Spectra-Physics INDI 30-10) of a '3 inch platinum sample mounted in a rotating rod, pulsed nozzle
source. The holder used in these experiments has the so-called cutaway configuration, and the entire
apparatus has been previously described in detail.”’ The expansion gas is a mixture of 2-4 % CO in
Ar, by partial pressure. A few drops of water are added to the gas lines to facilitate the growth of
cationic metal-ligand complexes, as discussed elsewhere.”” By changing the vaporization and/or
pulsed nozzle parameters, various size distributions are produced. Figure 4.1 shows a typical mass
spectrum obtained for complexes of the type Pt'(CO),. These complexes are mass-selected and de-
tected with a modified reflectron time-of-flight mass spectrometer. Mass spectra are recorded with a
digital storage oscilloscope (LeCroy "WaveRunner" LT342) connected to a PC computer via a
standard IEEE 488.2 interface. Tunable infrared radiation is produced with a specially designed in-
frared optical parametric oscillator/optical parametric amplifier (OPO/OPA) system (LaserVision)
pumped with a high power Nd:YAG laser (Continuum 9010). The linewidth of the OPO is about
0.3 cm™ and the pulse energy is about 1 mJ in the region scanned for this experiment. Excitation of
the mass-selected ions takes place in the turning region of the reflectron, and fragment mass analysis
occurs in the flight tube section located after this. Monitoring the fragment ion yield as a function
of the infrared frequency in the vicinity of the free C-O stretching vibration (2143 cm™) generates an

infrared action spectrum.
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Figure 4.1 Mass Spectrum of Pt"(CO),. The smaller peaks are molecular clusters of (CO)," and

H;07(CO),. That platinum metal cation peak is off-scale.
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4.4 Results and Discussion

The laser vaporization source efficiently generates different sizes of platinum-carbonyl
cations as well as other species with much lower concentrations. Figure 4.1 shows the mass spec-
trum of Pt'(CO),, for n up to about 24, where the platinum cation peak is off-scale. Depending on
source conditions, complexes up to n = 30 can be grown, as discussed below; the focus of this study
is for complexes with n = 4-6. The small mass progressions interspersed between the Pt'(CO),
masses are the molecular complexes (CO)," (beginning with n = 4) and H;O"(CO), (beginning with
n = 4). The salient feature of the mass spectrum is the significantly enhanced intensity for the n = 4
mass channel, which occurs independent of the instrument’s source or mass spectrometer focusing
conditions. This observations suggests that the n = 4 complex is more stable than other complex

sizes, which might indicate a preferred coordination number for gas phase platinum cations.

Traditional inorganic chemistry interprets the strongly bound, stable metal carbonyls in light
of the 18-electron rule. In fact, nearly all transition metal carbonyl species strictly adhere to this rule.
According to this rule, each CO molecule donates two electrons in a dative binding interaction.
However, one well-known, notable exception to this rule is the neutral V(CO)s complex. This com-
plex has 17 electrons, but its nearly-full d shell result in a chemically stable complex that is very close
to the 18-electron count. While no stoichiometries of Pt'(CO), can yield exactly 18 valence elec-
trons, the n = 4 complex has an electron count of 17, similar to that in the neutral vanadium
carbonyl complex. The n = 5 complex has 19 electrons, which should result in a much less stable

complex. Based on this rule, we can then suggest that the coordination number of the platinum

cation with CO should be four.
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To investigate the cation coordination in more detail, we measured the fragmentation behav-
ior of these complexes via photodissociation mass spectra, which is shown in Figure 4.2. For these
measurements, a particular mass channel was selected and the infrared laser scanned in the region
where the C-O stretching resonances are expected, until a photodissociation signal was found. Mass
spectra were then recorded with the photodissociation laser "off" and subtracted from that recorded
with the laser "on". The resulting difference spectrum shows the breakdown of a parent ion into
fragment ions. In the case of the n = 1-3 complexes, no fragmentation signal could be found. We
do expect that these metal complexes have infrared-active vibrations somewhere in this C-O stretch-
ing region. However, the lack of any observed photodissociation indicates that the platinum cation-
carbonyl bonds for these smaller complexes are too strong to be broken by the energy of the in-
frared excitation. We then must conclude that the Pt'(CO),, n = 1-3, bond energies exceed the in-
frared photon energy that would excite the C-O stretches in these complexes, i.e., they are greater
than ~2150 cm™ (6.1 kcal/mol). Thus, we may surmise that those that do dissociate have CO bind-

ing energies that are less than the photon energy absorbed by each complex.

The larger complexes with n > 3 CO ligands do give a photodissociation signal. As indicat-
ed, there is only one fragment channel for each of these complexes. For the n = 4 complex, it was
necessary that the photodissociation laser fluence be high to initiate the loss of CO, and as shown in
the figure this complex has a poorer signal-to noise ratio than the larger complexes. For the n =5
complex, the fragment channel is loss of a single CO. For the n = 6 complex, the sole fragment
channel is loss of two CO ligands, with little or no single-CO loss channel present. Because the fre-
quency shift in the C-O stretch for the n = 4-6 complexes is very nearly the same, we can suggest
that the n = 5 and 6 have configurations in which the fifth and sixth CO do not bind directly to the

metal ion, as discussed below. For the n = 5 and 6 complexes the infrared laser pulse energy em-
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Figure 4.2 Difference mass spectra for the complexes Pt"(CO),, n = 4-6. In all cases the mass de-
pletion of the parent ion is off-scale. The fragmentation patterns of the larger complexes and the
lower signal-to-noise for the n = 4 complex suggest a coordination number of four for platinum

cation, as discussed in the text.
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ployed here is approximately 1 m]/pulse, with an unfocused ~4 mm diameter spot size, and these
fragmentation channels vary with the laser pulse energy consistent with a single photon process.
Fragmentation for the n = 4 complex could only be detected with a poor signal-to-noise ratio with a

focused, high fluence IR laser beam.

To measure vibrational spectra for these complexes, we record the wavelength dependence
of their fragmentation yields. As mentioned, for the n = 1-3 complexes, no photodissociation was
observed, and so we could not study these systems in this way. This is not surprising, as Armen-
trout and coworkers have measured binding energies using collision induced dissociation (CID) for
Pt"(CO),, and they report energies of 50.6 (17 700 cm™), 46.0 (16 100 cm™), 23.5 (8240 cm™) and
12.7 (4450 cm™) kcal/mol for the n = 1, 2, 3 and 4 complexes, respectively.” Clearly with these high
binding energies, single photon photodissociation in the C-O stretching region is impossible. Multi-
photon absorption is not a tenable route to photodissociation here as more than 15 photons would
be required for the n = 3 complex, and this process is inefficient due to the low laser power avail-
able. The usual method for investigating strongly-bound systems like these is rare-gas “tagging”, in
which a more weakly bound rare gas atom is added to the complex to enhance its photodissociation
yield.””* %% e were able to tag a small amount of the n = 1-3 complexes with argon atoms but
saw no fragmentation, so were to study these complexes in this way. While we were unable to ob-
tain a computed or measured value for the binding energy of platinum cation to Ar, the neutral PtAr
dimer is calculated to have D, = 6.99 kcal/mol (~2447 cm™).”” This binding exceeds the energy of a
single 2150 cm™ (6.1 kcal/mol) photon. Moreover, it is reasonable to expect that the binding energy
of the cationic Pt"Ar dimer should be appreciably higher than that for the neutral dimer. So, it is

not surprising that we were unable to observe fragmentation for the Ar-tagged small complexes.
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Figure 4.3 Infrared resonance enhanced photodissociation spectra for Pt'(CO),, n = 5 and 6. No
photodissociation was observed for the n = 1-3 complexes, and the spectrum of the n = 4 complex
was noisy with apparent multiphoton absorption (discussed in the text). The free CO stretch (2143

cm™) is indicated with a dashed vertical red line.
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Tagging with the rare gas neon would probably improve the photodissociation yield, as it is less po-
larizable than Ar and thus generally has a weaker binding to cations. But we were not able to suc-
cessfully tag any complex with Ne. Therefore, we were unable to obtain any spectra for the n = 1-3

complexes.

The n = 4-6 complexes do fragment in the 2150 cm™ region. The resonance-enhanced pho-
todissociation spectra for these complexes are presented in Figure 4.3. The n = 4 complex did frag-
ment, but it spectra was very noisy and is discussed in more detail below. In the figure, the funda-
mental frequency for the C-O stretch in the isolated CO diatomic molecule (2143 cm™) is indicated
with a vertical dashed red line. All of these complexes have spectra with single peaks that are slightly
shifted to higher frequency than this value. The single peak in the C-O stretching region suggests
that these complexes have high symmetry, with equivalent CO ligands, as more than one infrared
band would otherwise be expected here. Table 4.1 presents the observed vibrational frequencies
and their shifts relative to the free CO stretch. The n = 4 complex has a poor signal-to-noise ratio
with a broad single band at 2155 cm’, which is shifted 12 cm™ to the blue from the free CO band.
This is the largest blue shift seen in this study. The n = 5 and 6 complexes each have single bands
each at nearly the same positions as the n = 4 complex. Most likely, the spectra recorded for these
complexes is actually that of Pt'(CO), with the fifth and sixth CO ligands binding in 2 CO-CO intet-
action rather than directly to the metal. Therefore, we can suggest that the bonding motif for the n
= 5 and 6 complexes is actually that of 4+1 and 4+2 CO ligands, respectively. For the n = 5 com-
plex the resonance lies at 2155 cm’', corresponding to a vibrational shift of 12 cm™ to the blue of

free CO. The n = 6 complex displays a resonance at 2153 cm’, which is blue-shifted 10 cm™.
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TABLE 4.1 Observed vibrational frequencies and their shifts relative to free CO (2143 cm™).

binding energy, vibrational frequency (cm™)
complex (kcal/mol) calculated observed shift, Av
Pt (CO) 50.6 2262 2205 62
Pt (CO), 46.0° 2262 2210 67
Pt (CO); 23.5° 2243 2208" 65
Pt'(CO), 12.7° 2212° 2155, 2155, 2153¢ 12,12, 10

* taken from Reference 23
®in a frozen Ne matrix, Reference 32

¢ Frequencies for the n = 4, 5 and 6, respectively from this work. The n = 5 and 6 complexes exhib-

it spectra are that of the n = 4 complex with second-sphere CO ligands.
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As noted above, blue-shifted CO vibrations have also been documented previously for the
condensed phase Pt**(CO), complex in acidic environments.” While a direct comparison is not
possible due to the difference in charge state, it is reasonable to expect larger blue-shifts for the dica-
tionic platinum species than the monocations in this study. Also, findings have been reported on
cationic platinum carbonyl complexes isolated in rare gas matrices. In the condensed phase, the
measured blue-shift is 118 cm™ for the n = 4 dicationic complex. Our monocation gas-phase spec-
tra begin with the n = 4 complex, and the qualitative trend of blue-shifted CO stretches is evident,
but due to differing charge states, no further conclusions may be drawn. In matrix-isolation studies,
shifts of 62, 67 and 65 cm™ were observed for the n= 1, 2, and 3 complexes, respectively. Again, we
do not have a direct comparison to our values for the n = 4-6 complexes. However, the qualitative

agreement in blue shift upon binding to cationic platinum is present.

Armentrout et al. used CID to determine the binding energy of the last CO for the n = 4
complex to be 12.7 + 1 kcal/mol (4436 + 400 cm™), as mentioned above.” Likewise, using density
functional theory, they calculated a binding energy for the last CO to be 9.7 kcal/mol (3402 cm'),
which is in reasonable agreement with their experimentally-determined value. But in a poor signal-
to noise spectrum for the n = 4 complex, we see fragmentation near 2150 cm™ (6.1 kcal/mol). Un-
like the n = 5 and 6 complexes, this photodissociation yield could only be obtained at very high laser
fluence. The IR laser was double-passed through the reflectron with a concave focusing mirror to
increase the radiation density in the turning region. Hence we may have been observing fragmenta-
tion consistent with a two photon absorption. This seems likely as two resonant IR photons would
have energies comparable to the computed and measured values in the CID study. Because multi-
photon absorption efficiency is poor, a low photodissociation yield and noisy spectrum for the n = 4

complex result. No binding energies are available for the n = 5 and 6 complexes, but the low IR
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laser fluence photodissociation breakdown patterns shown in Figure 4.2 indicate that they both frag-
ment to the n = 4 terminal ion. We can then say that the binding energy of these fourth and fifth li-

gands has an upper limit of 2150 cm™ (6.1 kcal/mol).

If the coordination number of the gas-phase Pt cation is four, as suggested by Armentrout
and coworkers and our photodissociation breakdown patterns, then the fifth and sixth ligands can
be thought of as binding in the second coordination sphere with a purely ligand-ligand interaction.
Therefore the spectra recorded for the n = 5 and 6 complexes is actually that of Pt'(CO), with addi-
tional "tagging" CO molecules, as mentioned above. The binding energy of the CO dimer is report-
ed to be 155 cm™,” and these weak interactions lead to efficient fragmentation with a single ~2150
cm’ photon, as observed. In our previous work we have seen that when a ligand begins binding in
the second sphere, an additional band grows in that is very near the free molecule's vibrational fre-
quency. However, no additional bands are observed here. We saw this same behavior in our
Au’(CO), IR study as well as our studies of transition metal cations with N,.*> "% As discussed in
those papers, this phenomenon is not surprising. In the case of CO, the dipole moment is small
(0.11 D) and its infrared intensity may be negligible compared to the metal-bound carbonyl stretch-
es. In the case of the metal-N, complexes, the N, is only IR active upon binding to the metal ion.
Since the unbound molecule has no dipole moment and is not IR active except when bound to the
metal, its IR intensity would limit detection. Based on the enhanced ion intensity for the n = 4 com-
plex in the mass spectrum and the photodissociation breakdown patterns, we concur with the
above-mentioned Armentrout et al. paper that the coordination number is four for gas phase plat-

inum cation and that it possesses a highly symmetric geometry.
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Each of the spectra recorded for the n = 4-6 complexes exhibit only one band, indicative of
a highly symmetric structure for the direct ligand-to-metal Pt (CO), complex. The most likely struc-
ture for this complex is then either tetrahedral or square-planar. In fact, Armentrout et al. have de-
termined that the n = 4 complex is square planar with a slight distortion towards tetrahedral.”’ They
argue that the slight distortion is the result of four CO ligands avoiding direct interaction with the
d,».,» orbital, which contains the unpaired electron in the d’ ion. Based on our spectra, we can only

conclude that the n = 4 complex has a highly symmetric structure.

The shifts to higher vibrational frequencies occurring in nonclassical systems have been dis-
cussed extensively in the literature. The binding interaction in normal metal carbonyl systems is ex-
pected to involve o-donation from the 50 HOMO and metallic 7 back-donation into the 21r*
LUMO on CO. As noted for most other metal carbonyl complexes, the back-donation is a much
more significant factor in the bond energies and frequency shifts. However, because of platinum
cation's incompletely filled d’ configuration, back-donation, while clearly present, is sufficient only to
mostly offset the electrostatic o-type interaction. As discussed in our work with gold carbonyl, early
suggestions for the origin of the shift to higher C-O stretching frequencies claimed that the 50
orbital of CO has partial anti-bonding character.” However, Lupinetti et al. investigated this propos-
al with studies that compared the effect of placing a charged atom at either of the two ends of the
carbonyl and found that attachment at the oxygen end did not produce the same frequency shift as
attachment at the carbon end.” Upon binding of a CO to a cation, the removal of 5¢ anti-bonding
character in the HOMO of CO should have been possible in either configuration, which does not
agree with the Lupinetti et al. findings. Instead, they were able to show that an electrostatic orbital
polarization effect is responsible for the C-O blue shift. In the isolated CO molecule, the bonding

orbitals in the valence shell have more electron density on the oxygen, and are thus unbalanced,
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which limits the effectiveness of the binding. However, attachment of an ion on the carbon end of
CO induces a polarization that effectively balances the orbital density on both atoms, thus enhanc-
ing the binding. This is the effect that is now generally attributed to cause the C-O stretch to shift

to higher frequencies in these non-classical systems.

However, unlike our findings on gold carbonyl complexes, the shifts observed here are only
slight (< 12 cm™). This points to a bonding interaction that includes more than a simple electrostatic
o-type interaction. Back donation by the platinum cation's incompletely filled d orbitals apparently
causes a near-canceling effect of the blue shift on the C-O stretching frequency. As Strauss and
coworkers suggest, simple labeling of classical or nonclassical based on vibrational shifts alone is not
sufficient to understand the real interplay in the two bonding motifs."” 4/ metal carbonyl systems
have o-type interactions which are nonclassical in nature. However, o5t metal carbonyl systems
also have dominant off-axis back bonding effects that usually result in red-shifted vibrational spec-
tra. In the case of these larger gas phase platinum carbonyls, these effects almost cancel and it is not
adequate to simply label these systems nonclassical based on their ~10 cm™ blue shift alone. To fur-
ther understand gas phase Pt'(CO), complexes, a higher-level theoretical treatment of these two pri-
mary interactions could better quantify their relative contributions, although the platinum ion does

present significant challenges to theory because it is open-shell and requires a relativistic treatment.
4.5 Conclusions

Complexes of the form Pt+(CO)n have been generated with a laser vaporization source and
investigated with infrared photodissociation spectroscopy. Mass spectra and photodissociation pat-
terns indicate that gas-phase platinum-carbonyl complexes may have a preferred coordination num-

ber of four, which is supported by an electron count of 17, close to the 18-electron rule requirement.
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No fragmentation was observed for the Pt'(CO),, n = 1-3 complexes due to high binding energies
for the complex and their Ar tagged counterparts. The vibrational spectra of the n = 4-6 complexes
all exhibit slight blue-shifts from the free carbon monoxide stretch, qualitatively consistent with pre-
vious condensed-phase measurements and matrix-isolation studies. Single bands are observed for
each of the complexes studied in the C-O stretching region, consistent with high symmetry struc-
tures. In support of Armentrout and co-workers' CID and DFT studies, we can therefore conclude
that Pt"(CO), has a near square-planar structure. The n = 4 complex yielded a noisy photodissocia-
tion spectrum with most likely a two-photon absorption. Such a multiphoton process in this com-
plex is in excellent agreement with the binding energy determined by Armentrout and coworkers in
CID measurements. The n = 4 and 5 complexes fragment with efficiency in a single photon
process. The improved signals for these complexes, as well as the enhanced intensity for the n = 4
complex in the mass spectrum and the breakdown patterns for these larger complexes suggest that
the coordination number for gas phase Pt" is indeed four, in agreement with the work of Armen-

trout's group.

The magnitude and direction of a complex's vibrational shift relative to the free CO mole-
cule is a result of a synergistic effect of electrostatic o-type bonding and 11 back bonding from the
metal d-orbital electrons to the antibonding orbitals on CO. The bonding in these complexes is one
of a dative interaction in which the lone pair density from the carbonyl ligand is nominally donated
into the empty s orbital of the Pt" ion. The electrostatic bonding polarizes the CO ligand, shifting
its vibrational frequency to values higher than those in the free CO molecule. However, this effect
is largely offset by back donation of partially filled d orbital of Pt™ to the T* orbital of CO. Thus the
small magnitude of the observed blue-shift in these complexes suggests a system in which the effects

attributed to the Dewar-Chatt-Duncanson bonding model are largely canceling. The interplay of
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these bonding motifs has been discussed at length in previous theoretical work. This experimental

study provides the first look at the frequency shifts for the n=4 complex.
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CHAPTER 5

IR SPECTROSCOPY OF M*(acetone) COMPLEXES (M = Mg, Al, Ca):
CATION-CARBONYL BINDING INTERACTION'
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5.1 Abstract

M"(acetone) ion-molecule complexes (M = Mg, Al, Ca) are produced in a pulsed molecular
beam by laser vaporization and studied with infrared photodissociation spectroscopy in the carbonyl
stretch region. All of the spectra exhibit carbonyl stretches that are shifted significantly to lower fre-
quencies than the free-molecule value, consistent with metal cation binding on the oxygen of the
carbonyl. Density functional theory is employed to elucidate the shifts and patterns in these spectra.
Doublet features are measured for the carbonyl region of Mg" and Ca” complexes, and these are as-
signed to Fermi resonances between the symmetric carbonyl stretch and the overtone of the sym-
metric carbon stretch. The carbonyl stretch red shift is greater for Al” than it is for the Mg" and Ca”
complexes. This is attributed to the smaller size of the closed-shell Al", which enhances its ability to
polarize the carbonyl electrons. Density functional theory correctly predicts the direction of the

carbonyl stretch shift and the relative trend for the three metals
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5.2 Introduction

Metal ion complexes in the gas phase may serve as model systems for metal ion solvation,"”
metal-ligand interactions,”® and the binding of metal cations in biological systems.”” Many bio-mol-
ecules and proteins possess sites for metallic binding facilitating enzymatic activity and enhancing
metabolic function. In such biological systems, the cation often binds to the carbonyl of the amino
acid.”"® Vibrational spectroscopy is often used to investigate structure and bonding, but in biological
systems, the carbonyl region of the infrared spectra (known as the “amide I”) is often cluttered by
absorptions from other functional groups on the protein.'”* In the infrared study presented here,
we pinpoint the carbonyl-cation interaction with cation-acetone complexes of magnesium, alu-
minum and calcium in the gas phase. By probing the spectroscopy in the stretch region of the
carbonyl, we investigate the effects of cation binding for different metals and compare with theory
to elucidate the structures of these complexes.

There has been much previous work with metal ion complexes of magnesium, aluminum

19-28

and calcium using mass spectrometry. To obtain dissociation energies for these metallic com-

plexes, collision-induced dissociation has been used.”*® Complexes of Mg" and Ca* have served as

ideal systems to probe with electronic spectroscopy because of their convenient, low-energy p+s

2, 29-60

transition. Mg (acetone) has been studied with fixed frequency photodissociation at 355 nm.”

In contrast, complexes of aluminum have less accessible electronic spectra,” but tend to have low

62-65

ionization potentials, " which are conducive for ZEKE or MATT photoelectron spectroscopy stud-

: 63-69
1€s.

More recently, complexes of Mg', Al" and Ca" with various ligands such as CO,, H,O,
CH;OH and NHj; have been probed with infrared photodissociation spectroscopy.”” Lisy and co-

workers have studied the infrared spectroscopy of alkali cation-acetone complexes in the C-H
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stretch region.” Furthermore, ab initio calculations have investigated the energetics of bonding and

: 45-50, 70, 73-78, 80-85, 86-98
the structures of these metal ion-molecule complexes.”™ " ™ 7 %5

Until recently, applications of infrared spectroscopy for the structure determination of
cation-molecule species have been rather limited because tunable infrared light sources were not
generally available. Previous studies have employed bench-top optical parametric oscillator/optical
parametric amplifier (OPO/OPA) systems producing tunable light in the near-infrared regions of
the spectrum, from 4500 to about 2000 cm™,””” but the lower frequency region (< 2000 cm™), the
so-called fingerprint region, was limited to large and expensive free-electron lasers (FELs). FELs
have been used recently to study amino acids or peptides bound to metal cations.” ' But relatively
recent developments have extended the infrared range of bench-top OPO/OPA systems to ~700

100, 107

cm’ using difference-frequency mixing in AgGaSe, crystals. Johnson and co-workers have em-

ployed this technology recently to study hydroxide-water anions and protonated water clusters.'”""
In the work presented in this chapter, we use the extended IR tuning range afforded by the AgGaSe,
crystal to probe metal cation-molecular complexes for the first time. We provide here a study of
cation-acetone complexes probing the carbonyl stretch regions near 1700 cm™. In conjunction with

theoretical calculations, we investigate the structures and bonding interactions of magnesium, alu-

minum and calcium cation-acetone complexes.

5.3 Experimental

Metal ion complexes with acetone are produced by pulsed laser vaporization (355 nm; Spec-
tra-Physics Indi 30-10) of the respective metal rod samples in a rotating rod, pulsed nozzle source.”
™ Acetone is added to the argon expansion gas at ambient pressure and temperature. In the source,

many species form and are jet-cooled, including complexes of the form M (acetone), for n = 1-25
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and M+(acetone)nArm for n = 1-10 and m = 1, 2. These complexes are analyzed with a reflectron
time-of-flight mass spectrometer, as described previously.>”* Individual species can be mass selected
for isolation and study. Figure 5.1 shows a typical mass spectrum for M’ (acetone), where in this
case M = Al. In Figure 5.1, source conditions are chosen such that no aluminum cation is produced,
as shown. The mass peaks interspersed throughout the lower mass region include various complex-

es of Al"(acetone), with water and/or argon.

Tunable infrared radiation is produced with a specially designed infrared OPO/OPA system
(LaserVision) pumped by a high-power, injection-seeded Nd:YAG (Continuum 9010) laser at 10 Hz
repetition rate. Approximately one-third of the total pump energy (~600 m]/pulse) is converted to
the first harmonic of the Nd:YAG (532 nm) to pump the oscillator section of this system, which
employs two KTP crystals. The remaining pump energy is mixed with the idler from the oscillator
stage in two pairs of KTA crystals generating a signal (2000-4500 cm™) beam and an idler
(5000-7500 cm™) beam. These beams are subsequently difference frequency mixed in an AgGaSe;
crystal (LaserVision, 7 x 7 x 25 mm; 54° cut) producing the desired output near 1700 cm™ with an
energy of about 250 pJ/pulse. The crystal of this particular cut provides useful IR over the range of
about 700 to 1850 cm™. We performed scans here for all three complexes in the region 1550 to
1850 cm™, where the carbonyl stretch resonances are expected.

111

Density functional theory (DFT) calculations (Gaussian 03W)  were carried out at the

B3LYP level using the 6-11+G** basis set on the M (acetone) and M (acetone)Ar complexes.'> '

Vibrational scaling factors in the range of 0.96-1.00 were investigated to determine the best value ap-

propriate for these metal cation-carbonyl complexes.
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Figure 5.1 Typical mass spectrum for M'(acetone), complexes showing additional clusteting
with argon and water in the low masses for M = Al. Source conditions were chosen such that no

aluminum cation was produced.
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5.4 Results and Discussion

The laser vaporization source efficiently produces ample amounts of the M (acetone), com-
plexes for study here as well as tagged species with one or more argon atoms. The metal cation-ace-
tone binding energy has been determined previously by both experiment and theory for these three

8% As shown in Table 5.1, these energies are more than 40 kcal/mol (14 000 cm™).

metals.
Hence infrared excitations near 1700 cm’, the fundamental frequency of the carbonyl stretch, do
not have enough energy to break these bonds. Thus we must use the technique of rare gas atom
tagging with argon to achieve detectable photodissociation with our instrument.’ 7 7078 105110 114118
Table 5.1 also presents the binding energy of argon to the metal cations, and in every case the
known binding energy in the M"-Ar diatomic molecules is much less than 1700 cm™. Hence we ex-
pect that the argon binding energy in the M (acetone)Ar complexes will also be less than carbonyl

stretch frequency. And we do observe that all three M (acetone) Ar complexes dissociate efficiently

with infrared excitation in this region by losing the argon atom.

Figure 5.2 shows the infrared photodissociation action spectra of the three M"(acetone)Ar
complexes, as measured in the argon-loss mass channel. As shown, all three systems exhibit reso-

nances near 1700 cm”. No other resonances were observed in the region scanned, 1550 to 1850

-1 119
>

cm’'. The carbonyl stretch in the free acetone molecule occurs at 1731 cm™,'"” which is indicated in
the figure with a vertical blue dashed line. As shown, the resonances in the metal cation-acetone
complex all occur at lower frequencies than the value for the free molecule. The dissociation yield is
greater for the Mg™ and Al complexes than for the Ca” complex. This accounts for the different

relative signal/noise levels in these three spectra. Two bands are found in this region for the Mg"

and Ca" complexes, whereas the Al" complex has only one. However, the Al" complex shows a
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TABLE 5.1  Binding Energies of Complexes Relevant to the M (acetone) Study.

energy (kcal/mol)
complex theory experiment
Mg (acetone) 41.3" 41.4°
45.6°
Al (acetone) 41.5
42.7°
Ca’(acetone) 41.0°

Mg+Ar
Al"Ar

Ca'Ar

3.70 (1295 cm™)¢
2.81 (982 cm™)’

2.00 (700 cm™)2

* Reference 99.

® Reference 27.

¢ This work.

4 Reference 81.

¢ References 34, 35.
" Reference 62.

8Reference 39.
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Figure 5.2  Infrared photodissociation spectra of Mg', Al" and Ca” complexes with acetone in
the carbonyl stretching region. The argon-tagged complex was mass-selected, and the channel cor-
responding to loss of argon was recorded. The blue dashed line indicated the free-acetone stretch.
The red lines indicate the predicted C=O stretch frequency from density functional theory calcula-

tions using a scaling factor of 0.990.
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greater shift with respect to free acetone than the bands in the Mg+ and Ca* spectra. To understand
these spectra more fully, we consider the origin of the red-shifted bands and the doublet structure

present for the Mg" and Ca” complexes, but absent from the Al" complex.

Upon binding to a metal, it is often seen that the vibrational frequencies of molecular ligands
are red-shifted in frequency compared to those same vibrations in the corresponding free molecule.
In conventional inorganic and organometallic chemistry, this phenomenon is observed for the bulk
120, 121

of all metal-carbonyl complexes in the condensed phase (so-called classical metal carbonyls).

Our group has observed similar trends for isolated gas-phase species, where the ligand was acety-

125-127 128, 129

lene,"” ' benzene,”* water, or nitrogen. Hence the strong shift of the carbonyl stretch

>
observed here is consistent with a metal ion binding to the carbonyl of acetone, as one would antic-
ipate from electrostatic considerations. In all of these systems, the cation withdraws bonding elec-
tron density from the on-axis highest occupied molecular orbitals of the ligand in the region of the
cation attachment via 0 donation. In transition metals, 1 back bonding may also be present, which
offers d-electron density to low-lying off-axis antibonding orbitals on the ligand, thereby weakening
the ligand’s bond and subsequently its stretching frequency. However, these three metals studied
have no partially filled d orbitals, and o—type donation is the sole component for interaction with
the acetone molecule. If these metal ions bind to the carbonyl of acetone, then the orientation is
different from conventional metal-carbonyl complexes but the mechanism of charge transfer should
be similar. The highest occupied molecular orbital of acetone is the nominally non-bonding b,
orbital containing the oxygen lone-pair electrons, but this orbital also has partial binding character.

The next lowest TI-bonding b; orbital has density in the same spatial region. Binding on the oxygen

end of the acetone carbonyl can polarize both of these orbitals. Therefore, we suggest that the met-
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TABLE 5.2 Energetics and Selected Vibrational Frequencies Calculated with Density Functional
Theory for These Metal Cation-Acetone Complexes®

M'-L Binding Energy, D.

complex (kcal/mol) vibrational frequency (cm™)

Mg (acetone) 45.6 M"-L stretch 309
sym. C-C-C- str. 839
C=0 stretch 1680 (1663)

Al” (acetone) 42.7 M"-L stretch 283
sym. C-C-C- str. 842
C=0 stretch 1630 (1614)

Ca’(acetone) 41.0 M"-L stretch 255
sym. C-C-C- str. 831
C=0 stretch 1686 (1669)

* The C=0 frequencies in parentheses are those resulting from using a scaling factor of 0.990.
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al ion binding to the carbonyl of the acetone molecule withdraws bonding electron density from the
carbonyl moiety, and this action is observed as a lower frequency of acetone’s carbonyl stretching vi-

bration relative to the free molecule.

To be more quantitative about these vibrational shifts, we have investigated each of these
complexes with density functional theory (DFT) calculations. We have studied both the neat
M"(acetone) complexes as well as those tagged with argon. These data are summarized in Table 5.2.
We find lowest energy structures for all complexes that have the metal cation binding on the oxygen
cation, maintaining the overall C,, symmetry of the complex, as shown in Figure 5.3. Although dis-
sociation energies with DFT are not expected to be quantitative, the complex binding energies fol-
low the trend Mg" > Al" > Ca". In the case of the Mg" complex, our binding energy is comparable
to, but slightly higher than, the value calculated previously,” and it is in reasonable agreement with
available experiments.” The argon complexes each bind the rare gas on the metal ion. There are
only slight energy differences between configurations with the rare gas on the C, axis in a linear O—
M™-Ar configurations, as opposed to a bridging structure with it interacting with both the metal ion
and a C-H hydrogen. For Mg" and Al’, the argon bridging configurations are preferred, whereas
Ca" prefers the linear O-M"-Ar configuration. We have discussed the tendency of Mg" and Al” to

. . . . 66-74
form such bent di-ligand configurations in our previous work.”

The DFT frequencies of the acetone-based vibrations in all three complexes are virtually un-
changed (shifts of 1-2 cm™) by the addition of the argon, regardless of its position. The carbonyl
stretch frequency calculated for each complex is shown in Figure 5.2 as a vertical red bar. As indi-
cated, DFT predicts that the carbonyl stretch undergoes a red shift upon binding to each of these

metal cations. The relative amount of the red shift calculated (greater for the aluminum complex
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Figure 5.3 Structures calculated with DFT for the three metal cation-acetone complexes (metals are
indicated by green) and their argon (blue) tagged complements. The structural parameters are given

in the accompanying tables.
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M" M-O (A C=0 (A) C-C-C Angle
Mg 1.975 1.245 119.3°
Al 1.943 1.253 120.0°
Ca 2.217 1.241 118.9°

M M-Ar(d) M-O @A) C=0 (A) C-C-C Angle

Mg 4.314 1.977 1.244 119.3°

Al 4.579 1.943 1.253 120.0°

Ca 3.958 2.217 1.241 118.9°
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than for the other two complexes) is also consistent with the experiment. However, the quantitative
positions of the vibrational bands calculated depend on the vibrational scaling factor applied, as dis-

cussed below.

DFT theory computes harmonic vibrational frequencies that are expected to be higher than
the actual anharmonic vibrations in these molecules. To compensate for this discrepancy, a scaling
factor is usually applied. Comparing our DFT calculation for the free-acetone carbonyl stretch to
the experimentally observed value for this vibration, we derive a scaling factor of 0.969. However,
application of this multiplier to the metal ion complexes’ DFT-calculated vibrations leads to an exag-
gerated prediction for the red shift of the carbonyl vibration in all three systems. Such application
yields theoretical frequencies that fall 20-45 cm lower than the experimentally observed values.
This overcorrection to the predicted frequencies is surprising, as DFT frequencies scaled similarly
have led to near-perfect agreement with the our previously measured vibrational spectra for other li-
gands in higher frequency regions of the spectrum (> 2000 cm™).""™ 22126 211258 Tt ig well known
that scaling factors become closer to unity as the frequencies of the vibrations become lower." It is
not obvious what scaling factor is appropriate here because there have been few previous studies to
similar systems. Furthermore, scaling factors derived from organic ligands may pose problems when
applied to inorganic complexes. The unscaled values for the carbonyl stretch frequencies we calcu-
lated are presented in Table 5.2. We experimented with different trial values for the scaling factor to
investigate the appropriate value to use for these systems. We find that a value of 0.990 leads to
good agreement between experiment and theory for all three complexes. This value is shown with
the red bars in Figure 5.2. This same problem of carbonyl scaling factors has been recognized al-

ready in one previous infrared study of cationic amino acid and peptide ions."”"
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The doublet features observed here for the magnesium and calcium complexes can be inter-
preted with the aid of theory. As shown in Figure 5.2, only one infrared band is expected for each
carbonyl resonance. We explored different binding configurations for the metal ion interactions
with acetone and with argon, but in each case only one structure is found to lie at low energy.
Hence, this effectively rules out different isomeric structures as the source of the multiplet bands.
We also considered the possibility of the presence of both enol- and keto-tautomers as a source of
two isomeric structures giving rise to the doublets. But for all of these complexes, our DFT calcula-
tions show that the enol species lies at significantly higher energies (~10 kcal/mol) than the keto
form and is therefore not likely to be present. A final possibility for the multiplet structure near the
carbonyl stretch is a Fermi Resonance. Table 5.2 shows the frequencies calculated for other relevant
vibrations of these complexes. Fermi resonances may occur whenever there is an accidental near-
degeneracy of any two (or more) vibrational states having the same symmetry and frequency. In this
particular system, a, vibrational states that can couple with the carbonyl stretch may result from
fundamentals or combinations of a; modes or overtones of any modes regardless of their symmetry.
Of particular interest here, the symmetric C-C-C carbon stretch has the same a; symmetry as the
carbonyl stretch, and the overtone of this mode is almost exactly degenerate (within about 20 cm™)
of the carbonyl stretch for the Mg" and Ca" complexes. In the case of the aluminum complex
(where the carbonyl is much more red shifted) this combination is not nearly as close (the C=0O
stretch vibrations is more than 50 cm™ lower than the carbon stretch overtone). We therefore assign
the multiplet structure seen for the Mg" and Ca” complexes but not for Al" complex to a Fermi res-
onance between the carbonyl stretch and the symmetric carbon stretch overtone. To confirm this

possibility, we measured the spectrum for the Mg" complex with the °C isotopically substituted at
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the carbonyl carbon. The "C isotope substituted-acetone is shown above the "C species in Figure
5.4 below. In the C-substituted complex, a doublet is seen again, but both members are shifted to
the red compared to their positions in the unsubstituted species, and their relative intensities are
changed. This behavior is consistent with a Fermi resonance, confirming this as the most likely as-
signment for the doublets. We therefore take the average values of the doublets seen for the Mg"

and Ca" complexes as approximate measures of the actual carbonyl stretch frequencies.

Both the experiment and theory show a much greater shift of the carbonyl stretch of acetone
in the Al" ion complex compared to that of either Mg" or Ca’. As noted above, the red shift of this
vibration is associated with a charge-transfer effect caused by the cation polarizing the slightly bond-
ing lone pair electrons on the carbonyl. The electrostatics of such a charge induction are favored
when the charge is “focused” into a small volume so that it more closely resembles a point charge.
With its closed-shell configuration, Al" (3s”) has a smaller ionic radius (72 pm) than either Mg" (82
pm) or Ca” (118 pm),”" both of which have the ns' open-shell configurations. Consistent with this
smaller size, the Al" complex has the shortest M'-O bond distance of these three complexes. In
light of its smaller size and closer approach to the carbonyl, it is then understandable that the polar-
ization of the carbonyl is greatest for Al". Interestingly, although the vibrational shift is greatest for
Al", this complex is apparently not the most strongly bound of the three. It appears then that the vi-
brational shifts and the dissociation energies of these complexes do not follow the same trend. We
have found this same effect previously in a series of transition metal ion complexes with acetylene.'”
Frenking and co-workers have decomposed the various contributions to metal-ligand bonding and
have explained that vibrational shifts depends on the strength of the interaction but also on on the

details of the M"-L separation and the specific orbital interactions involved in bonding.'** *!
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Figure 5.4 Infrared photodissociation spectra of Mg’ (acetone)Ar with the carbonyl carbon substi-
tuted with the °C isotope in the upper trace and natural abundance acetone in the lower trace. For
the substituted complex, the shift of the doublet to lower frequencies and a shift in relative intensi-

ties are indicative of a Fermi resonance.
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5.5 Conclusions

Metal cation complexes, M (acetone)Ar (M = Mg, Al, Ca) are produced in a cold molecular
beam environment and studied with infrared photodissociation spectroscopy in the carbonyl stretch
region. These experiments are made possible by the availability of recent advances in technology al-
lowing crystals to extend the tuning range of infrared OPO/OPA laser systems to longer wave-
length region of the infrared spectrum. In addition to our IR-REPD experiments, the structures and
spectra of these complexes are investigated with density functional theory. The spectroscopy and
theory are consistent with structures having the metal cation binding on the oxygen of the carbonyl
for all three complexes. The carbonyl stretch vibrations in each of these complexes shifts to lower
frequency compared to its value in the free acetone molecule. This affect is attributed to a charge-
transfer interaction because the metal cation withdraws bonding electron density from the carbonyl.
The effect is greatest for the closed-shell aluminum cation because of its smaller size and greater
charge density, which enhances its ability to induce polarization of the carbonyl electrons. A Fermi
resonance between the carbonyl stretch and the overtone of the symmetric carbon stretch vibrations
leads to a doublet structure at the carbonyl band for Mg" and Ca” complexes. However, this acci-
dental degeneracy is not found for the Al" complex because the carbonyl stretch occurs at much
lower frequency relative to the overtone of the C-C-C symmetric stretch (~ 50 cm™). The qualitative
trends in the carbonyl stretch vibrational frequencies do agree well with theory, but the absolute val-
ues of the vibrational frequencies are sensitive to the scaling factors employed. We find that the best
overall agreement between theory and experiment in these simple model systems occurs when a vi-

brational scaling factor of 0.990 is employed.
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These acetone complexes provide useful models for cation-carbonyl interactions similar to
those that occur throughout chemistry and biology. Similar complexity from Fermi resonances for
vibrations may occur in the region of the carbonyl stretch for many metal-organic systems. It is also
likely that these same issues will arise in the amide I region of metal ion complexes with amino acids
and peptides as higher quality spectra become available for these systems. Bench-top OPO/OPA
systems provide significantly higher resolution than that available from FEL laser sources, making it
possible to observe this structure and to probe these spectra in more detail. Likewise, the issues
found here for vibrational scaling factors are likely to become relevant for the spectroscopy of many
new metal ion molecular systems as work progresses in the lower frequency regions of the infrared.
The singly charged metal ions studied here are clearly not in their most common charge states found
in solution or in biology. However, the features of cation-carbonyl interactions revealed here, in-
cluding the dependence on cation size and electronic structure rather than just binding energy, are

expected to be central issues as more realistic systems are investigated.
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We use laser vaporization coupled to a supersonic expansion to synthesize gas phase metal-
containing complexes for investigation. Due to the numerous controllable parameters, this method
for complex production lends itself well as the method-of-choice for studying many different kinds
of systems. The source can generate variable cluster species or metal-ligand complexes with variable
size. Moreover, this technique has proven its efficacy at generating relatively cold complexes. Cou-
pling this source to a modified reflectron time-of-flight mass spectrometer provides the capacity to
study systems with infrared photodissociation spectroscopy. The action spectra generated provide a
practical means for understanding structure, bonding and coordination numbers in metal-ligand
complexes. In this work, our instrument has been used to study the differing interactions of metal

carbonyl species in the gas phase.

Carbon monoxide is a unique molecule that often violates the paradigms in chemistry.
Upon examination of the electronegativities of atoms, one might suppose that the O end is more
negative in this diatomic. However, the opposite it true and the C terminus in the molecule bears
the partial negative charge due to the atom's larger atomic orbital contribution to the resultant mole-
cular orbital. Indeed, CO binds end-on through the carbon to a metal center. Such an end-on bind-
ing motif is observed for most metals and their ions. Carbon monoxide has a rich electron density
which can be activated for use in many laboratory- and industrial-scale synthetic processes. This
molecule can bind in a variety of ways to metal surfaces, as evidenced by vibrational spectra. And
when CO becomes bound up as a carbonyl functional group in an organic molecule, it can greatly
change the reactivity and geometry of that molecule. The carbonyl group is of fundamental impor-
tance even to life as an important constituent in the amide functional group of amino acids. Hence

CO and organic carbonyl compounds form a class of molecules that have important implications in
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fundamental synthesis work and catalysis as well as the characteristics of many other more biologi-

cally, economically and chemically important systems.

Many times these synthetic and catalytic pathways require the use of a metal center, metal
cluster or metal surface to coordinate, activate or direct the reactant-to-product conversion. Hence,
metal carbonyl species form an important component of traditional chemical compounds as well as
the biochemical processes of life and much work has attempted to understand their chemical behav-
ior. Interestingly, this class of inorganic complexes was one of the first to be synthesized, isolated
and characterized in the laboratory, nearly 150 years ago. And the basic framework for their bond-
ing, the Dewar-Chatt-Duncanson model, was proposed more than 50 years ago. Yet even today
they remain as important species for study as techniques improve and technology develops new
ways to probe their structure and chemistry. By and large, most metal carbonyl systems exhibit clas-
sical behavior, with significant metal backbonding, strong metal-ligand bonds, weak C-O bonds and
decreased vibrational stretching frequencies. However, there are documented observations that
nonclassical behavior is observed for certain metal carbonyl species. This dissertation has doc-
umented the IR vibrational spectroscopy of various metal carbonyl species in the gas phase generat-
ed with a laser vaporization/supersonic expansion source and probed with photodissociation action

spectroscopy.

Specifically, the work presented here has examined the vibrational shifts of gas-phase metal
carbonyl complexes relative to the free CO stretch. We provide the first evidence for such behavior
in gas phase atomic gold cation carbonyl complexes, in collaboration with theorists. In Pt"(CO),
complexes we have observed what we believe to be true a synergy in the two metal carbonyl bond-

ing motifs that leaved the bound carbonyl stretching frequency almost unchanged from the free CO
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stretch. This is evidenced by the very small shift observed in the vibrational spectra associated with
the n = 4 complex. Finally, we have examined the carbonyl stretches in M (acetone), M = Mg, Al
and Ca, and in conjunction with density functional theory understood their vibrational shift. Inter-
estingly, the acetone complexes with magnesium and calcium ions display a Fermi resonance, which
was not anticipated initially. For all of these metal ion ligand systems, the magnitude and direction

of the vibrational shifts give important clues as to the nature of the binding in these systems.

In a clearly nonclassical interaction, the Group 11 atomic gold cation shifts the stretching
frequency of CO significantly to the blue by 60-70 cm™. This points to a largely electrostatic type in-
teraction in which the dative bonding has little or no covalent character. Gold was chosen because
as a reactive surface it has received much attention in the recent decade. This noble metal, so named
because of it apparent inertness, has been found to lose its nobility and have high catalytic capacity
when subjected to specific environments. Additionally, condensed phase reports of gold carbonyl
species with counterions present have observed the blue shifts gold causes on carbonyl stretch fre-
quencies. It is unfortunate that we were unable to obtain spectra for the n = 1 and 2 complexes
even with Ar tagging, as these data would be able to provide a direct test of theory. The closed-shell
nature of Au" makes computational study more feasible so long as relativistic effects for the 5d ion
are considered. New improvements in the ability to attach very weakly bound tagging molecules or
atoms are underway with an modified and improved source design. Hopefully these improvements
will pave the way for Ne-, or even He-tagged complexes, which should fragment upon irradiation
with ~2150 cm™ or smaller photons. Furthermore it would be interesting to observe spectra for the
other Group 11 noble metal atomic ions, Cu” and Ag" complexed with CO. These are expected to

behave similatly to Au’, but experiments ate necessary to determine this.
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Unlike gold, platinum has long been known to be an effective reactive surface and is used
widely in synthesis and catalysis. The mass spectrum of Pt'(CO), shows a marked enhancement in
the intensity of the n = 4 complex. This enhancement can point to a coordination number for plat-
inum cation of four. Additionally, the breakdown patterns show that the larger complexes fragment
to the terminal ion n = 4. Consistent with this coordination number, the n = 5 and 6 IR spectra
have peaks that fall on top of the n = 4 spectrum, which implies that these larger complexes have a
4+1 and 4+2 binding configurations, respectively. This suggests that the three spectra obtained are
of the n = 4 complex with the fifth and sixth CO molecules binding in the second coordination
sphere. In our IR study of gas-phase atomic platinum cations with CO ligands, a definition as being
strictly classical or nonclassical is not so apparent. This open shell ion has an unpaired d electron
which can contribute to the back bonding. This apparent back bonding largely offsets the blue shift
resulting from the dative on-axis binding resulting in blue shifts near 10 cm™. No high level calcula-
tions for the platinum ion complexes are available as Pt has an open shell structure in addition to
requiring a relativistic treatment. We can however point to a highly symmetric structure for the n =
4 complex as evidenced by the single-peak spectrum. This finding is in agreement with previous
work using mass spectrometric methods and density functional theory to measure the structure and
binding energies of Pt"(CO)", n = 1-4 complexes. Like the gold complexes, it would be convenient
to be able to measure the smaller complexes, and hopefully improvements to our source will facili-

tate this.

While in the same vein as the cationic gold and platinum carbonyl studies, the metal acetone
studies here are slightly different. This was the first application of tunable far-IR generated by the
newly-available AgGaSe; crystal to study a metal-ligand complex in the gas-phase. This photodisso-

ciation study involved main group metals and the organic carbonyl acetone and calculations using
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density functional theory. Main group metals such as Mg, Al and Ca have significant importance in
biological systems, and this study was aimed at being a first step to understanding the binding of
metals to the amide moiety of an amino acid. To study these main group metal-acetone interactions,
we relied on the rare gas tagging technique, and the binding energies of Ar to Mg', Al" and Ca" are
such that efficient photodissociation was observed. Unlike transition metals, these main group met-
als can offer no d electrons for back bonding, so only an on-axis O-type interaction is expected.
Largely because of the binding motif (the metal binds to the O in the acetone carbonyl), significant
red shifts are observed in the vibrational spectra. But the unexpected observation of a Fermi reso-
nance for Mg" and Ca” complexes was determined to be from the accidental degeneracy of the first
overtone of the C-C-C stretch and the C-O stretch with density functional theory. While not being
quantitatively accurate in the magnitude of the shifts, DFT provided qualitative agreement with our
observations. The magnitude of the shifts can be understood in light of the relative ionic radii for

the three metals.

Determination of the structure, bonding and energetics in isolated complexes is a first step
that can lead to developments in new synthetic and catalytic routes for organometallic chemistry, un-
derstanding and enhancement of biochemical systems and our ability to test and better develop
theoretical models. Moreover, the path to chemical understanding results in improved insight and
hopefully an overall better appreciation of the Universe. Finally, to paraphrase Feynman, there is
pleasure in finding things out. Ultimately, the goal of any study is to provide added insight into the

nature of things, and hopefully we have scratched the surface here.
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