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Abstract
Anion photoelectron spectroscomyas used to study extreme examples of multiple metal
metal bonds, with formal bond orders hgh as six in order to obtain fundamental
information about the chemical bonding properties of both neutral and negatively charged
transition metal dimers. Anion photoelectron spectroscopyg also used to study small
organometallic complexes which cdulserve as models foanderstanding elementary
processes, such amrbonrhydrogenbond ativation and dehydrogenatigrthat occur in
reactions catalyzed by transition metalBensity functional theory (DFT) calculationgere
used to help assign electronstates as well adetermine theground and excited state
energies of heterobimetallic and organometallic complexes observeibim @hotoelectron
spectroscop experiments. Heterobimetalligibrationally-resolved spectra studiedclude
those ofNbCr andNbMo . These results demonstrated that both anions have a-shuséd
1Z* ground electronic state with di?d” “dif'sii® electron configuration, correspding to a
formal bond order of sixOrganometallicanions whosevibrationally-resolved spectravere
studied include NbGHs , NbGH4 , and NbGHs products produced via flow tube reactions
of Nb with GHe. The most abundant product anion in this experiment wasiiilbCwhich
indicates aoss of B from C4Hs upon reaction with a single Nb atom. A relativeimal
yield of NbGHs and NbGHs product anions indicagecarboncarbonbond activation,
carboncarbon bond formation and dehydrogenation. Isomeric structures ofthe
organomegallic products observed in teeexperimens were determined by DFT calculat®n
to be aCs five-memberedring for NoCHs , a planar G, > Nb-benzyne complexor

NbCsH4 , anda Gsy d® Nb-b e n z eamplexfor NoCsHs .
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11 INTRODUCTION

Gas phase Anion PhotoELectron Spectroscopy (here termed APELS) cate prov
valuable contributions towards the determination of physical and chemical properties of a
variety of neutral and negatively charged transition metal atoms, dimerssnaait
clustes. In order to expand on current knowledge, newly characterized sysiEms
organometait radicals and unsaturatecetatligand complexes using APELS can serve
as models for catalytic reactions that involve carbgdrogen bond activation, carbon
carbon bond activation, carb@arbon bond formation, and dehydrogenation. One
example is metainduced isomerizations of small hydrocarbons such as acetylene to
vinylidene, which can be explored further. Vinylidene can play an essential role in a
variety of catalytic processes such as olefin metathédesearchers studying metal
catalysts still lack fundamental information such as vibrational frequencies, electron
affinities (EA), equilibrium geometries, andohding behavior of bare transition metal
dimers as well as metal clusters

APELS is also valuable when applied lietter understandew patterns in the
reactivity of small transition metal clusters as a function of cluster size, which can be
quite pronouned. For example, using tinod-flight mass spectrometry of flow tube
reaction products, dramatic changes have been reported in the chemical reactivities of
small neutral niobium (Nb) clusters reacting with &hd D2.2 These studies found, for
example, that Breacts with Nb and Nho more than 50 times more slowly than with
Nb7, Nbo, and Nhi. These resultshow how the size of a cluster can affect the rate

coefficient of a specific reactichAPELS can prowe additional studies on electronic
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structures and isomeric geometries of various cluster sizes. These studies can also
contribute to an improved understanding of larger metal clusters based on reactivity data
for smaller metal clusters.

In addition to elucidating reactivity trends of small metal clusters, methods
involving APELS can help in understanditrgnsition states of neutral complexes; this is
referred to as transitiestate spectroscogyThe photodetachment of an electron can
allow the transition state raan of a neutral molecule to be viewed using APELSO0
conditions must be met for transitistate spectroscopy to work: the first is that the
anion is stable and the second is that the geometry of the anion is similar to the geometry
of the neutral molade at the transition state. Figure 1.1 shows the principles of
transitionstate spectroscopy where the transition state, ABC, is found at the top of the

barrier in the bimolecular reaction separating the reactants from the prbducts.

ABC

A+BC

AB +C

ABC™

Reaction Coordinate

Figure 1.1. Thegeneral concept of transitisstate pectroscopy experimerits



To complement smtroscopic results, computational studies using methods such
as Density Functional Theory (DFT) can predict molecular geometries, electronic state
energies, and electronic state assignments to aid in the interpretation of the experimental
data. Other compational methods such a®mplete active space selbnsistent field
(CASSCF) can providenulti-configurational calculations on metal dimers and small
metal clusters that have lelwing excited states. However, the CASSCF metbaxl be
computationally more demandingand it is outside the scope of thidissertation
Experimental results obtaindcom APELS measurements can also be wusegossible
benchmarkto aidin the future development ahproved computational methads

The Minnesota Anion PhotoELeotr Spectrometer (MAPELS) was used in this
thesis to study electronic and chemical bonding properties for congeners of group 5/6
heterobimetallic dimers including NbCr and NbMo as well as to compare these results to
previously researched isoelectrodimers such as VCand VMoin the MAPELS lal:®
In addition, flow tubeeactiosof Nb with butadiene CsHe) were also investigateMass
spectrawere collected for anions produced in thHw tube iormolecule reactor.
Photoelectron spectra were recorded firassselected anions which provided
measurements of electron affinitiegibrational frequencieschanges inequilibrium
geometriesupon electron detachmeraind bonding behavior of bare transition metal
dimers as well as metal clusters and organometallic reaction products. To support
interpretations of the experimental data, obsd photoelectron spectra were compared
to supplementary DFT calculations to identify and confirm electronic and vibrational

state assignments.



12 SPECTROSCOPIC METHODS

Different spectroscopic methods possess their own unique advantages; therefore,
a combination of these techniques is needed to obtain a complete understanding of the
spectroscopic properties of transition metathers and clustersSpectroscopic methods
that are used to study small metal atoms, dimers, and clusters include-isuddtian
infrared spectroscopy (IR), resonance Raman, free electron laser for infrared experiments
(FELIX)/ free electron laser intracavity experiments (FELICE), resoranbanced
multiphoton ionization (REMPI)/resonant twptoton ionization (R2PI), zero etean
kinetic energy (ZEKE), pulsed field ionization zero electron kinetic energy4{ERE),
mass analyzed threshold ionization (MATI), slow electron velaniép imaging (SEVI),
and the technigue used in this lab, anion photoelectpest®scopy APELS). Each
technique will be detailed in the sections below.

First, matrixisolation IR spectroscopy, incorporating lassdslation techniques,
can be used to study metal anions, cations, and neutral spasi&mmpared with oven
vaporization methods, laser ablation minimizes potential impurities and prevents sample
material from overheating, while still enabling the studyrnaftalsthat vaporize at high
temperaturesOne disadvantage of lasablation studds is the production of a radiation
cloud as a result of laser excitatibmhich may excite, dissociate or ionize the sample
material. In resonance Raman experiments by Lombardi amebdaers, a Wietilter is
used to masselect metal cations, which are th@eyosited onto an inert gas matfix.
Information provided using this technique includegground state ‘arations,

anharmonicities, force constants, disaton energies (estimated from vibrational
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energies), and geometric paramefeY4 limitation of both IR and Raan spectroscopy

is their selection rules, which make some vibrational transitions undetectable. For
example, for a vibrational mode to be-#tive, the dipole moment of the molecule must
change during the vibration. However, for a vibrational mode to dedRactive, the
polarizability must change during the vibration. Therefore, homonuclear diatomics can be
studied by Raman spectroscopy, but not by IR spectroscopy. The allowed transitions are
dictated by selection rules, which will be described in SedtidrB.

FELIX/FELICE uses high intensity tunable IR light, which is tightly focused and
pulsed, to excite neutral molecules or ions, causing them to ionize or dis$®é&takais
multiphoton technique provides information on vibrational and geometrical properties of
cluster systems. One of theain advantages of this technique is that it analyzes the
molecular fingerprint region of the spectrum, as wavelengths can be tuned fr@0603
em. Al s o, -af-flight mass spactrametenenables IR spectra to be measured for
different cluster sigs at the same tint&!!In addition, IR spectra from this technique can
record anionic metal clusters, such agd\énd NC", which were previously difficult to
obtain by other IR techniqués.

REMPI or R2PI1 works in two steps. In the firststa high resolution, tunable
pulsed laser promotes the molecules from the ground electronic state to an excited
electronic state. In the second step, the molecules in the excited electronic state absorb
one or more photons from the same or a differerdr]ashich excites the molecules
above the ionization limit. The wavelength of the first laser is scanned to be resonant with
a specific rotational and vibrational level of the excited electronic state, allowing more of

6



the sample to absorb the light andrimsing the detected ion sighalThis technique is
used to study the spectroscopic properties of neutral species, and gives information on
equilibrium bond lengthsif( rotational structure is resolved), vibrational frequencies,
bond energies, and excited electronic stite&ince multiphoton transitions are highly
improbable at normal light intensities, R2PI requires high intensity pulsed lasers in order
to observe these transitions.

ZEKE spectroscopy uses a tunable light source to eject electrons from neutral
molecules or anions near their photodetachment or photoimmzaresholds, producing
very slow electrons. This photoelectron spectroscopic technique is used to study the
spectroscopic properties of neutral and ionic spééi€he ionization or electron
detachment process can produce some electrons with zero electron kinetic energies,
called ZEKE electrons, and other electrons with higher kinetic energies. Once an electric
field is applied, the ZEKE electrons and rzaro kineic energy electrons will approach
the detector at different rates, allowing these electrons to be distingtiishadof the
advantages of ZEKE spectroscopy is itshhgpectral resolution, which is around 0.6
meV (5 cm?b) at full width half maximum intensity (FWHM), about 60 times better than
in conventional photoelectron spectrad limitation to ZEKE spectroscopy is tleenount
of time it takes to scathe laser in order to fin& wavelength for which the photon
energy is equal to the energy difference between the initial and final states|etd
enough ZEKE electrons from a molecyta anion) of interest. It is helpful for other
spectroscopic methods to be used to help find the electronic and vibrational transitions of

the anion or molecul®,



A variation of ZEKE spectroscopy is REEKE, which uses a pulsed electric
field to detach the electron, after it has been excited to near the ionization energy by a
tunable light sourceThis technique can be used to study the spectroscopic properties of
neutral molecules and the cationic species formed upon ionizatiof BHKH excites
molecules to londived Rydberg states that are just below the ionization threshold, by
approximately 5cmt.'® To produce PFEEKE electrons, after a short delay, the
molecules existing in a Rydberg state are introduced to a small pulsed electric field. This
causes the R-ZEKE electrons to detaci.However, Rydberg states do not typically
exist in anionic species, which limits PEEKE studies to neutrals.

One final variation of ZEKE spectroscopy is MATI, which detects mass resolved
ions rather than electrons. This technique also excites molecules tbvixhdrydberg
states, but applies a very small electric field to allow the ions to separate from their near
threshold neutrals. The advantage of MATI is that it is a meaketive technique. Thus,
it can give mass information on cluster species that are othedvfigeilt to study by
various types of photoelectron spectroscopy such as ZEKE, because of the possibility of
having more than one type of cluster contributing to the detected ignal.

Anion photoelectron spectroscopy (APELdifers from ZEKE spectroscopy as it
usesa fixed wavelength, continuolight sourceto remove an electrointom the anioric
state of a molecule. This techniqoeeasires the kinetic energy of electrons produced
upon detachment to different electronic and vibrational states of the neutral molecule
providing information such as electron affinity values and spectroscopic corstams.
of the advantages of using APELS is that it can collect a photoelectranuspeithin
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1- 2 hours. A second advantage of this continuous (rather than pulsed) spectroscopic
technique is that it can be coupled to a continuous flow tube reactor, as is done in this lab.
The resolution, not as high as in ZEKE spectroscopy, is abduh&V at FWHM, but is

still capable of resolving a majority of vibrational transitions. Since the vibrational states
observed in this and other types of photoelectron spectroscopy are determined by the
FranckCondon principle, some vibrational modes (likee stretching mode of a
homonuclear diatomic) which cannot be observed in IR spectroscopy can be detected by
APELS methods.Section 1.3 below will detail APELS instrumentatignincluding
specificdesigns othe MAPELS instrument used in this dissertatj@as well as selection

rules which dictate the observed transitions and methodstosetrpret photoelectron

spectra

1.3 ANION PHOTOELECTRON SPECTROSCOPY

1.3.A° MAPELS Instrument

Studies performed in tHdAPELS labusean aniorphobelectron spectromert!’
which incorporatesnodificatiors from the Linebergegroupd s or i gi n*that i nst r |
increasehe mass and electron enemggolution.A schematic diagim of the instrument

is shown inFigurel.2 below.
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Figure 1.2.Schematiaiagram of the MAPELS instruemt used in this dissertatign

Figure 1.2 describes the passage of ions through a series of five differentially

pumped vacuum chambers thagins at the flowing afterglow iemolecule reactor

(flowtube)’ The fl ow tube has

a

20

di

amet er

and

and temperature. The temperature of the flow tube is generally around 300 K, but it can

also be heated 800 K or cooled by liquid nitrogen.

At the entrance of the flow tube, carrier gases He and Ar are introduced into the

ion-molecule reactor where they agposed to a wataooled medl cathode discharge

source. A DCnegative voltage is applied tbeg meal cathode at about-2 kV, and a

plasma is created. The Aionsin the plasmaare accelerated toward the metal cathode,

causing the ejection ofetalatoms andhe formation of metal i@and clusterslons will
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generally be relaxed by 10 10° collisions with the buffer gas atoms in the flow tube.
Additional reagens can be added to the flow tube reactor at a sufficient distance
downstream from the discharge source to prevent any direct excitation. Most of the
species in the flow tube are pumped awgyabRoots pump, but a small fraction passes
through a 2 mm diameter molybdenum nosecone aperture leading into chamber 1.
Chamber 1lis a diffusionpumped vacuum systetkept at about 1B Torr, in
which the electrostatic ion optics, including deflectord aperture lenses, help focus and
steer the anion beam. Additional cylindrical and quadrupole doublet lenses help
accelerate the anion beam to 1120 V through chambers 2 and 3 and focus it theoug
entrance slit to the 90° magnetic sect@ss analyzein this analyzer, an ion with charge
g, moving with speed v, perpendicular to a uniform magnetic field B, experiences a

magnetic force F, as shown in Equatioh. 1
F=qvB Equation 1.1

This force is directed toward the center point of the sector magni&haangles to both
the ionds motion and to the direction of
circular motion. This force can also be described as the centripetal force F, where m is the

mass of the ion, is its speed, and r is the circutadius.
= v Equation 1.2

To rearrangehese equations in terms thie massto-charge ratiof the selectedbn, the
magnetic force of Equation 1chn be set to equdtie @ntripetal force of Equation 1.2

yielding Equaton 1.3
11



mv? m 1B
q

qvB=— — Equation 1.3

T v

Since the velocity, v, of the anion is controlled by the voltage to which it is
accelerated (V), it would be more convenient to find a way to describe Eqd&giam
terms of this voltage rather than the speed of an ion. This can be done by expressing the

kinetic energy of the ion in terms of its potential energy:
vy mv? =qV Equation 1.4

Here, Equation 1.4 can be rearranged to solve for speed and substituted back into

Equation 1.3, which will give rise to Equation 1.5.

22
m 1B

q 2V
Converting Equation 1. canvenient unitgives the welknown Equation 1.6

Equation 1.5

(3]

2 4s2x10° B
e HeX Vv

Equation 1.6

where m/e is the mass in amu for a sirgyarged ion, ris in cm, B is in Gauss, and V is
in Volts. Since the radius of thmagnet (r) is 20.0 cm, Equatidr can be simplified to
give Equationl.7.

2

m_ 0.0193 — Equation 1.7
e v

Thus, if the instrument is set to select an ion of a given mass, ions with that mass
will have the correct trajectory (i.e. will undergo a 90° horizontal deflection) to pass

through the exit slit while ianof a different rass will not, as is demonstrated in Figure
12



1.3. For the typical acceleration voltage of 1120 V in this instrument, and for the
maximum magnetic field of the magnet (7500 G), the maximum mass that can be

selected can be calculated as follows:

2
m (7500 G)° :
- = Equation 18
. 0.0193 130V 969 amu q

Higher masses can be observed at lower ion acceleration voltages.

Entrance Slit

v
=] Magnetic Sector
Mass Analyzer
lon beam /
Chamber 3
Chamber 4 < Exit Slit

Figure 1.3.Diagram of the 90° magnetic sectoass analyzer
The maximum resolving power @h has been demonstrated for tmagnetic
sector is m/lem = 400, where &m is tiBe FWHM

gives the resolving power of the analyzer (zero valley definition), where R is the highest

13



mass for which two peaks 1 amu apart can be completely separatetiher nsagnet

radius (20.0 ¢cm), S is the width of the en
the hafangl e of di vergence in the heanglemont al
di vergence in the vert i tagelsprgad imthedon beamm anda di a

V is the ion accelerating voltage.

I m

R= s+r e+ 2Y)  am Equation 1.9

v

In theory, infinitely narowing the entrance and exit slits will give the best mass
resolution (and the poorest masdected ion current). ifrance and exit slits as nawo

as 0.1 mm can be used with thistrument to maximze the mass resolution, but tmest
frequently usd slits are about 1 mm or 2 mm wideor 1 mm slits, the first term in the
resolution equation is expected to dominate. In this case, the approximate mass resolving

power expected is

m _ 200 mm

Am 2 (1 mm)

=100 Equation 1.1C

In order to determine the masses of all of the ions formed during the experiment, a
mass spectrum can baken by varying the current throutite magnectoils, thus varying
the magnetic field of the mass analyzer. Once the mass of an anion of interest is
identified, the instrument can be set to keep the magnetic field constant, to only allow the
desired anion to pass through the exit slit to Chambers % amdhere the ion optics
decelerate the anion beam to 20 V before it crosses the laserieadecelerated anion

beam intersects a perpendicutantinuous wavec{y) intracavity argon ion laser beam

14



chamber 5, which is maintained at abouf T@rr. The laser beam is focused to 0.2 mm
in diameter and has about 100 W of power. The wavelengths at which the laser is
typically used are 488 or 514 nm, and electrons are detached in a single photon process.
The deceleration of the ion beam allows a longearadtion time with the laser beam and
maximizes the number of electrons that can be detected.

In chamber 5, detached electrons go through a molybdenum sampling aperture
with a 3° halfangle of acceptance, and are focused by tetefent cylinder lensestm
the electrostatic hemispherical energy an
intersectingon and laser beams. Figure Bies the schematic diagram of thlectron
energy aalyzer used in this dissertatibh. The key section of the analyzer is the
hemispherical el@wmstatic sector, which is theutlined portion in Figurel.4. This
component angularly refocuses eleos towards itsexit plane and disperses the
electrons across the exit plane based on their kinetic energies upon photodetatinent
60 di ameter hemispherical anal yzer.Thes oper
electrons exiting the hemisphelfica anal yzer are i maged onto a
plate detector (mounted above the cylindrical output lens element labeled OL5) that
detects the electrons as a function of electron kinetic energy, which is indicated by the
el ectronsd ¢geedgor.ti ons on the

Equationl.11gives the energy resolution of the hemispherical analyzer, where T
i s the centr al transmission kinetic energy
hemisphere entrance plangisthe radius at the center of the hemispherical gap ¢e=g. r
3.00 inches = 76.20 mmithisappar at us) , aer i § thé angulare x i t ¢

15



di vergence of the electron beam at the hem

the hemispherical analyzer.

i

AT= % T, [(3)2 + (j‘—;)’ + (02)2] Equation 1.11
The MAPELS instrument does not have an exit slit, making the second term
insignificant. The first term is expected to dominate for low values of the angular
di vergence. The el ectron beam s poftcusedi z e,
laser beam (estimated to be about 0.2 mm) and the linear magnification of the input lens
stack (designed to be about 1.65). Thus, the electron kinetic energy resolution can be

roughly estimated as follows:

1.65x 02 mm
76.20 mm

AT = % (1.500 &V) ( )=3x107eV=3meV Equation 1.12
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Hemispherical ,
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Figure 1.4.Schematic diagram of the electrostatic hemispherical energyzaraly

The output of the positieeensitive detector is digitized and collected by a lab
computer, which signal averages multiple scans. The photoelectron energy resolution is
typically around 6 meM50 cn) at FWHM, in reasonable agreement with the rough
estimate above. The absolute energy scale is calibrated using an atomic ion, such as Cr
since the EA of Cr has been measured by other techniques precisely (e.g., 0.67584(12)
eV).2° The data for molecular anions proviskeasurementsf thevibrational frequencies
of ground and/or excited electronic statédsthe anions and the corresponding neutral
molecules the EA of the neutral molecujeelectron detachment energies of different

anion states, and energiesoberveceutralmolecule excid electronictates.
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1.3.B Selection Rulesand Franck-Condon Analysis

Selection rulesdictate whether or not a given transition can be detected by a
particular spectroscopic methddolecular symmetry is a key factor that establishes the
selection rule for electric dipole transitions, which dominate in electronic, IR, and
microwave spectroscopy. These selection rules can be determined by the transition

moment integral givem Equation 1.13
MEIZJ ‘PEP}PldT Equation 1.13

Il n Equat iiand;arg th& waveflinctions that describe the first and second
energylevels, respectively; M is the transition dipole moment fdoine transition from
energy | evel 1 to energy | evel 2d; Uhcluides s t he
the spatial and spin coordinates. A transition is considered forbidden when the transition
moment integral equals zetd

The BorrOppenheimer approximatiofi.e., the separation of electronic and
nuclear degrees of freedom) enabld® wavefunctionto be factoredinto three
components: electronic, vibratidnand rotationgl each with its owrselection rules.
Electronic and vibrational selection rules will be discussed further below; however,
rotational selection rules will not be covered in this theBguation1.14 shows an
expanded version of Equatiohl3, where the first integral dictates the electronic

selection rules while the second integral dict#tesvibrational selection rulés.

M=[¥,(.R) u PRI [¥,[R) ¥ (R)JR Equation1.14
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In Equationl.14, r and R are all electronic and nuclear coordinates, respectively,
Re are the quilibrium nuclear coordinates, is the electronic paxf the dipole moment
operator,decand (et are the electronic wavefunctions in the upper and lower electronic
states, respectively, arif,canddyQare the vibrational wavefunctions in those electronic
states.

For photoelectron spectroscopy of a lineaslecule whose term symbol 78 *
! o the electronic selectionu | es are goler @erd by alnad & SO =
wher e is the quantum number for the proj
the i nter nucl e antum auxbersfor theytotal spint-tnbédal) gngudar
momentum, S is the quantum number for the total spin angular momentuinisahe
guantum number for the angular momentum of the orbital from which that electron is
detached.

The second integral in Equatidnl4 is referred to as the vibrational overlap
integral. The probability (intensity) of a vibrational transition accompanying an electronic
transition can be determined by squaring this ovendegral as shown in Equation

1.15%3
FCF = ([ ¥, %, dR)’ Equation 1.15

The quantity in Equatiod.15 is referred to as the Fran€ondon factor (FCF).
In an electronic transition, a transition between different vitmatidevels of the two
electronic states may be observed if this integral iszewa. For example, assing the

harmonic approximatiof’ one can deduce the FranClondon factorgor the electronic
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transitions from photoelewin spectra such as that of NbCin Figurel5, the square
root of the relative i ntwassi tayon=\O)tothatok f und

t he or i gduwb= bOa n¥dh=vQis asedo find the dimensionless displacement,

D 21,22
Electron Kinetic Energy (eV)
1.000 1.100 1.200 1.300
5000 1 " " L " 2 L L L M | S T TR S S S S T 1 " L L L " M 2 L L | S S ST SR T 1
— 488 nm NbCr™ spectrum (RT) 0—0 Transition:
» 4000~ gy XE
5
8 |
— 30004
o ] 1«0 ,E
b=
@ 2000 N
Q 1 0 o
© 5 -
= 3 <t
o 3
1000 [or)
] 2«0 3 01
3.0 ™ 588 cmr! 532 cmr?
0 e S A e e
1.500 1.400 1.300 1.200

Electron Binding Energy (eV)

Figure 1.5.Estimating FranciCondon &ctors from the NbCrphotoelectron spectrum

_ a0 _ [20453) _ .
D_J(m—ﬂ} J YT 1.05 Equdion 1.16

Once the dimensionless displacement is obtained, this value can be used to
calcul ate the nor mal nA) dvenichdcansbe relateceton then t &
equilibrium geometry difference betweenretfinal electronic state (in thisase, the
neutral) and theriitial electronic state (anior}:??> Equation1.17 can be used to find the
normal mode displacement, where 0.17222 is a conversion factor in unité*¢amu?

i), vg is the harmonic vibrational frequert
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molecule. The peak spacing in the photoelectron spectrum provides measurements of

these vibrabnal frequencies as 53210cm® and 588 + 1@m?, respectively.

D

AQ(amu”A) = » O1722) (u) Equation 1.17

= ees v+ v

Now that the nor mal mode”A)is lnpin Equationg. 18t ( &Q
(which is used for diatomic moleculesgn be usetb obtain the bond length of the initial

(ani on) el eigid. Boplugging imthat ¢, her known values,
reduced mass of Nbsgans thé Bodid 18n8t8 of thenfingl (neutmad r a

electronic state (1.8940 + 0.0003 REquationl.18 can be rearranggdo S 0 lindae f O T

(assuming that the bond in the anion is longer in view of its lower vibrational frequency):

AQ = p*(r'final — T"initiat)
0.262 amu'*A =+/33.338 amu (1.8940 A — 1";) Equation 1.18
i = 1.848 A

Note that the normal mode displacement depends on the magnitude of the bond
length differelce between the two states, but not on its sign (Equatid). Therefore, in
the harmonic approximation, it is not possible to deduce, based on the observed
intensities alone, which state has the longer bond length. If the bond length difference
between e anion and the neutral molecule is large, then a long vibrational progression
will be observed in the anion photoelectron spectrum. If the bond length difference
between the anion and the neutral molecule is small or zero, then the respective

vibrationalpr ogr essi on wi | | = 0 #ansitidn® may beoabseresd.| vy eaev
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Depmdi ng on the instrument al resolution,

of the anion to the same va in the neutral

the origin band (vg = 0 Y va = 0)uenciesi mi t i n

from the spectra.

Although the simpler harmonic approximationillastrated here, in practicthe
FranckCondon factorare fit assuming Morse potentialfor diatomic moleculesThis
more realistic model employs the method of numerical integrabf Laguerre
wavefunctions, as implemented by the Fra@dndon fitting program, PESCA1*2° In
the case of a long vibrational progression showing significant anharmerscigxd), it is
often possible to determine the direction of the bond length change from f&andkn
fits using Morse potentials.

For polyatomic molecules with N atoms, there arei INnormal modes for linear
molecules and 3N 6 normal modes for nelinear molecules. Ignoring coupling terms
between different vibrational modes, the FCF value is then the product of terms as in
Equation1.15 for each mode. This idea can be simplifiedtedmrms of the molecular
symmetry'® Ground state (v = 0) vibrations and all evarmbered vibrational levels are
totally symmetric, and the symmetries of odd vibrational levels are detinbin the
molecular point group>For APELS, both &v = even and
the anion and neutral vibrational states are both totally symmetric in the point group of
the lowersymmetry electronistate, because the direct product of the two vibrational
states would then also be totally symmetric. The direct product would b&tady
symmetric and the transition would not be observed if the anion vibration state-is non
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totally symmetric while theneutral state isotally symmetric, or vice versa. For
example, in the anion photoelectron spectrum of thesNbp€omplex, in which the anion
and neutral molecule o have Gy s y mme thdiry=, 1V 0¥ion=VOdransitionsare
observed for the symmetric carbbydrogenstretch, but notor an asymmetric carben

hydrogen stretch®

1.3.C Interpreting Photoelectron Spectra

To interpret data obtained from APELS, a typical photoelectron spectrum is
represented as the number of electrons detected as a fuwfctimir kinetic energyThe
kinetic energy of an electron can be determined using Equation 1.20, where eKE is the
electron kinetic energy, vhis the photon energy for the specific wavelength used to
detach the electron (e. gis,the diffelerdc® id eneryy at

between the anion and the neutral molecule states of the system being analyzed.
eKE=h1i pE Equation 1.2C

Figure 1.6 illustrates the anion and neutral molecule electronic state potentials and a
correspondingnion photoelectrospectrum. Herethe anion ground state is referred to

as X . Photodetachment transitions e nheutral ground state, X, can be foumdhis
photoelectron spectrum in treKE region between 1.0 1.3 eV. Transitions to he
excited neutl molecule state, X*, generally appear &wer eKE regions than those
from the neutral ground state (for transitions to the same state of the. aknmther

paossibility, also not shown in Figure 1.8 theobservation of transitions from a&xcited
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anon electronicstate which would appear at higher eKE regiahsin those fromthe

anionground statéfor transitions to the same state of the neutral molecule)

Photoelectron Counts
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Figure 1.6.Diagram associating anion photoelectron spectrum with diffetentronic
stake potentials. X is the ground state of the anionXaixthe ground state of the
neutral molecule
Once the electronic states are identified, the EA of the neutral molecule can be
determined by finding the energy difference between the ground electeord

vibrational state of the anion and that of the neutral molecule. To deduce the difference
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between thesquilibrium geometrie®f the two states, the Fran€ondon peak fitting
program written by Kent Ervin and aworkers, PESCAL?* is used to fit therelative
intensities and positions of vibrational bands in the experimentally obtained
photoelectron spectrum. As discussed above, the geometry (i.e., bond length for a
diatomic) of the anion can then be deduced by combining the bond length difference
obtaned in the FCF fit with the value (if known) of the bond length of the ground state of

the neutral molecule, as measured by other spectroscopic techniques, such as R2PI.

14 THEORETICAL METHODS

DFT calculations were used to help provide a better asadysl interpretation of
the experimental results obtained by anion photoelectron spectrofdepywas chosen
over other computational methods because it reduces computational time and has been
shown to give reasonable agreement with experimental dati@msition metal dimers
and organometallic complexd3FT calculations for heterobimetallic dimers investigated
in this thesis will be used to help assign ground and excited electronic states as well as be
used to compare calculated excited state enerdiesd lengths, and vibrational
frequencies to the experimental measurements. DFT calculations for organometallic
complexes examined in this thesis will be used to help determine the isomeric geometry,
ground and excited state energies, active normal madesell as to assign ground and
electronic states. Th@aussian 09rogram(version ES64tG09RevD.0) was used for
all DFT calculations presented in this thediSpecific DFT methods, basis sets, and

procedures can be found in the computational methods section of each chapter.
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CHAPTER 2

ANION PHOTOELECTRON SPECTROSCOPY OF NbCr
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2.1 INTRODUCTION

Heterobimetallic complexes withmultiple metalmetal bonds provide an
opportunity to understand fundamental issues in chemical bohdimgarticular, early
transition metals have partially occupig@drbitals that are excellent for forming multiple
metatmetal bonds; however, partially occupiddrbitals in diatomic transition metals
produce many lowying excited states and strong first and seeorder spirorbit
coupling effects, making characterizatiohspectroscopic properties a challeAdéixed
group 5/6 heterobimetallic anionic dimers such as NipZovide an opportunity to study
extreme examples of multiple metaktal bonds The highest possible bond order
any homonucleardiatomic moleculds 62 and since theNbCr anion has 12 valeec
electrons, this could give rise $&x bonds between the metal atoms.

Severalexperimentdl 1° andtheoretical' 1 studies have been reported foixed
bare groupb/6 dimers. Te first study focusing on mixed bare group 5/6 dimers used
Knudsen effusion mass spectrometry, which found the bond dissociation energy of NbMo
to be Q° = 48 * 25 kJ molé (~4.64 = 0.26 eV}.Rotationally resolved resonant two
photon ionization (R2PI) spectroscopy Haesen used to studsnixed bare group 5/6
dimers includingvCr, VMo, NbCr, and NbMd'® These studies have measured the bond
lengtts of the VCr, VMo, NbCr, and NbMo ground statéall of which are assigned as
Zamy2 Stated to ber = 1.7260 + 0.0011, 1.87657 + 0.00023, 1.8940 + 0.0003, and
2.00802 + 0.00030 A, respectively. R2PI studies have also measured the bond
dissociation energy of NbCr to i = 3.0263 = 0.0006 eV and found an excitéates

14440 cm' above the NbCr ground stdt@heoretical studies have predicted that Xhe
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eestate is the lowest in energy for V&4 and VMo Theoretical studies of NbCr have
not been reported yet.

In comparison withbare heterobimetallicdiatomics the neutral and ionic bare
homonuclearCr. and Nb dimers have been quite extensively studigdumerous
experimentaf934 and computationdt *° studieshave beerperformed on neutral and
ionic Nbp. One of the first studies used Knudsen effusion mass spectroméich
found the bond dissociation energy of A¢tf) to be R° = 503 + 10 kJ moié (~5.21+
0.10 eV).}” Collision induced dissociation (CID) experiments confirmed the bond
dissaiation energy of Nbto be D° = 5.22 + 0.31 e¥.Rotationally resolved electronic
spectra determined the ground state of tdbbe theX *Fy ( 1*104°204°10,°) state
which has a short bond lengthre= 2. 07781 (18) j and a= vi br at
424.8917(12) cnh.?’ Complete active space seldnsistent field calculations (CASSCF)
also found the ground state of Nio be3¢, .3"“2 Density functional heory (DFT) and
coupledcluster theory CCSD(T) calculations usingméaZ-PP @ = D, T, and Q) have
confirmed that théf,; state is lowest in enerdy.

Currently there is debate as to the nature ofNhe ground state. CASCF and
multireference single+doubles configuration interaction (MRSDCI) calculations found
ey and“*ae to be the loweslying electronic states for Nb.*2 At the MRSDCI level, the
ground state of Nb was determined to be tifeg and the electron affinity (EA) was
calculated to be 0.11 eV, but this study concluded that the computed EA is likely to be
significantly lower than its true valfé.DFT calculations using B3LYP, BLYP, BP86,
and BPW91 functionals as well as CCSD(T) calculationsigetti that both théag and
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‘B, states are nearly degenerate for,NY Finally, DFT calculations usingdinear
combination of Gaussiatype orbitalsDFT (LCGTO-DFT) predicted that the EA of Nb
is 1.03eV and that the ground state of Nbis theZag with a bond length of 2.046 A and
a vibrational frequency of 458 chi®

Neutral and ionic Grhave ken thoroughly analyzed by experimental and
computational work. Lasenduced fluorescence (LIF) studies analyzed the rotationally
resolved spectrum of grwhich was found to have ¥ !F;" ground state with a high
fundament al vi br @tfi4s2r84dm afdra eagyisieort lsogd leng®f
re=1.6788 A% Photoionization spectroscopy determined the bond dissociation energy of
Cr; to be Do = 1.53 + 0.06 e\*’ which was obtained by combining the icatipn
potential (IP) of Cr (56449 + 8 cmh)*’ with the IP of Cr (IP = 5875.6 + 0.3 cr)*® and
the bond dissociation energy of 2Ci(Do = 1.30 = 0.06 eV¥. The resulting bond
dissociation energy of €(Do = 1.53 + 0.06 eV) is consider€do be a more reliable
value than the previous results obtained by Knudsen effusion mass spectrometry
measuements which found Cs to haveDo = 1.443 + 0.056 eV° Anion photoelectron
spectroscopic stlies reported the vibrationathgsolved spectrum of €r>! This study
measured th&A of Cr. to be 0.505 + 0.005 eV and found its ground state to have
vi brati on ald=480#6 ¢ a.5oelta @ be =xM.1 + 0.3 crit. The ground state
of Cr, was assigned as tie?F," with aG12= 411 + 10 crit, ¥e = 440 + 20 crit, YeXe =
14 + 6 cm', andre= 1.705 + 0.010 A!

Based on the theoretical studies done opn, @rulticonfigurational quantum
chemistry methodsre considered to give the most succesdipiction of its multiple
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metatmetal bon?>* Relatively accurate spectroscopic constants were obtained from
CASSCF/CASPT?2 calculations for the ground state ef(Caa@= 413 cmt, Do = 1.65
eV, andre = 1.66 A) using an atomic natural orbital type basisa® scalar relativistic
effects were incorporated using the Dougfasll Hamiltonian®?>® In terms of
supporting the ground electronic state assignments, DFT calculations using several
different generalized gradient approximation methods have also assigned the ground
electronic states of grand Cp as theX " and X %F," states respectively>® The
effective bond order (EBO), which measures the bond multiplicity using
multiconfigurational wave functionsjs 4.45 for Cs.°® This result isnotableas Cp is
thus considered to have a quintuple bond the@igticather than @extuple bond, which
would be the formal bond ord#érall six bonding orbitals were filled.

In this chapterthe 488 and 514 nm photoelectron spectra of Nt#te reported
which display four vibrationallyesolved transitions. The wdts of this study provide
measurements of thEA o f NbCr , fundament al yiofbtheat i ona
observed statesthervibrational data, lowying excited state energies, and changes in
equilibrium bond lengths upon electron detachment. D&€utations are also reported
andtheir predictions areompared to thelectronic state propertiesbserved from the

experimental spectrum.
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2.2 METHODS

2.2.A Experimental Methods

Flow Tube Reactor

Nb Nosecone
cathode Sampling

Aperture
) o
_______ > -3 Wass
L_J J. k} Selector

1

He Ar Cr(CO)g
vapor

Q——— 57cm —m——B9

Figure 2.1.Anion source flontubeconfiguration used in the studieENb reactions with

Cr(CO). The He and Ar buffer gases were introduced into a 20 cm long segment of the

flow tube upstream of the Nb cathode discharge source, followed by a 20 cm segment.
The anion photoelectron spectrometer used in these exgdsrhas been

described irdetail in Chapter 2 lons are prepared in a flow tube that is segmented to be

adjustable in length and temperature. Buffer gases, He and Ar, are introduced into the

flow tube where they are exged to a watecooled cathodéC discharge sourc¥:>®

lons formel near the cathode undergo approximatel/i100° collisions with the buffer

gases. The iongroduced in the flow tuhgass through a nosecone apertuhéch leads

into a series of 4 differentially pumped vacuum chambers. Anions are accelerated to 1150

V and massselected vith a 90° magnetic sector mass analy2dter mass selection, the

anionsare decelerated to 20 V the photoelectron spectroscopy chamber. Anions then
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intersect a cw intracavity argon ion laser beam (Coherent Innova 200) operdi@&aat

514 nm. The intersecting ion and laser beam region is where electrons are photodetached.
Photodetached electrons can go through a sampling aperture tha8thsslid angle of
acceptance and entan electrostatic hemispherical energy analyzerithaperated at a

pass energy of 1.500 eV. Electrons that exit the analyzexcasterated and imaged onto

a linch radius position sensitive array detector.

For the experiments described here, photoelectron spectra were obtained using the
flow tube coffiguration shown in Figure 2.1The niobium cathode (2.5 cm long, 1.3 cm
diameter) was placed about 29 cm upstream of the 2 mm diameter molybdenum nosecone
aperture. Cr(CQ) at its room temperature vapor pressure, was added 7 cm downstream
from the niobium cathode. All experinés were performed abom temperature. The
cathode voltage was set &5 to-2.6 kV with respect to the grounded stainless steel
flow tube. The flow rates of the buffer gases weré 6 standard liters per minute
(SLPM) for He and.51 0.7 SLPM for Ar. The flow tube pressure was 0@.5 Torr.

The absolute electron kinetic energy (eKE) of the photoelectron spectra shown
here was calibrated against the EA of atomic Cr and Mo. Electron binding energy (eBE)
ranges from 1.94 0.64eV were calibrated against the @round state transitiof8s Y
S5/, (EA = 0.67584(12) eV?§ and eBE ranges from 2.441.94 eV were calibrated with
either the CT transition from®S; Y Sz (1.617 eV)**%or the Mo transition from°S;

Y S5 (2.083 eV)*?tin photoelectron spectra recorded at 488 and 514 nm. The energy
scale compression factor, gamma, was calibrated using the d&ymaied°S, splitting of
Cr for eBE ranges of 1.94 eV and below and the atomicand®S; splitting of Mo for
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eBE ranges above 1.94 eV. The full width at half maximum (FWHM) instrumental
resolution was ~7 8 meV (551 65 cm?) for eBE ranges below 1.94 eV and 92

meV (707 100 cm?) for higher eBE ranges. Instrumental sensitivity is decreased at high
eBE \alues (at 488 nm > 2.34 eV and at 514 nm > 2.21 eV) because these very slow

electrons are unlikely to be energy analyzed and detected.

2.2.B Computational Methods

Singlet, triplet, quintet, and septet electronic states of N&rwell as doublet,
guatet, sextet, and octet states of NbCr were analyzeDMly using theGaussian 09
program (version ES64G09RevD.01f? Several different DFT methods were
employed, and results for BPW91 and M06 are reported here. BPW91 is a general
gradient approximation (GGA) met h&dand whi ch
Perdew and Wangods 1991 5% 3hs methodrwad chasénon f u
because it has been shown to give reasonableragré with the experimental data for
the equilibrium bond length dr , har moni c Vi brep tando the | fre
dissociation energy (@ for heteronuclear transition metal dimétdvi06 is a global
hybrid metaGGA, which includes 27 % of nonlocal HartrEeck exchage, and was
chosen because of its recommended use in inorganometallic chéfistry.

The StuttgarDresden effective core potential (ECP) basis set, commonly referred
to as SDD, was used for both DFT methods mentioned &bdtes SDD basis set was
chosen as it is well suited to investigate heavy transition metal elements. It saves

computer time and treats major relativistic effeatsociated with heavier elements. For
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NbCr, a total of 38 core electrons are frozen and replaced with approximate
pseudopotentials so that only the valence electrangeaited in the calculation. Teare
electrons are frozen for the Cr atom (up to [Najyl 28 core electrons are frozen from
the Nb atom (up to [Ar]36).

All DFT calculations used tight geometry optimization (Opt=Tight) which uses
higher cutoff values (forces and step size) to determine geometric convergence.
Additionally, all DFT calcuhtions employed used an integration grid denoted as
Aul tr aGaussiand9Thisioption requests a pruned grid with 99 radial shells and
590 angular points per shell. All calculations, except those fofghexcited state of
NbCr, used the keyword SCF=XQC to force convergence for thecaetistentfield
(SCF) optimization.

Calculations at both the BPW91/SDD and M06/SDD levels were analyzed for
stability. Single point stability calculations on the simgtublet, triplet, quartet, quintet,
sextet, septet, and octet states used the keyword Stable=Opt which allows the
wavefunction to be unrestricted (breaking orbital symmetry) and optimizes the orbitals
until the calculation converges to a stable wavefonc Initial geometrical guesses in
these calculations for the singlet, triplet, quintet, and septet states of Mb€&d the
experimental bond length for the ground state of the anion (~ 1.815 A) and those for the
doublet, quartet, sextet, and octetestaised the experimental bond length for the ground
state of the neutral molecule (~ 1.894’K)nce a stable solution was obtalngeometry
optimizations and frequency calculations were performed on all spin states mentioned
above. To ensure the wavefunctions were still stable solutions after the frequency
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calculation, a stability calculation for all spin states mentioned abovelovesusing the
keyword Stable. Furthermore, to confirm that a local geometrical minimum was found,
single pointcalculations were performed 0.01 A above and below the optimized bond
length determined by the geometry optimization calculation. If the laaimum was

not found, single point calculations were done at increments of 0.01 A until a local
minimum was located. Then using the single point calculation that contained the local
minimum, a frequency calculation was done followed by a stability @lonl Once a
stable local minimum was determinethtural electronic configurations were examined
using the keyword Pop=NBO (Natural Bond Order analysis).

Calculations at both the BPW91/SDD and M06/SDD leweke performed in
which the stabilitie®f the wavefunctions were not enforced. Procedures are the same as
mentioned above except the initial procedwes removed. This procedunas a single
point stability calculation for each spin state using the Stable=Opt keywAdid
calculations started with a geometry optimization first using the experimemalléngth
as the initial guess

Since thisexperiment observed a doublet excited state ohéwral molecule, a
doublet excited state calculation wdsoaperformed using the keyword Guess=Alter,
which allows the user to change which orbital the electron occupies by switching an
occupied orbital with a virtual orbital to obtain a desired eleatr@xcited state. In
addition, this doublet excited state used the keyword SCF=QC to maintain the orbital
symmetry from one iteration to the next in order to prevent the final wavefunction from
having a different orbital symmetry. A geometry optimizaticaswilone using the initial
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guesses of both 1.765 and 1.932 A (experimental bond lengths from both excited states
observed). To ensutbatthe local minimum was found, single point calculations were
performed 0.01 A above and below the optimized bond lei@tice the local minimum
of theE" excited state was confirmed, a frequency calculation and a Natural Bond Order
analysis were done.

Finally, the calculatedEA, using zero point energy (ZPE) corrected values, was
determined. To see the energetic ordering of anion and neutral statefatikie energies
(Ere), which are ZPE corrected, were determined between doublet, quartet, sextet, and
octet states of the neutral as well as the singlet, triplet, quintet, and septet states of the

anion.
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2.3 RESULTS

2.3.A Experimental Results
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Figure 2.2 Mass spectrum of anions prepared in the flow tube by reactions of Nb with
Cr(CO) vapor. The left and right vertical axes indicate different anion current scales for
the low and high mass regions, respectively.

The mass spectrum of anions formedha flow tube is shown in Figure 2.Zhe
x-axis indicates the mass (amu) and ykexis indicates the anion current (picoamperes)
measured by the faraday cup in the photoelectron spectroscopy chamber. All species
were mass selected for isotopomers theluthe the most naturally abundant isotopes of
Nb and Cr:®*Nb and®<Cr. The most abundant species include CrgC@®y 1400 pA),
Cr(CO) (~ 600 pA), and Cr(CQ) (~ 40 pA). Additional species include NbCr(CO)

(~ 40 pA), NbCr(COy (~ 100 pA), NbCr(CQ) (~ 200 pA), Nb(CO) (~ 20 pA), and
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Nb(CO) (~ 100 pA). NbCr has an anion current of about 10 pA and the NbCr
photoelectron spectnaere obtained by tuning the 9@fagnetic sector mass analyzer
145 amu.

Electron Kinetic Energy (eV)
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Figure 2.3.NbCr+¢é Y N b @hotoelectronmectrum at 488 nm (2.50@V)

Photoelectron Counts

The NbCr photoelectron spectrum taken at 488 nm is displayed in Fig8re 2
The topx-axis is given in eKE and the bottaxraxis is given in eBE. The eBE value is
determined by subtracting the eKE from the photonggneavhich in this spectrum i488
nm or 2.540 eV. They-axis indicates the numbef photoelectron counts after signal
averaging. The photoelectron spectrum in Figurd shows four photodetachment
transitions, labeled . The three most intense transitions (& and D) are all observed
to have the same vibrational intervals in the negative ion to within + 10 wimich is
consistent with these transitions being due to the same electronic state of NhE€r
weakest transitionB), which in Figure 2 is magiified by a factor of 10, is assigned as

arising from an excited state of NbCand will be discusseth more detail below.
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Transition B is also observed to have the same vibrational attéov the neutral
molecule as fansition A to withint 15cm. This demonstrates that bothmahsitions A
and B access the same electronic state of NB&ch of the four vibrationallyesolved

transitions will be discussed in further detail below.
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Figure 2.4.NbCr+¢é Y N b @hotoelectron spectrum at 488 nm (DB4V) and 514
nm (2.409 eV)

Figure 2.4compares the relative intensity of the 488 nm (top panel) photoelectron

spectrum to th&14 nm (bottom panel) spectrumni® minor difference are observed

for relative intensities in fansitiors A-D between the 488 dn514 nm spectra. A more

extensive analysis comparing the relative intensities of the 488 and 514 nm photoelectron

spectra Wl be presented below. Tables 2(288 nm spctrum) and 2.2(514 nm
spectrum) list the observed peak position (in eBE), heighthwahd spacing from the
origin. All measurements reported in Tables 2.1 andwie® obtained by performing
leastsquares fits of Gaussian line shapes to each individual peaknsn Figure 2.4or

both the 488 and 514 nm spectra.
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Table 2.1.Peak posions in the NbCr +eY N b @hotoelectron spectrum obtained at 488 nm (2.5400 eV)

Transition Assignment vV NiaY VN

Electron Binding Height

Width

Measured Spacing Calculated Spacing Obs.i Cal.

Energy (eV) (counts) (FWHM, meV) from Origin (cm'Y)  from Origin (cm?®)? (cnm?)
B ’mpY %@ 0 Y O 0.6320 43 15 0 (-1300) 0 0
1 Y O 0.6916 11 17 481 467 14
B 2w Y *m 0O Y O 0.6437 56 11 0 (-1200) 0 0
1 Y O 0.7006 13 13 459 467 -8
A 2w, Y R 0 Y 1 0.7265 36 10 -533 -532 -1
0 Y O 0.7926 310 10 0 (0) 0 0
1 Y O 0.8513 540 11 473 467 6
2 Y O 0.9079 470 11 930 925 5
3 Y o 0.9630 290 11 1374 1374 0
4 Y O 1.0174 140 13 1813 1814 -1
5 Y O 1.0709 60 13 2245 2245 0
6 Y O 1.1233 26 15 2667 2667 0
7 Y O 1.1752 17 17 3086 3080 6
C Y B 0o VY 1 1.2395 100 9 -532 -532 0
0O Y O 1.3055 4200 10 0 (4140) 0 0
1 Y O 1.3774 2300 9 580 588 -8
2 Y O 1.4489 450 10 1157 1163 -6
3 Y o 1.5187 78 12 1720 1725 -5
4 Y O 1.5873 56 12 2273 2274 -1
5 Y O 1.6535 27 17 2806 2810 -4
6 Y O 1.7198 19 23 3341 3333 8
D KoY B 0o Y 2 2.0018 30 17 -1041 -1064 23
0 Y 1 2.0661 99 13 -523 -532 9
0 Y O 2.1309 330 14 0 (10900) 0 0
1 Y O 2.1927 710 15 498 492 6
2 Y O 2.2527 1200 14 982 980 2
3 Y o 2.3128 910 17 1467 1463 4
Values in () are th spacingrom the origin of ground stateeTansi t i on A. (a) The calcul ated vi br(@t{viean al

Tv(v

#xe with)the following fitted vibrational constant{se,
Transition A, C, and D (532, 0) for the anion

& in cm?). Transition A and B (476, 45C (601, 6.5); D (497, 2.3) for the neutral and

42

s pa



Table 2.2.Peak positions in the NbCr +& N b @hotoelectron spectrum obtained at 514 nm (2.409 eV)

Transition Assignment v NiaY VN

Electron Bindirg

Height

Width

Measured Spacing CalculatedSpacing Obs.i Cal.

Energy (eV) (counts) (FWHM, meV) from Origin (cm'Y)  from Origin (cm?)? (cm?)
B ’mpY %@ 0 Y O 0.6308 22 10 0 (-1310) 0 0
B 2@2Y ‘e 0 Y O 0.6446 22 10 0 (-1199) 0 0
1 Y O 0.6984 5 4 434 467 33

A 2wy Y B 0 Y 1 0.7265 20 11 -538 -532 -6
0o Y o 0.7932 173 11 0 (0) 0 0
1 Y O 0.8517 361 10 472 467 5

2 Y O 0.9077 269 11 924 925 -1

3 Y o 0.9632 112 13 1371 1374 -3
4 Y O 1.0183 35 17 1816 1814 2

5 Y O 1.0708 17 11 2239 2245 -6

6 Y O 1.1232 9 21 2662 2667 -5

7 Y O 1.1729 9 19 3062 3080 -18

C 7Y R 0 Y 1 1.2383 19 20 -542 -532 -10
0 Y O 1.3055 895 10 0 (4132) 0 0

1 Y O 1.3782 673 10 586 588 -2

2 Y O 1.4509 188 10 1173 1163 10
3 Y o 1.5204 46 12 1733 1725 8
4 Y O 1.5877 14 21 2276 2274 2

5 Y O 1.6531 10 25 2804 2810 -6
6 Y O 1.7199 9 26 3342 3333 9
7 Y O 1.7821 10 21 3844 3843 1
D oY B 0 Y 1 2.0776 19 28 -507 -532 25
0 Y O 2.1404 97 17 0 (10865) 0 0
1 Y O 2.2025 121 20 501 492 9
Values in () are the spacingpfn the origin of ground stateeTansi t i on A. (a) The calcul ated vi br g+ @mwea l

Tv (v & wih)the following fitted vibrational constan{se,

Transition A, C, and D (532, 0) for the anion.

& in cmY). Transition A and B (476, 4.5); C (601, 6.5); D (497, 2.3) for the neutral and
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2.3. Al Transition A
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Figure 2.5 NbCr photoelectron spectrum @fansition A, assignedsX %aeY X 'E*.
The solid line shars thefitted FranckCondon simulationDots show the experimental
spectrum. The vibrati odwa¥y wssi gnments are

bag b
|
T

One of the more intense transitiorisserved at the low eBE regionransition A,
can be identified as the transitifnom the ground state of NbCto the ground state of
NbCr (X2a&. An expansion of Transition A is shown in Figure at5 laser wavelength
of 488 nm. Thex-axis in Figure 2.5s in wavenumbers (1 eV = 8065.54 ¢rabove he
origin band (205 display® i compaiisgnubetaeen the experimental
spectrum (shown as dots) and the fitted Fra@okdon simlation (shown in solid lines).
In order b obtain the fit for the FraneKondon simulation, FraneRondon factors were
calculated assuming Morsesallators using numerical integration of Laguerre
wavefunctions which was implemented by the progrREESCAL®®7? Parameters used to

obtain the FrancikCondon simulation inclugl (1) the anion temperature, (@) peak
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position and i nt en s,(3d) the vibfatiortalcenstahts{a n@x)arr i gi n
for both the neutral and anionic states,tf®) equilibrium bond length difference between

the neutral and anionic stést ger, and(5) theinstrumental line shape and peak width.

Each parameter will be discussed in more detail below:

(1) The anion temperature was estimated to be 275 K and was obtained by
comparing the ratio of the tpheaatk oifnttehnes iO yY
band in the experimental spectrum to the same ratio in the fitted FCamadon
simulation for various assumed temperatures.

(2) The origin band position can be determined by the differences in the interval
spacing betweenthe 0 f undamental band and the 0 Y
Y 0 origin band and the 0 Y 1 hot band. Th
A'in Figure 2.3, is 0.793 + 0.0@8/, which is also the value of the adiabatic EA.

(3) Transitons frm 0 Y O wup to 7 Y O -Condom be f
progression using the vibrational constargs: 476 + 8cm* and¥exe = 4.5 + 1.1cmtas
shownin Figure25 The fundament al v Valveastfourndriosbe f r e q

467 + 10 crrt for the groun state of NbCr and is determinbgl Equation2.1 below,
where v = 1 for the fundamental band:
H12= Vel 2(¥eXe) Equation 2.1
As noted in Table 2,1 t he measured interval bet ween t
band is 473 + 15 crh providing anotkr consistent measurement of tljgantity. The
weak transition observed to the right of

band. The 0 Y 2 overtone i1svalueofar thevgoadd t o b
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state of NbCr is 532 + 10 crt, which is directly found by measuring the spacing

bet ween the 0 Y 0 origin and the 0 Y 1 hot
(4) The FranckCondon simulation, for both the 488 and 514 nm spectra, yielded

a eer val ue dIfA. Sincedthed FraftkcoAdorD simulation used Morse

potentals, it is possible to determine the direction of the bond lembtinge. For

Transition A at 488 nm, the uncertainty in the bond length measurement is determined by

matching the vibrational band intensity profiletbé experimental spectrum to the fitte

FranckCondon simulation fomth 1 Y O up to the 3 Y 0 b

intensities agree within + 20 % and the vibrational constants for both the anion and

neutral state had to fit within the error bars as stated alRased on the data from

Figure 2.5 when the bond length issasned to increase (+ 0.079 + 0.003 A) going from

the ground state of NbCto the ground state of NbCr, the percent difference between the

experimental and the fitted Fran€Gkondon si mul ati on for the 3

too high, which is within the 20 % uncertainty value stated above. However, when the

bond length is assumed to decreds8.083A) going from the ground state of NbCio

the ground state of NbCr, the percent difference between the experimental and fitted

FranckCondon simulation fothe3 Y 0 band % tso low,bnvbichtis fat @f0

from the £ 20 % uncertainty value stated above. Thereitocan be concluded th#he

bond length is shorter by 0.079 + 0308 in the NbCr ground stateSincethe bond

length isknown to bel.8940 +0.0003 Ain the NbCr ground statethis difference gives

a bond length 0£.815 + 0.08 A for theNbCr ground state.
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Based on Fgure 2.4 the vibrational band intensity profile of tB&4 nm spectrum
does not lend itself to fitted FranckCondon simulation that matches the experimental
spectrum from the 1 Y 0 up to the 3 Y 0 ba
+ 20 %.Differences between thébrational band intensity profileis the 488 and 514
nm spectra could be due to detaching a metastable state of the anion (NbGf + e
(NbCr) * Y "Nl Bwhere different vibrational levels of (NbQ¥ are populated at
different wavelengths. This phenomenon has been seen before in other photoelectron
spectra and the vibrational intensities from the Fra@okdon overlap for an indirect
photodetachment process could be quite different tbathe direct photodetachment
process! This may applyto NbCr, where the indirect photodetachmErdnckCondon
overlapsof NbCr with (NbCr )* and of (NbCr)* with NbCr could leadto different
vibrational intensities in the 488 versus the 514 nm spectra., Tiei®ror bar in the
bond length is neorted to be larger due to the 514 resuls, + 0.011 A. Thisrangewas
obtained by matching the vibrational band intensity profile of the experimental spectrum
to the fitted FranciCondon simulation from eitheghe 2Y 0 or the 3 Y 0 b
the peak intensities agreed within + 20 %.

(5) For Transition A, the instrumental line shape was fit using Gaussian peak
shapes and the peak width is 11 meV (89tm

The vibrational frequency decreases going from thEMNiground state (532 + 10
cm?) to the NbCr ground state (467 + 10 &mwhile the bond length increases going
from NbCr (1.815 + 0.011A) to NbCr (1.8940 + 0.0003 A) This trend is consistent
with the electron being detached from a bonding type orbital. Therefore, if a single
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configurational model is assumed and the ground state of NBCfas(di?d” “dir*si?),’
then the most likely assignment of the Nb@round state is th¥ " (di?d” di*st?).
Another possible state, thée (di?d” “di*si’sd *), would have the electron being
detached from an antibonding type orbital

To provide further support that the assignment for the ground state of NbCr
the X 'F*, a comparison bateen TFansitions A and C can be made in both the 488 and
514 nm spdea, shown in Figure 2.4n the 488 nm spectrum, the ratio (A/C) is 0.29
which is determined by sumng the photoelectron counts ofamsition A over the 0.710
T 1.224eV eBE region relave to the sunof the photoelectron counts of Transition C
over1.2257 1.980 eV eBE. In the 514 nm spectrum, the ratio (A/C) is 0.55. Since the
ratio (A/C) is only 0.29 at 488 nm (0.55 at464m), the weaker intensity ofdnsition A
relative to C suggds that Tansition A is due to an electron being detached frodh a
orbital. This conclusion is based on other transition metal atomic and molecular anion
photoelectron spectra recorded at laser wavelengths of 48&menetransitions froms
orbitals havean increased intensity relative those fromd orbitals’? Thus, the
integrated intensity results betweemanstion A and C also suggest thatansition C is
due to an elgron being detached from amrbital.

Basd on the assignment given foramsition A, K%Y X'E'), photoelectron
selection rules for diatomic molecules can determine the possible values -ofrlsEpin
subst at esXW¥ dgte of NbCr artd K %eestate of NbCr, which ar¥ s $
t hr ou gfliS. YortheX¥" state of NbCr, there is only one spiorbit state X *Z")
while the X %aestate of NbCr has two spinrbit substate§’as» and?se/,). To determine
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which substate is the ground state tewupnsideration of the wavefunctions for the
substategas, and?aezindicatesthat the spirorbit coupling constant (A) is negative, so
the spinorbit levels are inverted; i.e., thi@s,. substate is lowein energy’® Since
Transition A has an electron detached frotdia o r b spinarbit,transitiorss can have
| @Y| O 5/ 2. XiFhstate ofad\NbCr o wesdoth espirorbit transitions of
the X “zestate K %ae2 and?aeyz) of NbCr.

However, Tansition A does not show any evidence of spibit structue. It is
assumed that the lack of sginbit structure is due to both the instrumental resolution (11
meV = 89 cmt) andtheoverlap of thevibrational progression of theansition to théae,
statewith the vibrational progressicessociated witlhe X %ae, state. These assumptions
are supported bsneasuremestusing anion photoelectron spectroscopy of another group
5/6 congener, VM@® The ground state transition (also presumed to b&feey XE"
for VMo displaysspinorhit structure with vibrationallyesolved transitions to thé¢%ae2
and?eey, state$1° The spinorbit splitting X %e@21 2e2) of VMo is measured to be 645
+ 10 cm® and itsee G2 values ara@neasured to be 503 + 10 @ifX %ae2) and 497 + 10
cmit (Pee2).2° Thus the spirorbit splitting in VMo is similar to its vibrational frequency
makingthe (i 1)Y 0 t r a ntisefadista s ama t he v the%d tr ans
state appear to be very close and nearly overlapping one atfother.

In order to determine if the sporbit splitting and vibrational frequency are
similar for NbCr, theoreticalstimates of the spirorbit splitting were predicted for both
VMo and NbCr. For thé&%aeground state, the spacing betweenXRes, and?ee/, states
should be twice the average value of the atomic-siit constants (V = 177 ctp Cr =
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243 cmt, Nb = 524 crit, and Mo = 677 cn).%"3As a result, the theoretical estimation of
the spirorbit splitting (X %a21 2ee2) for VMo and NbCr are 854 chand 767 ci,
respectively. The observed sgirbit splitting value of VMo (645 + 10 ci) is 75.5 % of

the theoretical value (854 c¢th If the observed spinrbit splitting value of NbCr is also
75.5 %of the theoretical value (767 cf)) then the expected splitting is ~580tand it
could be even lower. This rough estimate is close to the vibrational frequencyXFbthe
ground state (467 + 10 chh So, it is reasonable to assume tihat?ae, (vi 1) Y O
transitions overlaphe X%ae, v Y  @ansitionscloselyenough that the two progressions
canrot be separately resolved at timstrumental resolution. Therefore, it is concluded
that the absence oésolvedspin-orbit splitting does not invalate the assignment given

for Transition A K%Y X'E).
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2.3.Aii Transition B
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Figure 2.6. NbCr~ photoelectron spectrum dfansition B, assigned ag%eY 3z The
solid line shows thefitted FranckCondon simulation Dots show the488 nm
experimental spectrum. The MialVr ®tfti onal ass

The weakestransition, which is observed at the lowest eBE region as shown in
Figure 23, is Transition B. The expansion of Transition B shown in Figurelig@ays a
comparison between th88 nmexperimental spectrum and the fitted Fra@dndon
simulation. Parameters used to obtain the Fr&mhkdon simulation (again for Morse
potentials) include:

(1) The anion temperature wassumed to be the same as faariBiton A (275
K) because the 0 Y 1 h o tthinbtledirdit otdetectiod innot b
Transition B.

(2) The eBE peak position of the 0 Y O

lower-energy spirorbit component of the anion state, labeledBagh Figure 23, is
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determined to be about 0.6440.003eV. The justification of this assignment will be
explained in more detail below.

(3) As noted in Table 2.1,r@nsition B displays the same vibrational interval for
the neutral molecule (458 10 cm!) as does f@ansition A (473t 10 cmY) to within the
experimental uncertainty. This @@ment demonstrates that botraisitions A and B
access the sam¢’ae,ground state of NbCr. The¥0  hot band, which should be to the
right of the 0 Y O origin band, cannot
mentioned earlierThereforeno information on the vibrational constants can be given for
theanionstate.

(4) The fitted FranckCondon si mul ation yi el X&d a

NbCr ground state (1.8940 + 0.0003 2)f 0.027 A + 0.007 A, which was determined by

fitting the vibrational band intensities fortbe Y 0 and 1 Y 0O bands.

bar, the peak intensigeagree to within + 25 % fdroth the 488 and 514 nm spectra. The

vibrational constants for the neutral state also had to fit within the error bars as stated

above. Since vibrational overtes were not aterved due to the overlap withi@hsition
A, the direction of the bond length clggncould not be determined forahsition B.

(5) Transition BFranckCondon fits assumedaussian peak shapes for the
instrumental line shapeith peak widtls of 12 + 2 meV (97 + 16 cr).

The relative intensity of fRnsitionB is significantly weaker than Transition A.
The ratio of Tansition (A/B) is 16.5asdetermined by summg the photoelectron counts
of Transition A over the 0.710 1.224 eV eBE regiomelative to Fansition B over the
0.61071 0.709eV eBE region. The intensity ofr&nsition B appeared to be even weaker
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at 514 nm, where the ratio (A/B) is 20.5. This weak transition is probably due to an
excited electronic state of the anion. Since ttogd state of NbCris assigned as th¢

7+ andassumingthe single configurational modahe most likely assignment for the

excited state of NbCris asthe % s (d&d ®Psi?sd *). Thus, to access the NbCr

ground statef he el ectron woul d be derbitalowhighds f r om
expected to have hybrgpcharacter?

In support of this assignme@X ?ae, Y a9, photoelectron selection ruleguld
allow electron detachments from thé& *orbital inthe®e st at e owWwhosehe an
substates arée, s, and®a) to acces®ne or both of thepinorbit commnents of the
“zestate of the neutralvhosesubstates ar %ee» and?aey). The four possible transitions
includeX?a, Y %z X%, VY %=, %@, VY %@, and?@. Y 3%a;. Consideration of the
wavefunctions for theubstatesas, s, and?®a indicaes that the spiorbit coupling
constant (A) is negative, so the spirbit levels are inverted; i.e., thies substate is
lowest in energy?® As noted earlier, this is also true for the NbCr ground stagg £
e2).

Figure 2.6shows two spirorbit transitions thatre presumed to arise from tfae
and®a levels of NbCrand to access th¢%a,. ground state of NbCr. The most intense
transition K%, Y °ae) is between the spin orbit stattsat have the highest values
and are lowest in energy, and as expected, the origin band of this trangprarsaat
higher eBE in Figure 2.6To its right (at lower eBE) is a less intense transition, which is
assigned as the origin band of tK€se. Y ®ae transition. From the spacing between
these bandsthe spirorbit splitting value of the NbCrexcited state3te i 3s) is
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measured to be 100 25 cm. The s excited state energyT) of NbCr~, which is
determined by measuring the interval betwdenorigin bands of Tansitions A (eBE =

0.793% 0.005eV) and B (eBE = 0.644 0.003eV), is 1200+ 50 cm* (0.149+ 0.006

ev).
2.3.A.iii Transition C
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Figure 2.7. NbCr~ photoelectron spectrum dfransition C, assigned 8&'q) Y X B

The solid line sbws thefitted FranckCondon simulationDots show the experimental

spectrum. The vibratiodwaY wssi gnments are
One of the strongest transitions (C) is near the middle eBE region, as shown in

Figure 23. An expansion of Transiin C is shown in Figure 2.bbtained at a lase

wavelength of 488 nm. Figure 2also displays a comparison between the experimental

spectrum and the fitted Fran€ondon simulation. Parameters used to obtain the Franck

Condon simulation include:
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(1) The anion temperature was assumed to2B® K, the same values as for
Transitions A and B.

(2) The 0 Y 0 origin bXisobservddah3db+ed as
0.002eV eBE. Methods to determine the 0 Y 0 o
was previously mentioned in Sec. 2.3.A.i.

(3) Using the same method as mentioned in 3&cA.i, the spacing between the
1 Y O fundamental band andyvalbesof588+M0dh or i gi
forthelowl yi ng excited state of NbCr accessed i
to 3 Y 0 can -Goadorf progresibnousira thé vibeationak constants=
601 + 10cm*and¥exe=6.5+1.3cm*. The 0O Y 1 hot band, whic
0O Y O origin band, i's measured to have the
10 cml) as in Tansition A (533 10 cm), as mentioned e@r in Sec. 2.3.A.

Therefore, Tansition C is assigned to the sa¥#Z" (ground) state of NoCr The 0Y 2
overtoneis too weak to be detected irrahsition C and no information on the other
vibrational constantsf the aniorcould be obtained.

(4) TheFranckCondon f it vyi el ded X&' gseund staeloli e , r e
NbCr, of 0.050 + 0.017A. The uncertainty is determined by matching the observed
vibrational band intensity profiles, for both the 488 and 514 nectsp to the fitted
FranckCondon si mul ati on f r om ssotthat the relftiveQpeak o t h e
intensities agree within £ 25 % and the vibrational constants for the neutral state also fit
within its error lars. Based on data from Figure ,2if7/the bond length is assumed to

decreasei(0.046+ 0.002A) going from the ground state of NbCQio the excited state of
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NbCr, the percent difference between the experimental and the fitted &2andion
simulation for the 2 Y Wbentheabod length isadsumed 1 0
to increase (8.045A) going from theground state of NbCrto the excited state of NbCr,
the percent difference between the experimental and the fitted FEamdon simulation
for the 2 Y 0 band ieforedhe bond lengis ptesumeddo b& i g h .
shorter by0.050 + 0.006 A in the first observed ldying excited state of NbCr (1.765 +
0.017 A).
(5) The FranckCondon fit to Tansition C uses &ussian peak shapes witiidths
of 10 meV (81 cri).
The integated intensity results, mentioned earlier in Sec. 2.3ghgw that
Transition Cis 2 or 3 times stmger than Transition A in the spectra in Figure 2.4. These
results suggest thatrdnsition C is due to the detachment of an electron from an orbital
with greater atomic-electron parentage, that is, from the primagly bondi ng or bi
Since Tansition C starts from th¥ Z" ground state of NbCrand the electron is
detached from this orbital yieldingd#i’d” *dif*sii* electron configurationthis lowlying
excited state of NbCr is assigned a$fastate However,the vibrational frequency in
Transition C increases going from tN&Cr ground state (532 + 10 ctpto the NbCr
first excited state (588 + 10 cthwhile the bond length decreadsg 0.050 + 0017 A
going from NbCr (1.815 + 0.011A) to NbCr (1.765 + 0.07 A). This trend is quite
notable because detaching a bonding electron leads to the vibrational frequency

increasing, whichs unexpected. In contrast, forahsition A, detaching an electromimn
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adi bonding orbital causes the vibrational
these observations will be given in Sec. 2.4.A.
The?F" excited state energy of NbCr was measured from thergpbetween the
origin band of Tansitions A (0.79% 0.005eV eBE) and C (1.30& 0.002eV eBE) to
give aTovalue 0f4130 + 40cm? (0.512 + 0.08 eV). Transition C does not appear to
have any sphorbit structure, as shown in Figure 2This observation is consistent with

its assignmentl' 1) Y X'E") as a transition between tvibstates.

2.3.A.iv Transition D
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Figure 2.8 NbCr photoelectron spectrumf Transition D, assigned &8z Y X B
The solid line shows thétted FranckCondon simulationDots show the experimental
spectrum. The vibratio a | assi gnme mdegdY awh@e gi ven as va

Another strong transition (D) is in the high eBE region shown in FigigeAh

expansion of Transition D is shown in Figure,28tained at a lasavavelength of 488
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nm. Figure 2.8lso displays a compaon between the experimental spectrum and the
FranckCondon fit. The parameters used to obtain the Fr&@wikdon simulation are
described below.

(1) The anion temperature was assumed do2B5 K, the same value as for
Transitions A C.

(2) The originband position is 2.148 0.003eV eBE, labeled as D in Figure32
This value was determined by following the same procedure as previously mentioned in
Sec. 2.3.A.i.

@) Transitions from O Y 0 up t@nd& Y 0
progression using the vibrational constangs= 497 + 12cmt and¥exe = 2.3 + 2.3cm?
as shown in Figure 2.8 T hie valeeGs found to be 492 + 10 dnfor the second low
lying excited gate of NbCr. The measenl interval, as noted in Table 2letween the 0
Y 0 origin and t het 1% cm¥ préviding amoter consistert 9 8
measurement of thiguanity. As is indicated in Table 2.1 forransition D, the spacing
bet ween @ heri0Ogih band and the 0 Y 1 hot
fundamental frequency for the ani¢d23 + 15 cm?) as is measured fromransition A
(533 +10 cm?) and Transition C (532 #10 cm!) within the experimental uncertainty.
Therefore, TransitionD is assigned to th¥'#* ground state of NbCr A very weak 0Y
2 overtone was detected at about 1040 + 25, @onsistent with @ositivevalue of the
anharmonicity constantréxe) of the anion, but this peak intensityte® low tomeasure

an accuree value foryexe from Transition D.
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(4) The @e@r v alXtFeground stdteaot NbCrevastdetermintedto
be0.117 + 0.018 from the FranckCondon fit. The uncertainty is determined by fitting
the observed vibrationpall Nafd BaBntdes iVt i0e ¢
relative peak intensities in the FranClndon simulation agreed with experiment within
+ 25 % and the vibrational constants also fit within their error bars. The 514 nm spectrum
in Figure 24 was notincludedinestiat ed t hi s uncertainty valu
and 1 Y O bands are cut off as a result of
values(correspondingo eBE values above 2.2 eV). In the 488 nm spectrum, when the
bond length is assumed to iraese £ 0.117 + 0.007A) going from theX " NbCr
ground state to the second excited state o
to 0 Y O intensity ratio, the percent di ff
the fitted FranckCondons i mul ati on for the 2 Y 0 band i s
when the bond length is assumed to decreage095A) going from theNbCr  ground
state to the second excited state of NDbLCr
Ointensityratp t he 2 Y O band is predicted to be
bond length is presumed to be longerOby17 + 0.007 An the second lowlying excited
state of NbCthan in the anion (1.815 + 0.0%), giving a bond length of 1.932 + 0.018
A in this excited state.

(5) The FranckCondon fit to Transition D use@aussian line shap&ith widths
of 16 meV (129 cr).

The vibrational frequency decreases upon going fromXtHg" ground state of
NbCr~ (532 + 10 cm) to the second excited state of Nb@92 + 10 crit) while the
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bond length increasefrom 1.815 + 0.011 A to 1.932 0.018 A These observations
suggest that the electron is detached from aibgnarbital. As noted earlier,r&nsition
A is assigned to th& aeground state of NbCrd(i’d” “di*si?), where the electron is
detached from @i bondi ng or bishelgIZ avidn. Ttamsigion € Iwass e d
assigned to &F" excited state of NbCaccessed by aalectron detachment from the
primarilyst bonding orbital . diyhembselikelyassignmens o f
for the second lowlying excited state of NbCr is to anotti@" state, where the electron
is detached from the primariti bondi ng orbit al

The 2#*(2) excited state energyTq) of NbCr, which was measured from the
spacing between the origin bands ofdnsitions A (0.793 0.005eV eBE) and D (2.140
+ 0.003eV eBE), is 10880 + 50 ct(1.349 + 0.006 eV)Transition D also appears to
have a lack of sphorbit structure, shown in Figure 2.8vhich is consistent with its
presumed assignmenti'o) Y X1EH.

The relative intesities of Tansitions C and D, which access t#@# states of
NbCr, were also compareth the 488 nm spectrum, the ratio (D/C) is only 0.68. This is
determined from the sumf the photoelectron counts ofansition D oer the observed
1.98071 2.440 eV eBEegion relative to those ofrdnsition C over the 1.2251.980 eV
eBE region. his method clearly underestitea the relative intensity ofransition D
because its vibrational intensity profile is cut off due to therelsing instrumental
sensitivity at high eBE(low eKE) values. To correct for this artifact, theins of
photoelectron counts forransition D over the 1.980 2.440 eV eBE &gion, shown as
dots in Figure 2.8is compared to the sum of photoelectron cowftshe entire
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vibrational progression from the fitted FranClndon simulation (1.980 3.040 eV

eBE). The ratio (D/FraneCondon fit of D) is 0.44 and the ratio (FrarCkndon fit of

D/C) is 1.54. Thus, ansition D is inheently about 50 % stronger thdmansition C. As

noted in Sec 2.3.Ali, Transition C is assigned to the detachment of an electron from the
primarily si bonding orbital. Trdngtions € lardtDurther | nt er
complicate the simple descriptions of theiprimary electronic configurationsas

dd?d” “dirfstit or di'd “dif'sd? (or as involvingsdd hybrid orbitals), aswill be further

discussed irsec. 2.4.A.

2.3.B Computational Results

Table 23 provides the total ZPE (zerpoint vibrational energy) corrected
energies, the relative energies, add&@ues of NbCr~ (singlet, triplet, quintet, septet spin
states) and NbCr (doublet, quartet, sexdetet spin states) at the BPW91 and MO06 levels
of theory. Spectroscopic constants were compared between the DFT calculations, using
the methods described in Sec. 2.2.B, and the experimentally obtained values'®y the
e ’F*, and e states, as shown in Tables 2.4 and 2.5. Appendixsig the results
given in Table 2.4 and Table 2.5, alstmows the molecular orbital energies and shapes
for thef', e #,%e, W@Wn &t ates at both the B®WNI1/ SDI
theory.

When wavefunction stability is enforced for the quintet spin state of the anion, its
predicted energy is calculated to be at least 4000 aimove the calculated ground state
at either level of theory. When stability is not enforced for tiietgt state, its predicted
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energy is at 2517 ¢cm(BPW91/SDD) and 3982 ci(M06/SDD) above the calculated
ground state, as shown in Table 2.3. It is interesting to point out that at least at the
MO06/SDD level of theory, when stability is not enforcede tjuintet state is lower in
energy than the singlet state despite experimental results indicating that the singlet state
(*#") is indeed the ground state of the anion. At both levels of theory, sextet, septet, and
octet spin states are predicted to beifiicantly higher in energy by at least 10000tm
above the calculated ground state when stability is enforced and at least 708bcvm@
the calculated ground state when stability is not enforced (as seen in Table 2.3). Since
these states are much hightaey will not be discussed in any further detail.

Both levels of theory predict thétte’se st ate is the ground s
wavefunction stability is enforced (see Table 2wijch isin agreement with previous
work using R2PI spectroscopyHowever,when wavefunction stability is not enforced
(see Table 2.5), BPWO91 predictdaa gr ound state ande MAGtERr e d
the first lowlying excited state, lying 3767 chabove the predicted quartet ground state.
In Table 2.4, when wavefunction stability is enforced, $hevalues for the calculated
ground state of NbCrPg) a't both BPW91 and MO06 | evels
respectively. The expected value for the total spin ope@td(S + 1), for a doublet
state should be 0.75. Considering that the calcuBtgdlue significantly deviates from
the expectedralue, it can be said that the wavefunction has a high amount of spin
contamination and that this state is not vagbscribed by a single Slater determinant.
Another indication that these results appear to be unreliable is that the bond lengths at
both lewls of theory for thee st ates are significantly hi
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values by at least 0.13 A and the vibrational frequencies are significantly lower by at least
180 cm! (Table 2.4).

As can be seen in Table 2.5, when wavefunction stability is not enforces, the
values for the’e st at e at both BPW91 and MO6 | eve
respectivelyHere theS’ values are relatively close to the expected value (@8)not
much can be concluded about the amount of spin contamination in this state. However,
when these results are checked for wavefunction stabilithessribed in Sec. 2.2.Bhe
results from Table 2.5 fortifee st ate at both | evels of thec
indicating that the an)aleinvtaliddointerpretgtiorelhic y c al
also interesting to note that when wavefunction stability is not enforced and one uses the
keyword SCF=XQC, as seenfof® st ate in Table 2.5, the we
instability. If one uses the keyword SCF=QC instead ases the same method, the
wavefunction is stable after geometry optimization and the results are the same as those
shown in Table 2.4. No other state calculated here gave the same results when
wavefunction stability was not enforced and the keyword SCFw»@s used.

As shown in Table 2.4, when wavefunction stability is enforced, both levels of
theory predict that théee s t a t elying excited state aff NbCr, lying 4017 (MO6) or
6515 cmt (BPW91) above théee g r o u rSdvales farthdee exci t ed st at e
2.4 at the BPW91 and MO6 levels of theory are 3.92 and 4.59, respectively. The expected
value for a gartet state should be 3.75, indicating that at the M0O6 level of theory there is
a considerable amount of spin contamination. This comparison suggests tat the
excited state is not wetlescribed at the M06 level of theory. At the BPW91 level of
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theory,where theS’ value is relatively close to the expected value, the energy splitting
between théze a‘edst at es lwhigh s6ggestSthattifee st at e woul d L
enough in energy for this state to be observed in this experimental spectrum if this
transition were sphallowed from the anion ground state. However, based on the
experimental results, the anion ground state is assigned as a siQletq transitions to

a quintet state would not be allowed. So, the present experimental resultspranite
atestofthedp st ate energy. |t was also noted t
calculation (when wavefunction stability was enforced) at the BPW91 level of theory, the
wavefunction was found to have an internal instability, which demdestrthe

importance of checking wavefunction stability after optimizing the geometry. A stable
wavefunction was found by doing single point stability calculations starting at the
geometryoptimized bond length (2.009 A) and testing the bond length + 0fdardthe

optimized bond length until a local minimum was found. The local minimum and stable
wavefunction still had geometgptimized bond length of 2.009 A, but did show minor
changes in the total energy and vibrational frequency values compared toethally

unstabllee st ate at 2.009 .

Inthe’®® st ate, when wavefunct wavefuncanhadsi | i t vy
an internal instability at the BPW9L1 level of theory (regardless of whether one uses the
keyword SCF=XQC or SCF=QC), while at théd®level of theory, the wavefunction is
stable and the results are the same as if wavefunction stability were enfSreatlies
for the “aestate in Table 2.5 at the BPW91 and MO06 levels of theory are 3.91 and 4.59,
respectively (almost the same as in [€aR.4). The larges’ value at the M06 level of
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theory again shows that thaestate is not weltlescribed using this method. TRRW91
level of theory predicts thattfee st at e i 4yingekcied $tateroENDCr,| while
the 2¢" state is the seonl lowlying excited state. The M06 level of theory predicts that
thelee st ate i s t IE stageiotheridt lodyingexated statd) antde | s
the second lowying excited state. Therefore, when wavefunction stability is not
enforced, te MO6 level of theory contradicts the experimental results that demonstrate a
e ground sfate for NbCr.

For the?F" excited state calculations for NbCr, where the keyword Gudss
was used to obtain the desired electronic state, wavefunction stability could not be
enforced, in order to prevent the final wavefunction from having a different orbital
symmetry. The results for tH@&" excited state can be found in Table 2.5. lremnore,
only one?g" excited state could be calculated from both levels of theory, because both
2+ excited states have the same orbital symmetry. Therefore, the calculation cannot
distinguish differences between the two assigfiEdexcited states thateve observed
experimentally. As mentioned earlier, tH& states at both levels of theory have lae
values, as well as internal instabilities in the wavefunction.

Table 2.4 shows that tH&" state is predicted to be the ground state of N&Er
the BPW91 level of theory when wavefunction stability is enforced, which is consistent
with the experimental results. TRE' state is predicted to be the first ldying excited
state at the M06 level of theory. The energy splittings betweelfthend the’e st at e s,
at both levels of theory, are only ~ 500°t(0.06 eV), suggesting that these states are too
close in energy to one another for their ordering to be reliably predicteds®Madues
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for the calculatediZ' state of NbCr at the BPW91 and MO06 lels of theory are 2.18 and
2.41, respectively. The expected value for a singlet state should be 0.00. Again, a high
amount of spin contamination is observed infiestate when wavefunction stability is
enforced, suggesting that both methods are unteliabpredicting the properties of the
singlet state. When wavefunction stability is enforced at the MO06 level of theory for the
¢+ state, the geometry optimized state was found to have an internal instability. A stable
wavefunction was found by doing gie point stability calculations starting with the
geometry optimized bond length (1.961 A) and testing the bond length + 0.01 A from the
optimized bond length until a local minimum was found. The stable wavefunction for the
1+ state was at 2.004 A (sealfile 2.4).

Table 2.5 shows that at both levels of theory (when wavefunction stability is not
enforced), théf" state is predicted to be the first ldying excited state of NbCr which
is inconsistent with the experimental resultSv&lues for both leels of theory are 0.00,
but both | evels of theory also have an RHF
uses the keyword SCF=XQC or SCF=QC), thus indicating that the analytic frequency
cal cul g areiovalid for(nterpretation.

The3e wtisgredicted to be the first lelying excited state of NbCrat the
BPWO1 level of theory whilethde st ate i s predicted to be t
level of theory when wavefunction stability is enforced (see Table 2.4). For the BPW91
and MO06 évels of theory, th& values for the calculatede st at € are 3.17 Nriol C r
4.17, respectively. Since the expected value for a triplet state is 2.00, again there are high
amounts of spin contamination when wavefunction stability is enforced foedbtate.
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Additionally, the3e st ate had similar Yfrsate;lwhens t o
wavefunction stability is enforced at the M06 level of theoryéhe st at e had an
instability. Following the same procedures as noted above foithstate,but starting
with the optimized bond length fortiee st at e of 2.146 j, a | oca
stable wavefunction were found at 2.167 A (see Table 2.4).

When wavefunction stability is not enforced, ftle st ate is predict
ground statef NbCr at both levels of theory (see Table 2.5). Hievalues at BPW91
and MO06 levels of theory are 2.04 and 4.04, respectively, as compared to the 2.00
expected value. The MO06 level of theory again demonstrates high spin contamination and
the wavefuntion has an internal instability. At the BPW91 level of theory, the
wavefunction was found to be stable (regardless of whether the keyword SCF=XQC or
SCF=QC was used), but the bond length, 1.915 A, reported in Table 2.5 is different than
the bond length, .231 A, reported in Table 2.4 (where stability is enforced),
demonstrating some strange inconsistencies in the computational data. The bond lengths
in Table 2.5 forthdee a%edst ates suggest the direction
Transition B in tle photoelectron spectrum. Based on the predictions in Table 2.5, the
bond length decreases upon going from¥se st at e of fehestartieomnft o
neutral molecule, and the vibrational frequency increases, consistent with the detachment
of an eletron from an antbonding orbital.

The Natural Population Analysis, in Table 2.4, for both DFT methods reveals that
the natural electron configuration of Nb for thH# state of the anion is [Kris-0t4d“29
while for theZee state it is [Kr]5!%%4dCG8Y showing that the diorbital decreased in
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occupation number. This is consistent with the experimental results for Transition A,
indicating that the electron is detached frowh @bital. For the Cr atom, both the dnd

3d occupations decrease upelectrondetachment in the ground state transitiéee Y

#4). For the?aeY 3aetransition, the 4(Cr) and 5 (Nb) orbitals, as well as thep4ind
orbitals, are predicted to decrease in occupation upon electron detachment, while the 3
(Cr) and 41 (Nb) orbital occupations remain essentially unchangeldeaBPW91 level of
theory. These results are also consistent with the experimental assignments for Transition
B, and confirm that the electron is detached fronsahybrid orbital. These trends in
Table 2.4 are similar to those observed in Table 2.5, &xbhap in the calculations in
which wavefunction stability was not enforced, treodbital (Cr) occupation remains
unchanged upon electraletachment in the ground state transitf@a¥ £").

In summary, all states calculated in Table 2.4, exceplsthes t at e at t he
level of theory, have higB® values, signifying large amounts of spin contamination, and
suggesting that both DFT methods employed here do not provide a reasieatshent
for the NbCr and NbCrdimers. Théee st at e at the BPW91 | evel
earlier, cannot be compared to the experimental measurements as this state was not
observed. In Table 2.5, when wavefunction stability is not enforced,toefze st at e at
the BPW91 level of theory, and thee st at e at the MO06 | evel 0
have stable wavefunctions. This provides greater confidence in the analytic frequency
c al cul a)thutotlre svibrdtianal frequencies of these states reot available for
comparison. The NbCr and NbCr dimers could provide useful tests of the validity of

new DFT methods.
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Table 2.3.Total zero point corrected energies, relative energies, ava®s of all spin states tested for both the anion anttad
spin states of NbCr at BPW91 and MO06 levels of theory

Stability Enforced Stability Not Enforced
I__I_eh\;eolr)c;f Molecule g,g tne (Egr?rrggy Eel (V)  Ere (cnm?) S True S (|4E:r?:ggy Eel(eV)  Ee(cntd) S True S
1 -143.9811  0.0000 0 2.18 0.00 -143.9675 0.0171 138 0.00 0.00
NbCr— 3 -143.9785  0.0707 570 3.17 2.00 -143.9681  0.0000 0 2.04 2.00
5 -143.9567  0.6639 5355 6.16 6.00 -143.9567  0.3120 2517 6.16 6.00
7 -143.9336  1.2922 10422 12.36 12.00 -143.9336  0.9403 7584 12.36 12.00
BPWAL 2 -143.9585  0.0000 0 2.25 0.75 -143.9445  0.0000 0 0.80 0.75
4 -143.9288  0.8077 6515 3.92 3.75 -143.9288  0.4295 3464 3.91 3.75
NbCr 6 -143.9087  1.3568 10944 9.45 8.75 -143.9087 0.9764 7875 9.45 8.75
8 -143.8993 1.6116 1299 16.37 15.75 -143.8969  1.2969 10460 16.45 15.75
1 -143.7734  0.0671 541 241 0.00 -143.7474  0.7687 6200 0.00 0.00
. 3 -143.7758  0.0000 0 4.17 2.00 -143.7757  0.0000 0 4.04 2.00
Nber 5 -143.7575  0.4984 4020 7.19 6.00 -143.7575  0.4938 3982 7.19 6.00
7 -143.7378  1.0348 8346 13.21 12.00 -143.7367  1.0593 8544 13.13 12.00
Moo 2 -143.7474  0.0000 0 243 0.75 -143.7119  0.4670 3767 1.00 0.75
4 -143.7291  0.4980 4017 4.59 3.75 -143.7291  0.0000 0 4.59 3.75
Nbcr 6 -143.7013  1.2532 10107 9.74 8.75 -143.6725  1.5382 12407 9.08 8.75
8 -143.7010  1.2607 10168 16.44 15.75 -143.6956  0.9111 7349 16.51 15.75

(a) indicates that the SDD basis set was used for all levels of theory tested. (b) Energy values are all ZPE corrected.
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Table 2.4.Calculated spermscopic constants that enforce wavefunction stability coeaptar experimental measureménts

Spin  Level of : Nb Natural Electron Cr Natural Electron Ye To d o, True
Molecule State  Theory Assignment Configuration Configuration rA) (cm)  (cmY)e EA (eV) S S
Experiment g7 - - 1.815 532 - - - -
1 BPW9l g+ [Kr]5 $014¢l(425) [Ar]4 §1243(5:31) 1.998 260 - - 2.18 0.00
MO06 g+ [Kr]5 s214¢430) [Ar]4 $1153¢(5-35) 2.004 202 - - 2.41 0.00
NbCr—
Expaiment e - - 1.894 - 1200 - - -
3 BPWO1 3 [Kr]5s47UdG775p0.19)  [Ar]4sii73dE1%p©2) 2031 278 570 - 3.17 2.00
MO6 3% [Kr]5 s1464g3o05p(011)  [Ar]4s1293dG-084p©1%) 2167 146  -541 - 417 2.00
Experiment % - - 1.8H0C 476 - 0.793 - -
2 BPWO1 2 [Kr]5 sL-014cl(381) [Ar]4 s©-973¢(5:17) 2021 287 - 0.613 225 0.75
MO06 2 [Kr]5 $2084¢(379) [Ar]4s©923(5:17) 2.036 251 - 0.708 2.43 0.75
NbCr
Experiment - - - - - - - - -
4  BPWO1 ‘e [Kr]5 L0 gl3:80) [Ar]4 5©-9833¢(5.15) 2.009 392 6515 - 3.92 3.75
MO06 ‘e [Kr]5 s1-044(3:84) [Ar]4 50-963((5.12) 2.081 229 4017 - 459 3.75

(a) All calculated states reported above are stable wavefunctions. (b) SDD basis set was used for all calculated tsthtglsaeg(@) To values for the triplet

state are determined by comparing the energy value of the calcigztade from one level of theory relative to the corresponding energy value of the calculated
1Z* state. T values for the quartet state are determinectdayiparing the energy values of the calculatadstate from one level of theory relative to the
corresponding energy value of the calculaabtate. (d) The reported EA values shown here n@ybe the calculated EAhey are theenergy difference
betwee thellE" and?aestatesin order b compare with the experimentallue(e) is ref’.
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Table 2.5 Calculated spectroscopic condtathat do not enforce wavefunction stability congplatio experimental measureménts

Molecule Spin Level of Assignment Nb NatL_JraI EI_ectron Cr Natu_ral Elgctron r (A) ‘X’el To EAd @ Tl’léle
State  Theory Configuration Configuration (cn®)  (cmiHe (V) S
Experiment g7 - - 1.815 532 - - - -

1 BPW91 g [Kr]5 s©-994d(“24) [Ar]4 s1:003¢/(570) 1.836 595 - - 0.00 0.00

NbCI™ MO06 2 [Kr]5 s-924d4-17) [Ar]4 s©-983¢/(5-76) 1.799 652 - - 0.00 0.00
Experiment e - - 1.894 - 1200 - - -

3 BPW91 e [Kr]5 s*-35Ud@E 69500021 [Ar]4 s1-303d(G-284p0-18) 1,915 521 -138 - 2.04 2.00

MO06 S [Kr]5s4614d@885p012)  [Ar]4 &1-283d(5-09Yp018) 2. 146 156 -6200 - 4.04 2.00
Experiment %e - - 1.894G 476 - 0.793 - -

2 BPW91 %e [Kr]5 s*-024d(368) [Ar]4 $0-973d(5-30) 1.894 560 - 0.625 0.80 0.75

MO06 %e [Kr]5 s*-0614d(E65) [Ar]4 S0-943d(5-34) 1.864 704 - 0.967 1.00 0.75
Experiment AN - - 1.765 601 4130 - - -
NbCr ) Experiment Ao - - 1.9 492 10880 - - -

BPW91 2+ [Kr]5 s©-6814(4-10) [Ar]4 s©-913¢(5-33) 1.903 285 4227 - 241 0.75

M06 B [Kr]5 s0-694d“13) [Ar]4 S0-793d(542) 1.893 387 -1934 - 258 0.75
Experiment - - - - - - - - -

4 BPW91 ‘e [Kr]5 s*-011d(E80) [Ar]4 $098)3d(519) 2.009 428 3464 - 391 3.75

MO06 ‘e [Kr]5 s-044d(384) [Ar]4 s0-963¢(5-12) 2.081 229 -3767 - 459 3.75

(a) Only the BPW91/SDBeestate and the M06/SDf2estate have stable wavefunctions. (b) SDD basis set was used for all calculate@stated above. Jc

To values for the triplet state are determined by comparing the energy value of the cafealstttd from one level of theory relative to the corresponding
energy value of the calculaté@* state. T values for the excited doublstate are determined by comparing the energy values of the calc@#astate from one

level of theory relative to the corresponding energy value of the calcétastdte. T values for the quartet state are determined by comparing the energy values
of the calculatedeestate from one level of theory relative to the corresponding energy value of the caléadstatd. (d) The reported EA values shown here
may not be the calculated EAhey are thenergy difference between tHg" and?zestates in order o compare with the experimentalue(e) is ref’.
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2.4 DISCUSSION

Anion photoelectron spectroscopy has been used to $hed$88 and 514 nm
spectra of NbCr. All results obtained for the four vibratiomglresolvedtransitions (A
D) of NbCr and NbCr have beensummarized in Table 2.6. These includite
assignments, likely electron configurations, A, low-lying excited state energies,
fundamental vibrational frequencies and other vibrational constas#swell as
correspondingibrationalforce constants, and changes in equilibrium bond lengths upon

electron detachment.

72



Table 2.6.Summary of experimentalsalts for NbCr

Molecule Ass?gt;trient Coﬁ]l?gclj:ggon To, EA, Do “ie@)<(:;§/z(’:mjel’)1r For((r:r?dg/:r?/%tam Bon?ﬁbingth EBrcr)grd BLsrngﬁt\;]
NbCr 22 ) ditd “diisli? To 10880 + 50cnTt &G, 492+10 4.75+0.20 %o +0.117 +0.018
1.349 + 0.00&V Ye 497 £ 12 1.932
YeXe 23+23
22+ diizd” “diisit To 4130 + 40cnr! 2eG, 588+10 7.10£0.25 X2 0.050 +0.017
0.512 + 0.00%V Ye 601 + 10 1.765
YeXe 6.5+1.3
X 2812 diid” “diPsli? EA 0.793+0.005eV &G, 467+10 4.45+0.15 X1 +0.008°
Do 3.0263 £ 0.000&V* ¥ 476+ 8 1.8940
YeXe 45+1.1
NbCr~ S dd’d" 4difsli’sl *  To(%ae) 1200 * 50cnt x1 = 0.027 + 0.007

0.149 + 0.00@V

37 % 100 + 25cnT1?!

X1 ddi?d” 4dirsi? Do 2.901 £ 0.01kV &G, 532x10 5.56 +0.20 x11 0.079 = +0.011
X2
1.815

(a) Some of the equilibrium bond length changes are given with respec{Xcae2).” The other four bond lengths listed were obtained by combiximgd
bond length differences between the anion and neutral molecule states, as measufgarfe@ondon fits, assuming Morse oscillators using numerical
integration of Laguerre wavefunctions, to the vibrational intensity profile in the experimental spectrum. For simpligitiven with respect to thx %
ground state of the anio(h) is ref’
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2.4.A Distinguishing the ?Z*1)and %*2) Excited Sates of NbCr

Transitions CPE 1) Y X'B") and DB’ Y X'E") arise from theX ' ground
state of the anion and access tlew-lying excited state of the neutral, which are both
assigned here &g" statesHowever, igntifying the primary electronic configurations of
these transitions afi’d” *di*si* or did” “dir*sii? is likely to be an oversimplificatianAs
mentioned earlier in Sec. 2.3.Be DFT calculations reported here dot distinguish the
different 2" states ecessed irTransitiors C vs.D . As expected by syn
bonding and antibonding molecular orbitale likely tohave some contributions from
both s and d,> atomic orbitals,as well as fromp, orbitals, and areprobably better
described asdl  asdidi(or spd*) hybridized molecular orbitals.

In Transition D,the vibrational frequency decreases going fromXhE* NbCr~
ground state (532 + 10 chpto the?Z" ) NbCr excited state (492 + 10 dinand the bond
length increaseby 0.117 +0.018 A from NbCr~ (1.815 + 0.01A) to NbCr (1.932+
0.018 A). This is the expectettend upon detaching a bonding electron, as was also
observed in Tansition A where the vibrional frequency decreasésmom the X E
NbCr~ ground state to th¥2eeNbCr ground state (467 + 10 cinand the bond length
increasegrom NbCr~ (1.815 + 0.014) to NbCr (1.8940 + 0.0003 A) As datedearlier
inSec.23Ai,Tansition A has the fakxtbamdtaghgecdrnri
These trends for bothransitions A and D contrast withe results for Transition C. In
Transition C, a notable bser vati on i s t hatectrahecduses the ng a
vibrational frequency to increase and the bond length to decrease going frifghdtade

of the anion to the’'(y) state of the neutral, as mentioned in Sec. 2.3.Aiisimilar
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phenomenon has been observed before from anion pheutoelspectroscopy studies of
Cr2.5! For the®f,* (Cr) X 2R (Crz2 ) excited stateransition the fiextrad electron in
the ani on ¢ antthopding @bital df grimarily 4 atomic parentage and the
t wog baiding orbitals in Grare filled. It was found that removing &4 electon
increases the vibrational frequency going from the ground state of the anion®f‘the
excited state of GP*

To rationalize this surprising result, it was suggested that since the spatial extent
of the valences atomic orbitals are much larger than that of therbitals, and the
equlibrium bond lengths for molecules with high formal bond orders such asr€r
favorable ford-d bonding but are too short for optimsk bonding, at these short bond
lengths thes orbitals appear to be repulsive. Therefore, when an electron is detemed
the primarily 4(j4 orbital it reduces these repulsive interactions and results in an increase
in the vibrational frequency as well as a decrease in the bond Rérigits observation
for Cr. suggests that for NbCr, tRE*(1) state accessed imTa n s i t iyp=688G 1q &G
cmit versus 532 + 10 cthin NbCr) has ad?d” “dif*si* electron configuration and that
of the higher energ¥#'z)s t at g = 4926 10 crit) has a primarilydid” *disi?

configuration, althoughbbt & or bi t al s ar eanddceneiloutoesd t o ha

2.4.B Vibrational Force Constants and Bond Dissociation Bergies of NbCr and
NbCr

Force constants for all observed statgsorted in Table 2.6 are calculated using

Equation2.2 below,
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2
cIm
kg u(Eﬂ-mE-(E.QE’?E’xlOID T))

1.6605 x 10
( * am kgm-A
100 —=——
s“-m-mdyn

()

wherek is the force constanindyn/A), 1.6605 x 1’ kg/amu is used to convert units of

Equdion 2.2

amu to units of kg, € e isi thee vilbrdti@nal freguencyg of the ma s s
corresponding electronic state (¢m2.9979 x 1€ cm/s is the sged of light, and 100 is
used to convert N/ m to mdyn/ j. The reducec

below,

(MNE,- MCr) (92.9064 amu - 51.9405 amu
H = =

~33.3152 Equation 2.3
My tMc,/  \92.9064 amu + 51.9405 amu) amt a

where the mass of the Nb atom (92.9064 amu) is multiplied by the mass of the Cr atom
(51.9405 amu) and divided by the masdNb plus the mass of Cr. The reduced mass of
NbCr is about33.3152amu. Below is an example calculation which shows how the

vibrational force constant is calculated forthe gr ound stextd78cm)f NbCr

2
33.3152 amu (m-(ms eml)- (2.99?9 x 100 %n))

k= (1.6605)&10'2? g)- i
amu kgm-A

100 s2-m-mdyn

kg ) 33.3152 amu - 8.0391 x 10%"s2
ke'm-A
s2-m-mdyn

k= (1.6605 x 107
ammu
100

. (16605 ey kg) (2.6?82:;10” a;rnu-md}m)
= . X "

amu kg'A

mdyn
A
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The bond dissociation energy &fbCr was calculated using the following

thermochemical cycle:

Thermochemical Cycle

——gTm T mmm———- T Nb+Cr
: EA (Nb)
L Nb~+Cr

AHgissociation (NDCr — Nb + Cr) &

Energy (eV)

AHgissogiation (NDCr— — Nb— + Cr)

NbCr ——
EA(NbCr) |

NbCr

Figure 2.9 Thermochemical cycle to determine tieCr bond dissociation energy

where the xaxis represents the bond dissociation coordinate (not to scale) andvtise y
is given in energyeV). Using Figure 2.9 above,gHation2.4 was derived to calculate

o Hissociation(NDCr~ Y N Cr) as the bond dissociation energy of NoCr—

P Hissociation(N bCrY NbB Cr) =

. Equation 2.4
PHissosiaiol NDCr Y Nb + CEANby EA —avat

wherem Hissociation( Nb Cr Y N the bend @issciatiors energy of Nb@Gr0263 +

0.0006 eY,” EA(NDCY) is the EA of NbCr (0.793 + 0.088v), andEA(ND) is the EA of
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Nb (0.918 + 0.005 e)/’*In Equation2.4, the EA of Nb is used because it exceeds that of

Cr (0.67584 + 0.00012 e%? so the Nb + Cr ionic asymptote lies below Nb +Cr

o Hissociation( N b C rNb™ +/Cr) = 3.0263 + 0.0006 eV + 0.793 + 0.005ie¥.918 + 0.005 eV

PHissociationl Nb Cr I Y Nbl + Cr) ¥$£0125:0D82V)N 0. 0006 e

mHissociation(Nbcrr Y Nbr + CI’) = 2 901 N 00

Thus the bond dissociation energy value of Nbidrcatulated to be 0.125 + 0.0V

lower than that of NbCr, givingd Hissociation(NDCr~ Y N Cr) = 2.9Q + 0.011 eV.

2.5 CONCLUSIONS

Gas phase anion photoelectron spectroscopy has been used tthed@§y and
514 nm spectra of NbCr Four vibrationalrtansitions (AD) have been identified aX fee
Y XMW XY @B a Y X, and’#p) Y X)), respectively. The ground state of
NbCr is assigned as th&' state and the bond dissociation energy of Nb&r
determined to be 2.901 + 0.0&Y. Additional results for NbCr and NbCihave been

summarized in Table 2.6
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CHAPTER 3

ANION PHOTOELECTRON SPECTROSCOPY OF NbMo
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3.1 INTRODUCTION

As mentioned in the previous chapteeterolimetallic complexes provide the
opportunty to understand chemical bonding properties of extreme examples of multiple
metatmetal bonds. Specific interest here is placed on mixed group 5/6 heterobimetallic
anionic dimers because anionic dimers, like NbMo , have 12 valence electrons, which
dependng on the electronic configuration, could have a sextuple bond which is the
highest reported formal bond order observed.

A more extensive review of mixed group 5/6 dimers was already presented in the
previous chapter. For convenience, a basic summary of experimental results on NbMo
will be discused here as well. Knudsen effusion mass spectrometry determined that the
bond dissociation energy of NbMo isy D= 448 + 25 kJ molé (~ 4.64 + 0.26 eV¥
Resonant twgphoton ionization (R2PI) studies foundaththe ground state assignment of
NbMo is a’qs/. state where the valence electron configuraticifsl” *di*si%>. The bond
length for this state is also reported to be 2.00802(3D) A.

Bare homonuclear diatomic complexes including ldbd M@ have been more
extensively studied versus their heteronuclear diatomic complex, NbMoveémiew of
Nb, literature can be found in Chapter 2. There have Isegaral experimenita® and
computationdt'®3% studies done on Moand Ma . Initial studies found that the bond
dissociation energy of Mds Dy = 404 + 20 kJ mofé (~ 4.19+ 0.21eV) by Knudsen
effusion mass spectromefty ater studies using photoionization spestopy provided a
more precisevalue for the bond dissociation energyy B 36100 + 80 cm (4.47 +

0.010 eV)*? Absorption and emission spectra obtained in flash photolysis studies have
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assigned the ground electronic state of;Ms the'l;" state, where the valencesetron
configuration isdig?d J‘dig*sli?, t he vi brati @r&77.1 tm,dhguency
anhar mo ndeGilblycmiarg the bond length is = 1.929 A® R2PI studies
obtained a more accurate bond lengthesf 1.938 + 0.009 A°

Initial studies on the Mo anion used complete active space medtinfiguration
selfconsistent field (CASSCF) followed by muitference single + doubles
configurationinteraction (MRSDCI) and calculated the ground state of Mo be &%,
state?* The electron affinity (EA) in this study was calculated to be 0.5 eV (at the
MRSDCI + Q level of theory}* Anion photoelectrorspectroscopy studies have assigned
theground electronic state of Mo as the?’," state, which is consistent with the previous
computational  studie¥, where the valence electron configuration is
diig?d” ,*dig*slig?slut.t® In addition, these studies have determined that the vibrational
frequency of the?,* ground state of 8  ani 0.l 466s * 6.0 cm, the
anhar moneee 2.19y% 1.00xm, the bond length is 1.96 + 0.02 A, and the bond
dissociation energy is = 4.460 + 0.015 eV. The experimental EA is measured to be
0.733 + 0.005 eW

This chapter reports the 488 nm room temperature, 488 nm cold temperature, and
514 nm room temperature photoelectron spectra of NbNbree vibrationldy -resolved
transitions were observed, regardless of any changes in wavelength or temperature. The
experimental spectra provided measurements oEfef NbMo, electronic ground and
excited state assignments of the anion and neutral molecule, vibrdtematncies, and
changes in the equilibrium bond length upon electron detachment. In addition to the
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experimental measurements obtained, Density Functional Theory (DFT) calculations are
also reported here to help assign electronic states observed kp#rarents. Finallya
discussion of theneasurements made in this study examines the electronic structure and
chemical bonding behaviaf NbMo and other group 5/6 coagers such as NbCr (from

Chapter 2), VCr, and VMo.

3.2 METHODS

3.2.A Experimental Methods

Figure 3.1.Anion source flontubeconfiguration used in the studies of Nb reactions with
Mo(CO). The He and Ar buffer gases were introduced into a 20 cm long segment of the
flow tube upstream of the Nb cathode discharge source, followed by a Ségmnent

that can be cooled with liquid nitrogen.

Details of the anion photoelectron spectrometer can be four@hapter 1
Section 1.3.A of this thesi¥he flow tube configuration is slightly different than the flow

tube configuration described for tiNbCr experiment in Chapter 2, Figure 2.1. The Nb
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