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ABSTRACT

Transition metal oxides are used for numerous applications, including
semiconductors, batteries, solar cells, catalysis, magnetic devices, and are commonly
observed in interstellar media. However, the atomic-scale properties which dictate the
overall bulk material activity is still lacking fundamental details. Most importantly, how
the electron shells of metals and O atoms mix is inherently significant to reactivity. This
thesis compares the binding and excited state properties of highly correlated first-row
transition metal oxides using four separate transition metal systems of Ti, Cr, Fe and Ni.
Laser ablation coupled with femtosecond pump-probe spectroscopy is utilized to resolve
the time-dependent excited state relaxation dynamics of atomically precise neutral
clusters following 400 nm (3.1 eV) photoexcitation. All transition metal oxides form
unique stable stoichiometries with excited state dynamics that evolve due to oxidation,
size, or geometry. Theoretical calculations assist in experimental analysis, showing
correlations between charge transfer characteristics, electron and hole localization, and
magnetic properties to the experimentally determined excited state lifetimes.

This thesis finds that neutral Ti and Cr form stable stoichiometries of MO, (M =
Ti, Cr) which easily lose up to two O atoms, while neutral Fe and Ni primarily form MO
(M = Fe, Ni) geometries with suboxides also produced. TiO> clusters possess excited
state lifetimes that increase with additional cluster units to ~600 fs, owing to a larger
delocalization of excited charge carriers with cluster size. CrOz clusters show a unique
inversed metallic behavior with O content, where the fast (~30 fs) metallic relaxation
component associated with electron scattering increases with higher O content, connected
to the percent of ligand-to-metal charge transfer (LMCT) character and higher density of



states. FeO clusters show a decreased lifetime with size, reaching a plateau of ~150 fs at
the size of (FeO)s related to the density of states as clusters form 3D geometries. Finally,
neutral (NiO), clusters all have similar fast lifetimes (~110 fs), with suboxides possessing
unexpected electronic transitions involving s-orbitals, increasing excited state lifetimes
up to 80% and causing long-lived states lasting over 2.5 ps. Similarities are drawn
between each cluster system, providing valuable information about each metal oxide
species and the evolution of excited state dynamics as a result of the occupied d-shell.
The work presented within this thesis will lead to novel materials of increased reactivity
while facilitating a deeper fundamental understanding on the effect of electron

interactions on chemical properties.



ACKNOWLEDGMENTS

| knew that obtaining a doctorate degree would be one of the larger challenges in
my life, and not much could have prepared me for this task. There were months and years
of joy, exhilarating scientific exploration and countless successes along the way.
However, just as there are ups, there are equal times of low. To say this was a challenge
does not give the last 5+ years of my life any credit. It is partially thanks to those around
me that [ was able to persevere, and I wouldn’t change a single step in my journey.

After deciding that a life of research was for me, | made the jump over to Phoenix
from Colorado, partially to escape the cold and partially to explore a new city. Soon after
starting the program at ASU, | randomly attended a talk from Dr. Scott Sayres. A young
and passionate scientist, he drew me into his lab and became my mentor along with Jeff
Yarger and Tim Steimle. Through the years, they have taught me many things, helped me
to stay motivated, and provided me some of the freedoms to make ASU my home. Scott
and | have published several papers in reputable journals together and have had many
things to celebrate over the years. | would not have become the successful physical
chemist that | am today without him, and | am proud to be the first full PhD to graduate
from his lab. I know there are many more successes in store for the both of us.
Additionally, starting in Sayres’ lab alongside Lauren and Ryan, I couldn’t have asked
for a better team. We pushed each other and supported one another through many
obstacles and situations. Best of luck to the both of you going forward. I know you’ll
reach your goals and end up in the place that makes you happiest.

| also must acknowledge some of the people that got me to pursue my PhD in the
first place, such as my undergraduate professor, Surendra N. Mahapatro, who got me



involved in the Western Alliance to Expand Student Opportunities (WAESO) and fueled
my passion for research along-side my Biochemistry advisor, Stacy Chamberlin. Through
them and the WAESO program, | found a passion for conducting scientific research.
Additionally, it is through WAESO that | was led to ASU, inevitably granted a two-year
fellowship, and provided several outlets to present my research at competitive
conferences, winning numerous awards. | feel that it is due to them, that | was able to
excel and standout to my potential future employers.

Also, my family has constantly supported me and helped shape me into the
individual that I am today. Whether through good or bad times, | have learned to be
dedicated, stubborn, inquisitive, patient, skeptical, and strategic with my endeavors.
Shaun, Nic and Marc, thank you for the lessons you have provided me and experiences
which helped shape me into the scientist that | am today. To my parents, Carol and Rich,
thank you for the unconditional support and belief in my abilities. On some of the more
difficult days, it always helps to have someone to reach out to for kind words and
uplifting thoughts. Thank you!!

My friends have supplied enormous support, and without them | fear that 1 would
not have made it through this experience successfully. As soon as | joined the program, |
felt greeted by people ready to be friends and cultivate a community. By the time | was in
my third year of the program, | was living in a supportive environment that provided
healthy outlets to keep me focused on the program. Although | was almost constantly
annoyed by living with an engaged (and eventually married) couple, it was a great
environment that I wouldn’t change. Alex and Emily, thank you for years of friendship, a
clean home, and always telling embarrassing stories. For all the other numerous friends

iv



(Veto, Matt, Mongoose, Nate, the Shore-Person, In-Hye, Edgar, Berta, John, Zach,
Aerial, Kirstie, Will, MoMac and many others), you make all of this worth it. Keep killin’
it and I’1l be seeing you all again soon.

During the PhD program, I’ll say that it was tough staying in lab all day,
desperately trying to collect data. | found solace in being physically active, often needing
to break out of the lab to go for a walk, spend an hour at the gym, and then continue to
tackle my experiments, aligning laser pulses for hours on end. Changing one pulse
generator for hours, hoping to see a single spike of signal on an oscilloscope... Those
nights | would close my eyes and still see the static on a blank screen! | began brewing
beer more casually, trying to find expensive whiskeys, joined the Graduate and
Professional Student Association (GPSA), founded the Chemical and Biological Sciences
Society (CaBSS), and helped start the School of Molecular Sciences Graduate Student
Council (SMS-GSC). | have even played numerous intramural sports, leading to tearing
my ACL the first year of my PhD career but also a championship volleyball victory.
These activities gave me deeper purpose in an environment | felt like I would never
conquer.

Nevertheless, for better or for worse, it seems all chapters in life must come to an
end. | eagerly place my time at ASU behind me and move forward with the lessons and
experiences that | have gained. Thank you to everyone that helped me to get here and the

lessons along the way. Cheers!



TABLE OF CONTENTS

Page

LIST OF TABLES ...ttt ene e IX

LIST OF FIGURES ...ttt X
CHAPTER

L INTRODUGCTION ...ttt b b e b ne e 1

1.1 CIUSTEr CREMISTIY ...ttt 1

1.1.1 Electronic Properties — From Clusters t0 BulK ............ccooiiiiiniiiienn 2

1.2 Laser Techniques and CIUSIEr SCIENCE........cccoreiriiiiricereee e 4

1.2.1 M@ASS SPECLIOMELIY .....coiiieiiiieiieee e 5

1.2.2 Ultrafast PUmpP-Probe SPeCtroSCOPY ......ccevververierierieieiesiesie e 7

1.3 Cluster EIECtron DYNAMICS.........couueiririiirieieisieieeseeie s 11

1.4 DiISSErtation OVEIVIBW .......c.civcuiirieieirieieesieiet sttt 12

2 EXPERIMENTAL METHODS. ...ttt 15

2.1 Cluster Production and DeteCtioN.........c.ceerrieiririeirieieseeeessiee e 15

2.2 PUMP Probe TraNSIENTS .......c.oiriieiieiecsieiecresi et 20

3 ULTRAFAST PUMP-PROBE SPECTROSCOPY OF NEUTRAL FenOm CLUSTERS

T 1T ) TSRS 24
.1 INEFOAUCTION ...ttt 24
3.2 RESUIES AN DISCUSSION ....c.cveviiieiiieieiesisiei sttt 26
3.2.1 Neutral Cluster DiStriDULION.........ccooeiiiiiiiee e 29
3.2.2 Size Effects on Cluster LITEtIME .......cccooiiiiiiiieiiiee e 30
3.2.3 Oxidation Effects on Cluster Lifetime..........ccccoovviiiininiininccnces 35

Vi



CHAPTER Page
3.3 CONCIUSION. ...t e e e e e e et e e et e e et eeeenee e et e naneeeaeneesaneeesaneeenaneesns 41

4 EFFECT OF OXIDATION ON ULTRAFAST CHARGE RECOMBINATION IN

NEUTRAL (NiO)y CLUSTERS (1< B) ..revveereveereeeeereeseesessssessssssesesessessssessssssseesseseeees 43
4.1 INEFOTUCTION ...t 43
4.2 RESUILS aNd DISCUSSION ......euvuiiiiieieiesiisi sttt 45
4.2.1 Neutral Cluster DiStribDULION. ..........ccoiiiiiiiee e 45
4.2.2 Size Effect of (NIO)n CIUSLEIS......ccciviiieiiccie e 46
4.2.3 Oxidation Effect on Cluster Lifetime ..........ccoooiiiiininiieeeecee 48
4.3 CONCIUSTON. ...ttt bbbttt 56

5 OSCILLATION IN EXCITED STATE LIFETIMES OF SUB-NANOMETER

NEUTRAL (TiO2)n (N < 10) CLUSTERS «.ovooovvereeeeereeseeseeseeeesssesesesseesesesesssseseessseseeees 57
5.1 INETOTUCTION ...ttt 57
5.2 ReSUILS AN DISCUSSION ......vviuiniiirieieieieieisi st 59
5.2.1 Cluster DiStriDULION. .........ccooiiiiiiieicee e 59
5.2.2 Size Effect on Stoichiometric (TiO2)n Cluster Lifetimes............ccccocevvinnne. 60
5.2.3 Oxidation Effect on Titanium Oxide Lifetimes...........ccccooviiiiiiniiinieenn 69
5.3 CONCIUSION.....ceeitcit et 78

6 INCREASED EXCITED STATE METALLICITY IN NEUTRAL (CrO2), CLUSTERS

(n <5) UPON SEQUENTIAL OXIDATION ...coeiiiiiiirierieerieiesieseees e 80
6.1 INEFOAUCTION ...ttt 80
6.2 RESUIES AN DISCUSSION ......cviviiieiiieiciisisiet et 82

6.2.1 Cluster DIStrDULION. ........coiiiiiiii e 82



CHAPTER Page

6.2.2 CroOn CIUSEEr DYNAMICS ...c.viiiivieiieiieieie ettt 84

6.2.3 Larger Chromium OXIOE SEIIES ......ccvvieeieeieiieieeiesee e este e e e 90

8.3 CONCIUSION. ...ttt 96

7 CONCLUSIONS AND FUTURE DIRECTIONS ..ot 98

7.1 Occupied d-shell Effects on Cluster DYNamICS .........ccccocvveevcienenicesereseseee e 98

7.2 FULUIE DIFECTIONS ...t 99

BIBLIOGRAPHY ...ttt 102
APPENDIX

A PERMISSION TO REPRODUCE PORTIONS OF CHAPTER 5. 118

B PERMISSION TO REPRODUCE PORTIONS OF CHAPTERG........ccceirinnee. 120

viii



LIST OF TABLES
Table Page
3.1: Fitting Coefficients for the Stoichiometric Iron Oxide Clusters Showing Lifetime (1),
Fitting Coefficient for the Decay (Ce), Plateau (Cp) and Ratio of the Functions as
CPICE ()t eereeteite sttt bbbt bbbttt bbb 34
3.2 Fitting Coefficients for Suboxide FenOm CIUSters (N < 7). .occoovvvvnveiniieiene e 40
3.3: Fitting Coefficients for the Ultrafast Transient Dynamics of Selected Large FenOn+1
CHUSTEIS. .ttt bbbttt ettt 41
4.1: The Fitting Parameters of Neutral (NiO), Clusters (n = 1-5) with the Decay Lifetime
(t), Percent Decay (k) and Plateau (8) Fitting Function Amplitudes.................... 48
4.2: Fitting Parameters of Suboxide Neutral NinOx Clusters with the Relaxation Lifetime
(t), Percent Decay (k) and Plateau (8) Fitting Function Amplitudes.................... 51
5.1: Experimental Excited State Lifetimes (t) and Calculated Properties for (TiO2)n
CHUSEEIS. .t bbbttt b bbb 65
5.2: The Observed Lifetimes of the TinO2nx (X < 4) Series from n = 1-9 and Fitting
FUNCLION RALIO (1), 1evevetieiieiieieie sttt sttt st nbe st ens 76
6.1: Lifetimes (12), Signal Fractions of 11 (k1), T2 (k2) and Long-Lived Plateau (5)
Functions, and Percent Ligand-to-Metal Charge Transfer (LMCT) for Cr20n (n <
o) IO [V ] (=T £ TP TPPPRP 86
6.2: Sub-ps Lifetimes (t2), Fast (30 fs) Fitting Function Amplitude Fraction (k1), Average
Charge Carrier Delocalization (cavg) and Percent LMCT for All Neutral CrnO2nx

(N < 5) CIUSEET SPECIES. ....evievieieeiie sttt 95



LIST OF FIGURES
Figure Page
1.1: Representation of Pump-Probe Spectroscopy Using a Single High-Power Pump
Photon (Blue Arrow) and Low Energy Multiphoton (Red Arrows) Probe
Excitation from the Ground State Potential Energy Well to an Excited State of a
Y o] L= T T I 0, ) TSSOSO 9
1.2: Representation of Pump-Probe Dynamics Showing a) Long Relaxation Dynamics
and b) Short Relaxation Following Photoexcitation. ............cccccccevveevveiciicieenns 10
2.1: Timing Diagram Showing the Delay Between Each Laser, Gas, and TOF
Acceleration Pulse. Each Data Collection Cycle Occurs Every 100 ms (10 Hz). 16
2.2: Time of Flight Region Showing the Separate Locations lons will Travel Prior to
Detection, Including the First lonization Region (i), Second Region to the
Grounding Plate (d), and Field-Free Region (D). TOF Grids (U1, U2 and 0) and
the lonization Laser Path of the Neutral Cluster Molecular Beam are Drawn. .... 17
2.3: Calibration Curves Showing the Theoretical (Blue Triangles) and Experimental
(Orange Squares) Values from the Flight Time to Mass of lons Produced........... 19
2.4: Calibrated Mass Spectrum Showing the Major lons Used to Calibrate the Instrument.
Each Metal lon was Produced from a Separate Ablation Process. ...........c.cccev.. 19
2.5: Schematic of the tOFMS Instrument with Ablation Laser and fs Pump-Probe Laser
PUISES DFAWN. ...t 20
2.6: Pump-Probe Transient of Pure Ar Gas Showing the Change of lon Intensity with

ProDE DEIAY . ..o e 21



Figure Page
2.7: Typical Pump-Probe Transient Highlighting the Total Fit (Solid Black) of the
Change in Signal Intensity Due to the Probe Delay with Separate Fitting
Functions Encountered as a Gaussian (Red Long Dash), Exponential Decay (Blue
Short Dash), and Plateau Function (Orange Dot Dash)..........ccccccoeevviiciiciienns 22
3.1: Power Study of Select (FeO)n Clusters (n < 4) Showing the Number of Photons
Involved in lonization from a) The 400 nm and b) 800 nm Pulses. .........c..c........ 28
3.2: Mass Spectrum of Neutral FenOm Clusters Produced from lonization of Both the 400
nm Pump and 800 nm Probe Pulse at Temporal Overlap. ..........ccccccovevveieeineenene, 30
3.3: Pump-Probe Transients of the (FeO), Clusters (n < 9) with Separate Fitting
Functions Shown as the Exponential Decay (Blue Long Dash) and Long-Lived
State (Red Short Dash). Lifetimes are Shown In Each Frame...........c..cccccceeni. 32
3.4: Transients of Fe2On (n = 0-2) Clusters with Vertical Lines Drawn to Emphasize the
Shift In Peak Maxima. Decay (1) and Growth (tg) Lifetimes are Shown In Each
FRAME. .o 37
3.5: Pump-Probe Transients of the FesOn (n = 1-4) Clusters with Separate Fitting
Function Shown as the Exponential Decay (Blue Long Dash) and Long-Lived
State (Red Short Dash). Decay Lifetimes are Shown In Each Frame. ................. 38
4.1: Neutral Nickel Oxide Cluster Distribution Following lonization at Temporal Overlap
from the Pump and Probe PUISE. ..o 46
4.2: Pump Probe Transients of the (NiO)n (n < 6) Cluster Series with the Lifetimes and

Cluster Structures Computed by Sayres Shown Above Each Cluster Signal....... 47

Xi


file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390155
file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390155
file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390156
file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390156
file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390156

Figure Page

4.3:

4.4:

45:

5.1:

5.2:

5.3:

5.4:

5.5:

5.6:

6.1:

Pump-Probe Transient Response of the Ni.On (n < 3) Series with Lifetimes Shown In
Each Frame. Ni2 is Shown with the Growth Time (Tg). .....ccocervrvriereresierinreneneenes 49
Pump-Probe Transients of the NizOn (n < 4) Cluster Series with Lifetimes Shown In
Each Frame, and Growth Time (tg) Shown for Niz. .......ccccoecvvviiiiinniiiicccne 53
Pump-Probe Transients of the Ni4On (n = 2-4) and NisOn (n = 3-5) Cluster Series
with Cluster Geometry and Sub-ps Lifetime Shown. ..........cccoccovvveviicceccciee, 55
lonized Neutral Titanium Oxide Cluster Distribution at Temporal Overlap............. 60
(TiO2)n Cluster (n < 10) Pump-Probe Transients with Lifetime Shown In Each
FRAME. .o 63
Comparison Between a) The Lifetime of (TiO2), Clusters and b) the Average
Delocalization Between the Electron and Hole of Each Cluster. ...........c.cccco...... 67
The Lifetimes of All TinO2nx Clusters (a) Showing the TinO2n (Orange Close Slashed
Lines), TinO2n-1 (Green Sparse Slashed Lines), TinOzn-2 (Cyan Crossed Lines), and
Tino2n-3 (Solid Grey) Series. Separate Plots are Shown for b) TinOzn-1, €¢) TinO2n-2,
AN d) TInO2n-3 SEIIES. ..vcvieiieieie ettt be e 71
Ti204x (x < 4) Cluster Transients with Total Fit (Black), Fast (35 fs) Decay (Blue
Long Dash) and Sub-ps (Red Short Dash) Component Shown. The Sub-ps
Lifetime Is Shown for Each Transient. ... 73
Transients of the Ti3Os.x (X < 4) Cluster Series With Fast (35 fs) Lifetime (Blue Long
Dash), Sub-ps Lifetime (Red Short Dash) and Total Fit (Solid Black). The Sub-ps
Lifetime IS Shown In EaCh Frame. ..........ccoooeiiiiiiiiiiiiceeee e 75
Neutral Chromium Oxide Mass Distribution at Temporal Overlap. ............cccceneee. 83

xii


file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390166
file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390166

Figure Page
6.2: Pump-Probe Transients of Cr,0On (n < 5) Clusters with Total Fit Shown In Black,
Sub-Picosecond Lifetime Above Each Fit, and Cluster Geometry with Magnetic
Moment Of EACh CF ATOM........ciiiiiiiiicce s 85
6.3: Plot of k1 (Solid, Squares), k2 (Long Dash, Circles) And 6 (Short Dash, Triangles) of
the Neutral CraOn (N = 0-4) CIUSTEIS......coiiiiieieiee e 87
6.4: Charge Carrier Separation Upon Vertical Excitation (Left) and After Adiabatic
Relaxation to the First Excited State (Right) for Cr.O, (n < 5) Clusters. Electron
Density Is Shown In Green and Hole as BIU€...........c.ccceoveieiciiccc e 89
6.5: Cr3On (n = 3-6) Cluster Series with Cluster Geometry and Sub-ps Lifetime Shown
ADOVE EACH Fit. .o 91
6.6: Fitting Function Ratio Comparisons for a) CrsOn (n = 3-6) and b) CrsOn (n = 4-8)
CHUSEEIS. .ttt b ettt b bbb 92
6.7: CrsOgx (X < 5) Cluster Transients with Cluster Geometry and Sub-ps Lifetime

S OV, e ettt e e e e aaaaaaaa 94

Xiii


file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390171
file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390171
file:///C:/Users/Jake/Documents/ASU%20PhD%20Research%201/Dissertation%20Docs/JacobGarcia_DissertationV6.docx%23_Toc87390171

CHAPTER 1
INTRODUCTION
1.1 Cluster Chemistry

Clusters are broadly defined as a collection of atoms bound together, with unique
properties that change with the addition or subtraction of a single atom. As early as 1984,
the importance of clusters was demonstrated by the ability to resolve Na clusters of
specific composition with uniquely high stability.! It was concluded that it is more
appropriate to consider the valence electrons as evenly distributed across the surface of
the cluster rather than isolated to a specific atomic orbital, and clusters with filled shells
should exhibit enhanced stability.>? This became well known as the jellium model,
describing closed shell clusters with enhanced stability as “magic clusters”, leading to the
growth of the field and countless investigations into molecular physics.?

Metal oxide materials are commonly used in industrial chemical processes, have
high reactivity and unique properties, but typically suffer from a lack of fundamental
molecular understanding. Bulk systems have been examined in detail, highlighting the
reliance on surface structures and atomic defects.>* At the cluster scale, where every
atom counts, the factors which affect bulk reactivity and the active defect sites may be
examined in more detail. Examination of transition metal oxide clusters provides a
unique and exciting window to understand numerous intricate processes which dictate the
reactivity and dynamics of commonly used bulk-scale materials.® In addition, at this
ultimate size limit, special reactivities and magnetic properties of atomically precise
materials may be resolved. The reactivity of metal oxide clusters have been summarized
in detail ® highlighting their dynamics and especially high reactivity,” potentially aiding
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in numerous mechanisms such as acid dissolution, solvation, proton transfer, and more.®
The specific properties of transition metal oxides and the techniques used to interrogate
clusters is outlined in this thesis, leading to crucial fundamental information and deeper
insights into the overall reactivity of transition metal oxides.

1.1.1 Electronic Properties — From Clusters to Bulk

Transition metal oxide clusters are highly useful for studying the fundamental
interactions of strongly correlated materials, or systems which effectively share electronic
properties with spin, orbital, lattice and magnetic properties.® Upon photoexcitation
exceeding the optical gap, an exciton is produced, or electron-hole pair, that can
recombine through non-radiative processes such as internal conversion or relax through
electron scattering.'® In strongly correlated materials, such as metal oxides, charge
carriers are coupled to lattice vibrations to form polarons, which serve to trap mobile
carriers by reducing their mobility and photoconversion. Polaron formation is affected by
the local geometry of the material, spin, and lattice parameters which may be altered by
introducing defects®® but the magnitude of change is not fully understood. The effect of
defect sites and mechanisms of charge carrier dynamics have been discussed,>** but
require further molecular-level insights. Ultimately, reactivity and industrially useful
charge transfer characteristics are governed by charge carrier recombination, which may
be altered by single atomic changes to a material.

Transition metals bind to oxygen through strong interactions between the d-
orbitals of the metal and p-orbitals of the O atoms.'? Oxygen typically withdraws two
electrons, leaving the metal with a formal oxidation state of +2. Therefore, the reactive
valence band of transition metal oxides typically consists of O-2p and metal-d electrons,
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with the excited electron transitions becoming extremely important to the overall reaction
dynamics. At the molecular size of clusters, excited electron energy levels are discrete
and well-separated. The energy around the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), or HOMO-LUMO gap, is
therefore quantized with the number of energy levels, or density of states, above this
region becoming important to the overall excitation and ionization of clusters. Due to
their size, the ground state geometries and excited states of clusters as they evolve to the
bulk scale are computationally feasible to determine, providing valuable bulk-scale
insights.

At the molecular scale, the addition or removal of an O atom may result in
structural rearrangement, a change in the number and distribution of energy levels above
the HOMO-LUMO gap, and therefore change the overall electron properties. The
metallicity and insulator-like properties of clusters have been discussed in detail,** which
depends heavily on the cluster size, symmetry, gaps between energy levels near the
fermi-energy, and other intramolecular electron properties such as spin. Although clusters
have many unique characteristics, such as a well-defined density of states, they may also
provide a window into the bulk effects caused by surface-level atomic vacancies, defect
sites, and the evolution of nanoparticles towards bulk-scale reactivity.

Clusters are uniquely capable of being examined with atomic specificity,
providing electronic properties that may be related to bulk-scale materials. Many
techniques have been used for the measurement of energy levels of clusters, including

photoelectron spectroscopy, IR spectroscopy, and other laser-based spectroscopic



techniques discussed in detail elsewhere.>31°> This thesis utilizes a specific set of
experimental methods briefly discussed in the following chapters.
1.2 Laser Techniques and Cluster Science

Light amplification by stimulated emission of radiation, also known as a laser,
was first considered a “solution looking for a problem”, but has since been utilized in
virtually all realms of science.'® The properties and physics of laser production have been
reviewed in detail,!” where the profile of the laser energy and pulse time becomes
extremely important to light-matter interactions. The wavelength of light, also described
as photon energy, will interact with a molecule or material surface, promoting the
interacting species to a higher energy level with equal energy to the incident photon. The
overlap of two or more laser pulses spatially and temporally can be utilized to create laser
pulses of short duration and well-defined energy, further improving overall resolution.
Due to the creation of lasers with specific energy and time profiles, the electronic
properties of clusters and bulk-scale materials may be examined in high precision.
Excited states may be resonantly accessed, and the control over reaction dynamics may
be realized.

Laser-based techniques have continued to advance in the energy and time regime
since its inception. With the production of a laser pulse with sufficient energy but of
extremely short duration, the experimental resolution of molecular dynamics has
drastically improved. On the attosecond to femtosecond timescale, electron motion may
be visualized as temporal snapshots of electrons as they naturally move around a

molecule. Ultrafast spectroscopy has used many techniques to resolve electronic motion



depending upon molecular size, the energy supplied to the environment, and numerous
external interacting factors.

Gas-phase spectroscopy of neutral clusters provides a wealth of information,
including their structures, size, geometry, electron dynamics, vibrational and rotational
energy levels, catalytic properties, fragmentation patterns, and time-resolved dynamics.®
Neutral cluster mass spectrometry has many advantages due to the ease of theoretical
calculations in determining their electronic ground states, stable cluster geometry, and
serve as better models for bulk materials. Mass spectrometry of neutral gas-phase clusters
has emerged as an extremely fruitful technique for the production and analysis of cluster
electron dynamics and is utilized within this thesis.

1.2.1 Mass Spectrometry

Numerous methods have been developed for the production of gas-phase clusters
to study reactions with atomic specificity.® Typically, laser ablation is a common and
very efficient process, where an incident laser pulse interacts with the surface of a
material and causes atomization from the breaking of molecular bonds. The atoms then
collide numerous times, nucleating and producing stable clusters. The introduction of a
backing gas expands adiabatically into the ablation region and assists in cooling the
clusters, where ablation results in a kinetically hot plasma. Helium gas is highly effective
over other noble gases due to the thermal conductivity, which is much higher than other
noble gases and aids the thermal cooling of metal plasmas.'® The overall ablation and
nucleation process results in the production of a wide distribution of ionized and neutral

clusters, discussed in detail previously.!®



Of particular importance to this thesis, neutral cluster mass spectrometry has been
reviewed in detail, ** showing the ability to do numerous experiments related to bulk-
scale materials. For example, various metal clusters reacting under the presence of
molecules such as Oz, CO2, NO, H»0, alcohols, and other hydrocarbons are well
documented, showing enhanced reactivity and catslysis.® Specific to commonly used
bulk-scale industrial materials and highlighted in this thesis is the production and analysis
of neutral metal oxide clusters by using an ablation source under Oz gas.

One of the most used methods of gas-phase cluster detection is time-of-flight
mass spectrometry (TOF-MS), which separates molecular ions by the travel time to a
detector. In these instances, the molecules or ions are given an electrostatic push of
acceleration, which is felt the same on all gas-phase species as described in Chapter 2.
However, depending on their mass and charge, they are accelerated to a different speed.
Over a certain distance, these ions will separate in time and provide a spectrum based on
the number of ions detected and the relative time in which they traveled to the detector
after the initial acceleration.

TOF-MS utilizes high vacuum to minimize the number of external effects and
isolate specific molecules. Ambient reactions can possess any number of factors,
including atmospheric gases, light-triggered excitation, and side reactions with unknown
materials. Under vacuum, these factors are greatly limited, leading to the isolated probing
of molecules void of external effects. After the ablation process, clusters expand into the
vacuum and may be considered isolated based upon the mean free path, or the average

distance molecules travel prior to collision with another species. The mean free path can



be calculated using the pressure (p), temperature of the system (T), and molecular cross
section (o) shown in Equation 1.1.

kT
apV2

With “k” being the Boltzmann constant, sub-nm gas-phase molecules under high to

A

(1.1)

ultrahigh vacuum (~7-8 x 10”7 Torr) typically have a A greater than 600 m. With such a
large distance before colliding with another species, this allows for the sufficient probing
of molecules void of external reactions.
1.2.2 Ultrafast Pump-Probe Spectroscopy

The realm of ultrafast laser spectroscopy has seen tremendous growth as the
world continues to push the boundaries of what atomic properties can be resolved. Most
notably, with the use of femtosecond and attosecond laser pulses, the motion of electrons
can be manipulated, and their mechanistic properties can be well understood. Where a
single laser pulse of adequate energy may ionize a molecule through single or
multiphoton excitation providing important structural information,*2? introducing a
second laser pulse has numerous added advantages. Most-importantly, pump-probe
spectroscopy allows for the visualization of intermediate excited energy levels by
introducing a time-delayed secondary laser pulse, resolving time-dependent excited state
properties.

As a bulk surface or molecule is excited, the electron is promoted to a higher
energy level, leaving a void, or “hole”, in the vacant location. The excited electron and
hole, known as charge carriers, may behave separately, localize at different locations, and

either remain separated or recombine through nonradiative mechanisms. Catalytic



activity and reactions mediated by electron excitation is ultimately dictated by charge
carrier dynamics, which depend on the ability to localize and recombine. In addition, if
the excited electron transitions from the ligand to the metal center, known as a ligand-to-
metal charge transfer (LMCT), and how strong the transition is, becomes highly
important to charge localization and recombination. Excitation of molecular-scale
clusters by a photon below the ionization energy may result in the change of molecular
geometry, spin flips, dissociation, nonradiative decay back to the ground state, and long-
lived charge separation.

Quantum confinement effects help describe the electrons of atoms and molecules
in terms of quantized energy levels, or potential energy surfaces, dependent on the
molecular bond length and total energy (Figure 1.1). As the probe pulse with finite
energy is delayed in time, the transient ionized population is dependent on the excited
state relaxation as the molecule traverses towards the ground state, dissociation, or

remains bound in an excited state of higher energy.
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Figure 1.1: Representation of pump-probe spectroscopy using a single high-power pump
photon (blue arrow) and low energy multiphoton (red arrows) probe excitation from the
ground state potential energy well to an excited state of a molecule (XY).

As two laser pulses overlap temporally, multiphoton excitation takes place, with
multiple photons of potentially different energy interacting with a material to eject an
electron. Depending on the species being excited, ionization may occur for several fs to
hundreds of ps after the pump pulse arrives. For pure noble gases such as argon, the
overlap of two laser pulses will simply produce immediate multiphoton ionization over a
period based on the interacting pulse widths. Ultimately, the resolution of the
photoexcited properties is only limited by the temporal profile of the laser pulses, which
is typically on the atto- or femtosecond timescale. A detailed explanation of femtosecond
dynamics and pump-probe spectroscopy is detailed in other works. 14152122
The excited states accessed by the pump laser pulse may possess different

relaxation mechanisms dependent upon that molecular composition that accounts for the

observed change in ion signal intensity. A response on the order of the interacting laser



pulses (10s of fs) may account for a portion of the transient signal, related to
instantaneous relaxation back to the ground state or to an excited state of lower energy
than the following probe pulse. A sub-ps relaxation may occur in materials that possess
charge carrier trapping, stable carrier localization, low density of states, and excited states
which survive for a long period prior to relaxation to the ground state. Highly stable
excited states may also be accessed which survive for many ps to nano- or microseconds.
A representative spectrum with long and short dynamics is show in Figure 1.2, with the

ion signal decaying as a result of the excited state relaxation.

Probe Delay (fs)

Figure 1.2: Representation of pump-probe dynamics showing a) long relaxation dynamics
and b) short relaxation following photoexcitation.

The properties which affect excited state lifetimes are still not well understood,
which can be better resolved using cluster-based experiments. This thesis uniquely
possesses the ability to experimentally investigate atomically precise electron dynamics,
discussing the change in excited state relaxation as a result of atomic changes and

improving the overall interpretation of excited state mechanisms.
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1.3 Cluster Electron Dynamics

Photoexcitation is governed by quantum mechanical models used to describe
proton transfer, electron transitions, and relaxation mechanisms described in detail
previously.?? Charge transfer in bulk materials depend heavily on the bandgap of the
system, with insulators having a large energy separation of the valence (HOMO) and
conduction (LUMO) band, or bandgap, whereas metals have little-to-no band separation.
At the bulk scale, excited charge carriers (electrons and holes) may be dissipated
throughout the material in the form of lattice vibrations (phonons) or similar charge
carrier recombination. A common type of relaxation is electron-electron (e-e) scattering,
or recombination of charge carriers via the movement of electrons through the bulk
structure. In addition, Auger-type relaxation may occur, where electrons are removed
from an inner molecular orbital, leaving a vacancy which is filled by a higher-level
electron. Bulk material electron transport properties are reviewed in detail elsewhere, 3
and may be altered in order to change the insulating or metallic properties, through
electron and hole doping.

Ultrafast excited state dynamics are dominated by electron-electron and electron-
phonon scattering, which may take place on the femtosecond to attosecond regime.?%2
Although many bulk processes are not possible at the cluster scale, including relaxation
through lattice vibrations, the descriptions which are related to metallic and insulator-like
properties are maintained. For instance, the metallic behavior of e-e scattering typically
takes place over 10’s of fs, while charge carrier trapping in bulk insulators may last over
ps to us, also potentially occurring in isolated clusters. Upon excitation, clusters undergo
similar mechanisms to redistribute the energy and return to the ground state, such as

11



intramolecular vibrational redistribution (IVR) or dissociation.® Excited, or “hot”
electrons, may behave quite differently and depend on the material and the number of
unoccupied d-electrons,?>2® which becomes especially important in transition metal
oxides. However, the transition from atomic to bulk systems is not well understood and
the factors which affect charge carrier dynamics in bulk systems is lacking in
fundamental information.

This thesis aims to help bridge the gap between atomic and bulk-scale transition
metal oxide materials through the analysis of clusters with varying d-electron character as
the clusters change in size and oxidation. All experimental measurements described in
this thesis were carried out using a home-built time-of-flight mass spectrometer coupled
to an ultrafast pump-probe setup detailed in Chapter 2. The TOF-MS was used for
production and detection of gas-phase clusters while the pump-probe instrumentation was
used for the analysis of neutral cluster electron dynamics.

1.4 Dissertation Overview

This introduction discussed clusters with their application to bulk-scale materials
and showcased how lasers were adapted from their early history to their current
functionality of determining electron motion of materials in their native states. The
following chapters will highlight my recent findings on different first-row transition
metal oxide cluster systems and their experimentally resolved excited state lifetimes. In
addition, theoretical calculations will be briefly discussed to assist in the analysis of
select cluster systems.

Chapter 2 provides a description of the experimental apparatus used for the
production of gas-phase clusters and the determination of pump-probe transients. Time-
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of-flight mass spectrometry is discussed in detail, including the specific parameters
required to detect clusters in this system. Additionally, the analysis of pump-probe data
specific to the systems discussed in this thesis is outlined, providing the instrumental
response function necessary for determining the resolution of data.

Chapter 3 provides information on the pump-probe experiments of neutral iron
oxide clusters. The neutral cluster distribution is discussed, pointing out the stable species
which are produced from laser vaporization and their relative distributions. Following
excitation from the 3.1 eV photon pump, excited state dynamics are resolved and
analyzed as a function of oxidation and size, showing a heavy reliance on the cluster size
and density of states.

Chapter 4 applies the same pump-probe technique to nickel oxides, showing the
first stable neutral nickel oxide cluster distribution. The pump-probe transients of neutral
nickel oxide clusters show several unique characteristics related to the density of states
and strongly bound excited states which are accessed. Changes due to oxidation and size
are analyzed with the assistance of DFT calculations, showing that the excited state
lifetimes depend heavily on the nature of the photoexcited transition.

Chapter 5 resolves the ultrafast dynamics of titanium oxide clusters. The neutral
clusters produced in the molecular beam are briefly analyzed, and the experimental
transients are discussed in detail in concert with DFT calculations. The relation between
the electronic shells, size, oxidation, and charge carrier dynamics is discussed. Unique to
this system, a clear change from closed- to open-shell electron configurations is shown,
which heavily influences electron dynamics. Additionally, the change in the overall
LMCT character is related to the photoexcited cluster lifetimes.
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Chapter 6 provides a discussion on chromium oxide clusters, their neutral cluster
distribution, and the effects of these cluster’s excited state dynamics as a function of size
and oxidation. Interestingly, these clusters show a special metallic character which is
related to the LMCT character resolved using DFT calculations. The unique electron
configurations and spin states of chromium as they bind with oxygen is discussed,
showing unusual changes due to oxidation.

Finally, Chapter 7 concludes this dissertation and offers future outlooks and
potential applications. The transition metal oxides discuss in this thesis are touched upon,
relating the systems and their unique characteristics. The similarities and differences
between each transition metal oxide system are examined and related to the d-shell
electron configurations of the specific metal. The important characteristics of their
strongly correlated bonding to oxygen and their potential implications on catalytic

properties is resolved.
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CHAPTER 2
EXPERIMENTAL METHODS
2.1 Cluster Production and Detection
The production, detection, and analysis of laser ablated gas-phase clusters
required numerous systems working in-tandem. Neutral gas-phase cluster studies were
performed using a home-built Wiley-McLaren? type time-of-flight mass spectrometer
(TOF-MS) coupled to a fs laser system. Initial cluster production utilized the second
harmonic of a Nd:YAG (neodymium:yttrium aluminum garnet) laser (10 Hz, 8 ns, 532
nm) for ablation of the surface of a 0.25” metal rod which was set to rotate and
translationally move for ablation of a fresh surface with each laser shot. A DG535 pulse
generator was used to trigger the ablation laser, gas pulse valve (He, 100 psi), and TOF
grids in sync with the ionization laser (Figure 2.1). An external wave-form signal viewing
instrument (oscilloscope) was connected to the pulse generator to begin collecting
voltage data simultaneously to the triggered TOF pulse. lonized species were accelerated
by a 10 ps high voltage (~4 kV) pulse on the TOF grids and focused onto the detector
using an Einzel lens with an applied variable voltage of 1.5-3.5 kV. The clusters were
separated in arrival time through a 1.1-meter-long field-free region and detected by a
chevron-type microchannel plate (MCP) detector. The observed signal was averaged over
~1000 shots, recorded by a digital oscilloscope, and transferred to a computer via an
IEEE-488 interface for analysis. The vacuum pressure of ~7.5 x 10 Torr was maintained

by three turbomolecular pumps.
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Figure 2.1: Timing diagram showing the delay between each laser, gas, and TOF
acceleration pulse. Each data collection cycle occurs every 100 ms (10 Hz).
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Ablation of the metal rod used a variable laser intensity of 50-300 mW with a
focal spot size of ~4 um and peak power of ~6 x 10° to ~4 x 10° W/cm? calculated using
Equation 2.1 below, utilizing a 25 cm N-BK?7 focal lens and 8 ns pulse width:

_ f2
_na)n 1+(f/1) 1)

Tw?n

Where “f” is the focal distance of the lens, A is the wavelength, o is the original beam
diameter and n is the index of refraction (N-BK7 n = 1.515).

Instrumental calibration used standard metal rods (Mg, V, Fe) and mathematical
calculations (detailed below) to standardize flight time (us) to mass/charge (m/z). mMass
(v5.5) was used to quadratic fit data and visualize scans. After the ablation process, the
molecular plume is skimmed to a molecular beam diameter of 2 mm as the clusters move
into the ionization and acceleration region of the instrument. Once in between the TOF
grids, all positively charged species are accelerated and subsequently detected after
passing through a series of regions on the way to the detector (Figure 2.2). An ionization
laser is used for the detection of neutral cluster species described in section 2.2.
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Figure 2.2: Time of flight region showing the separate locations ions will travel prior to
detection, including the first ionization region (i), second region to the grounding plate

(d), and field-free region (D). TOF grids (Uz, Uz and 0) and the ionization laser path of
the neutral cluster molecular beam are drawn.

All ions are provided a push of energy (U) related to their charge (q), distance
from the molecular beam to the first charged plate (s), and distance of the second charged
region (d) using Equation 2.2 below, where Uy, is the initial energy, Es is the electric field
between the TOF plates Uy and U, and Eq is the electric field strength between TOF

plates U and the grounding plate, 0:

U=U,+qsE; +qdE, (2.2)

In my system, the distance s, d, and total field-free distance D of 1.25 cm, 2.5 cm,
and 110 cm, respectively, is used for estimation of ion flight time. With a typical applied
pulsed voltage of ~4800 V on Uz and ~4600 V on Uy, the electric field strength Es and Eq
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becomes ~200 V/cm and ~1800 V/cm, respectively. Uq is assumed to be 0 due to the
perpendicular path of the molecular beam to the induced ion flight path.

Flight time of all molecules was calculated theoretically using a series of
equations discussed in detail previously.?” The total flight time is a combination of three
separate regions which ions travel through (Eq. 2.3). The total flight time is determined
by the location of initial ionization to the first charged plate (Ts), the travel time through
the second region which has a single charged plate and a grounded plate (Tq), and the

final field-free region to the detector (Tp).

T(U,,s)=Ts+ Ty +Tp (2.3)

Here, each region will have separate flight times which are calculated using Equations
2.4-2.6. In addition to the distance of each region, flight time is dependent upon mass (m)

and charge (q) shown below:

1/2

2ms
T, = 1.01 2.4
= =1.0 8<qu) (2.4)
m 1/2
T; = 1.018( ) (UY/? — (qsEs)V/?) (2.5)
D

Tp = 1.018(2m)Y2 — (2.6)

2U2

After obtaining the TOF spectrum of separate metal rods used for calibration, the
spectra were overlayed, and the masses were calibrated using Equation 2.3. The
calculated theoretical mass conversion was compared to the experimental values with
excellent agreement, showing minor fluctuations due to experimental variables such as
the total flight time, variable Einzel lens energy, and total distance of initial cluster

ionization to the detector.
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Figure 2.3: Calibration curves showing the theoretical (blue triangles) and experimental
(orange squares) values from the flight time to mass of ions produced.

After calibration of the combined cation mass spectrum (Figure 2.4), the total spectrum

and the theoretical values were used for future mass calibrations.
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Figure 2.4: Calibrated mass spectrum showing the major ions used to calibrate the
instrument. Each metal ion was produced from a separate ablation process.
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Neutral gas-phase metal oxide clusters were produced using a synchronized pulse
of 1-10% O seeded in a helium carrier gas (100 psi) introduced directly over the metal
rod. The plasma plume was confined to a 2 x 60 mm collision cell to aid in cluster
formation. The ions produced through laser ablation were deflected by high voltage (200
V) placed on the skimmer, allowing only neutral clusters to enter the ionization region of
the mass spectrometer. Neutral clusters were ionized through the interaction with a
sequence of pulses from a Ti:Sapphire laser system (Spectra Physics Solstice Ace 1 kHz
rep. rate, 800 nm central wavelength). The entire TOFMS instrument with optics and

laser paths is shown in Figure 2.5.
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Figure 2.5: Schematic of the TOFMS instrument with ablation laser and fs pump-probe
laser pulses drawn.

2.2 Pump Probe Transients
Excitation and ionization of the neutral cluster beam was performed by a series of
fs laser pulses via a two-color pump-probe setup. 1 mJ of the fundamental 800 nm (1.55

eV) fs laser pulse was sent through a second harmonic doubling crystal (KDP crystal) to
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generate the 400 nm (3.1 eV) pump beam. The two beams were separated using a
dichroic mirror and the 800 nm laser pulse was sent through a programmable delay stage
with steps as short as 0.1 pm before recombining with the 400 nm beam using another
dichroic mirror (Figure 2.5). The 400 and 800 nm laser beams were focused through a 50
cm lens to reach intensities of up to 8.5 x 10%* and 2.4 x 10'® W/cm?, respectively. Pump-
probe transients were recorded by integrating the ion signal over an average of spectra at
each time delay as the 800 nm beam was scanned over several ps.

An instrumental response function of ~35 fs was calculated using the FWHM

from the Gaussian response of pure Ar gas (Figure 2.6).
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Figure 2.6: Pump-probe transient of pure Ar gas showing the change of ion intensity with
probe delay.

Transient ion signals were analyzed using either the Ar or background O signal.
Using the fitting functions below (Eq. 2.7-2.9), a representative pump-probe scan (Figure
2.7) shows the change in ion signal with probe delay, highlighting the separate relaxation

mechanisms.

21



Total Fit
— — QGaussian
==== Exp. Decay
Plateau

Signal Intensity (V)

~—

-500 0 500 1000 1500 2000
Pump-Probe Delay (fs)

Figure 2.7: Typical pump-probe transient highlighting the total fit (solid black) of the
change in signal intensity due to the probe delay with separate fitting functions
encountered as a Gaussian (red long dash), exponential decay (blue short dash), and
plateau function (orange dot dash).

Transient signals for each ion are analyzed by fitting a combination of a Gaussian,
an exponential decay and plateau function to the data using a least squares method that
has been described in detail elsewhere.?8-° The Gaussian function (Eq. 2.7) is calculated
using a as the intensity scalar, ¢ as the center of the function, and o as the standard
deviation of the function which is used to find the full-width at half-maximum of the

curve.

f(x) = ae {— (x _ C)Z} (2.7)
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An exponential decay function (Eqg. 2.8) is convoluted with the Gaussian instrumental
response function and accounts for the relaxation in transient signals associated with an
intermediate metastable state of a neutral species that decays with the measured lifetime
(7). Here, o is the laser pulse width, T is the time constant, t is the probe delay, and c is

the adjustable center for the fit.
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I(t,7) =a [1 - erf{ o _t= C}] exp {(1)2 _t= c} (2.8)

2t o 2T T

A plateau function (Eq. 2.9) is included to account for excited states with lifetimes longer

than timescales addressed in the conducted experiments.

t—c
L(t)=a [1 —erf {— > }] (2.9)
All transient signals in this thesis used a combination of these fitting functions to account
for the electron dynamics which may evolve on timescales on the order of the laser pulse

or over several hundred of ps. The usage of each fitting function depended heavily on the

cluster system and is described in more detail within each chapter.
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CHAPTER 3
ULTRAFAST PUMP-PROBE SPECTROSCOPY OF

NEUTRAL FenOm CLUSTERS (n, m < 16)

Phys. Chem. Chem. Phys., 2020, 22, 24624-24632
Reproduced by permission of the PCCP Owner Societies
3.1 Introduction

Iron oxide clusters have been the subject of many gas-phase studies due to their
ease of production and ability to provide a molecular level understanding of bulk-phase
catalytic mechanisms. lonic iron oxide clusters have been used for the oxidation of CO,
31-33 methane,® methanol,®=® and various hydrocarbons.?*3" Neutral clusters have also
shown activity for CO oxidation,® methanol dehydrogentation,® and oxidation of
isoprene.*

The ionic cluster distribution of iron oxides have been explored under a variety of
laser ablation conditions,**** and neutral cluster distributions have been recorded using
multiphoton ionization (MPI) and single photon ionization (SPI) with nanosecond
duration laser pulses.**#® Unlike bulk iron oxides, which are known in three
stoichiometries (FeO, Fe203, Fe30a), the gas phase clusters show a strong preference for
the stoichiometric combination (FeO), below n = 10. Additionally, the geometric and
electronic structures of iron oxide clusters, determined by several quantum approaches,
differ substantially from bulk structures.*’~>° There is direct Fe-Fe bonding in the clusters
that is not observed in bulk FeO. Small stoichiometric clusters ((FeO)n, n < 4) form

highly stable monocyclic 2D ring structures, where each oxygen atom bridges two iron
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atoms. Computational studies suggest that larger clusters form through the assembly of
these rings which stack to form layered structures, adopting a more compact spherical
shape.*” However, multiple isomers have been observed with ion mobility mass
spectrometry and attributed to both 2D and 3D structures.> The vibrational spectra of
many cationic iron oxide clusters have been explored with IR absorption and IR-induced
dissociation spectroscopy to confirm structures.>?>* Structurally, no significant changes
are calculated between the neutral and charged clusters.*®

The low-lying electronic states of FeO have been explored both theoretically>>~>’
and experimentally.>®5° Anion photoelectron spectroscopy has explored the evolution of
the electronic states of iron monoxide (FenO) clusters up to n = 6,5 as well as other
stoichiometric compositions up to Fes0s.°%%® However, variations with respect to
electronic structures, spin multiplicities, and the richness of accessible structural isomers
has posed considerable theoretical challenges for understanding iron oxide clusters.

Quantitative information about bond energies has been obtained by studying the
dissociation patterns of small iron oxide cluster cations using collision-induced
dissociation (CID),%%" thermal desorption,®® and photodissociation experiments.®® These
experiments have shown that the bridging oxygen atom in Fe-O-Fe is strongly bound, and
that O rich clusters contain O. units with low binding energy. For example, the
dissociation energies for O rich clusters, containing up to six iron atoms have been
measured showing Oz units are weakly bound (< 0.8 eV).%8 The per atom binding energy
of stoichiometric iron oxide clusters is high (~4.5 eV), independent of cluster size from n
= 2 to 16,*""° and increases to > 5 eV for the cations.*® These strong bonds require
multiphoton absorption with 3.5 eV photons for significant photodissociation.®® O rich
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cation clusters have low thresholds for O, dissociation (< 0.7 eV®’) for the Fe; series,
except for Fe,Os* which has a threshold energy of 1.14 eV.% Fe,O," and Fe,O* have
dissociation energies exceeding 4 eV and 5 eV,®’ respectively. The binding energy of
FeO units are also high (~4 eV) for neutral (FeO), clusters.”® Due to the large binding
energy, fragmentation is considered to be a local process, where clusters typically lose a
single FeO or O unit to produce a stoichiometric cluster upon excitation.

Time-resolved photoexcitation experiments of neutral iron oxides are used to
explore the relationship between the relaxation dynamics of iron oxide clusters and their
size and composition. Patterns in the relaxation dynamics of clusters from the pump
probe transients are presented using 400 (3.1 eV) and 800 nm (1.55 ev) photons which is
adequate for probing excited states without inducing dissociation. The ratio of amplitude
coefficients between the fast fs response and the longer picosecond response is utilized as
a method to interpret the changes in the relaxation dynamics of iron oxide clusters due to
size and stoichiometry. With the data presented herein, details are provided regarding the
electronic relaxation timescales and stability of iron oxide -clusters following
photoexcitation.

3.2 Results and Discussion

The IP of FeO is 8.56 eV, requiring the absorption of one 400 nm and four 800
nm photons for ionization. After ionization, the cation contains up to 0.74 eV of energy
above the ground state, and is stable by remaining below the dissociation limit of FeO*
(3.52 + 0.02 eV).”* This photon dependence in my experiments is supported by a power
study (Figure 3.1). The ionization of any given molecule by MPI can be shown by
Equation 3.1:
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W = gyIV (3.1)
With gy, representing the laser pulse cross section and N number of photons required for
ionization. This equation can be linearized (Eq. 3.2) by taking the log of each side,
creating:
log;o(W) = Nlogyo(I) + logo(oy) (3.2)
Through lowest order perturbation theory, the slope gives an approximation of the
number of photons involved in ionization.”? As only whole photons will be involved in
ionization below the saturation limit, values of N > 0 are assumed to be 1. The slopes are
rounded to the nearest integer values, which is assumed due to changes in the pump-
probe response over traditional MPI. For (FeO)-3, the number of 400 nm photons was
determined to be 1, and the number of 800 nm photons required for ionization was

determined to be 3-4 (Figure 3.1), in agreement with their ionization potentials below.
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Figure 3.1: Power study of select (FeO)n clusters (n < 4) showing the number of photons
involved in ionization from a) the 400 nm and b) 800 nm pulses.

The combined photon energies of the pump and four probe laser beams (9.3 eV)
exceeds the IP for all clusters, with the IPs of (FeO)..s calculated to be 7.46, 7.59, 7.39,
and 7.60 eV, respectively.*” Therefore, the absorption of one pump and three pump
photons (total 7.75 eV) is sufficient for ionization. Alternatively, four probe photons by
each of the (FeO).s clusters leaves an excess of 1.84, 1.71, 1.91, and 1.70 eV above the

cation ground states, respectively. For the long-lived states of these clusters to be ionized
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with four probe photons, the wavepacket must remain at least 1.16, 1.29, 1.09, and 1.3 eV
above the ground states of (FeO)..s. Although the IPs of larger cluster have not yet been
reported, they are predicted to decrease slightly with size.*
3.2.1 Neutral Cluster Distribution

The iron oxide cluster distribution recorded in the mass spectrometer depends on
several experimental parameters such as ablation laser power, relative timing of the
nozzle expansion, O concentration, and backing gas pressure. The cation distribution
produced via the fs laser ionization of neutral clusters (Figure 3.2) is generally consistent
with previous photoionization mass spectra of neutral FenOm beams,*>* and cations
generated directly from laser vaporization sources.®® However, single photon ionization
with vacuum ultraviolet (VUV) lasers may be free of fragmentation, allowing weakly
bound O rich clusters to be observed from the ionization of neutral clusters.3-404 |n
these experiments, O rich clusters are observed in the distribution with small intensity. |
suspect that most O rich clusters above FenOn+2 are either not present in the initial neutral
distribution or dissociate during or after the ionization process due to low binding

energies.
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Figure 3.2: Mass spectrum of neutral FenOnm clusters produced from ionization of both the
400 nm pump and 800 nm probe pulse at temporal overlap.

Above n = 3, the relative intensities of the (FeO)n clusters decay exponentially
with the addition of each FeO unit. This is consistent with a typical thermodynamic
cluster distribution and suggests that the ions accurately represent the neutral distribution.
The FenOn+1 cluster series has significant intensity above n = 5 and exceeds the signal
intensity of the stoichiometric species above n = 10, where the binding energy of an
additional O atom becomes comparable to that of an FeO unit. The largest cluster
observed is Fe1501s.

3.2.2 Size Effects on Cluster Lifetime

The transient dynamics of the stoichiometric (FeO)n cluster series are presented in

Figure 3.3. The increase in the temporal profile of the clusters indicates that a state, or

band of states, with an appreciable lifetime is being accessed by the pump laser. Two
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distinct relaxation pathways are observed in the transient signals and will be described
separately.

The fs lifetime of the (FeO)n transients is plotted against their cluster size (Figure
3.3) and shows that the excited state lifetimes of the clusters decreases as they grow in
size. The fs relaxation timescale is likely too short to be attributable to a fragmentation
event and instead is related to the timescale of intramolecular vibrational redistribution
(IVR) that assists in returning the excited electron back to the ground state. The
decreasing lifetime of the clusters as more FeO units are incorporated shows that the fs
relaxation component is assisted by the larger cluster’s additional vibrational degrees of
freedom. The excited state lifetime decreases steadily from n = 1, which has a lifetime of
352 + 33 fs, before reaching a consistent value for clusters larger than n = 5. Above n =5,
the relaxation dynamics (t = 103-143 fs) are a factor of ~2.5x faster than in FeO. This
saturation in lifetime coincides with the cluster size known to be the onset of 3D cluster
geometries. The fitting coefficients and lifetimes of the (FeO)n (n < 13) series are

summarized in Table 3.1.
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Figure 3.3: Pump-probe transients of the (FeO)n clusters (n < 9) with separate fitting
functions shown as the exponential decay (blue long dash) and long-lived state (red short

dash). Lifetimes are shown in each frame.
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Stoichiometric clusters have a similar transient signal, suggesting a common
chromophore is being accessed. The electronic structure of FeO is well understood and
serves as a starting point to describe the nature of the larger cluster’s excited states
prepared by the absorption of a 400 nm photon. The manifold of excited states for FeO is
dense,>® having 49 states within an energy range of 3.1 eV.*® Several low-lying bands
have been well characterized below the dissociation limit of 4.20 + 0.13 eV.”® The
ground state molecular orbital configuration of FeO is 8623n*4n215%9s!, where the O-
derived orbitals lie below the Fe 3d-derived orbitals, formally resulting in a charge
transfer of two electrons from the Fe to O atom. The lower lying electronic A and B/C
states recorded in photoelectron spectroscopy are attributed to excitation from the Fe 3d-
orbitals (18 or 95).83 The D state resides at 1.89 eV and is attributed to excitation of the
47 electron, which is also from the Fe 3d-orbital.®® The excited state accessed here, with
3.1 eV, arises from excitation of either the 3w or 8¢ orbitals which have predominantly
oxygen character. Thus, the excited electron moves from the low-lying orbitals that are
predominantly O to a nonbonding Fe orbital.

Photoelectron spectroscopy performed on iron monoxides has shown only small
changes in energy levels with increasing iron atoms.5! The strong similarities with the
photoelectron spectra of FeO®% enables us to apply the spectra of the larger clusters to
approximate the electronic structure of FeO. The larger (FeO)n clusters all present higher
energy states following a ~1 eV gap above the Fe orbitals, where several less
characterized states appear. A broad band is observed at ~3 eV above the ground state
that is assigned as the G band in Fe20.%! Thus, | tentatively assign the excitation of the
stoichiometric clusters as G band excitations.

33



A similar argument can be applied to larger stoichiometric clusters, although their
electronic structures are less known. The excited states of the clusters become more
congested, and the density of states increases with size. Even clusters as small as FezO3
and FesO4 exhibit no sharp peaks in photoelectron studies, suggesting a high density of
states.5? Although assignments of the excited states are difficult, they also arise through

transfer of an electron from the O atom to the Fe atom.

Table 3.1: Fitting coefficients for the stoichiometric iron oxide clusters showing
lifetime (1), fitting coefficient for the decay (Ce), plateau (Cp) and ratio of the
functions as Cp/Ck (y).

Species Ce T (fs) Cr Y

FeO 1.010 352 + 33 0.239 0.237
Fe.0, 1.042 266 + 21 0.273 0.262
FesOs 1.175 185 + 11 0.267 0.228
Fe4Os 1.251 154 + 11 0.252 0.201
FesOs 1.309 138 + 10 0.232 0.177
FesOs 1.341 143 +11 0.218 0.163
Fe707 1.502 133 +13 0.204 0.136
FesOs 1.563 115 + 10 0.187 0.119
FesOg 1.390 150 + 19 0.159 0.114
Fe10010 1.447 135+ 21 0.139 0.096
Fe1101 1.601 80 + 14 0.154 0.096
Fe12012 1.622 103 + 18 0.149 0.092

The ratio between the fitting coefficients, y (Cp/Cg), decreases linearly with
cluster sizes above n = 2 for the stoichiometric clusters. For FeO, ~25% of the population
remains in the excited state for > 20 ps. The excitation photon energy remains below the

dissociation energy, and therefore the long decay is a consequence of populating a bound
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state. Four probe photons can ionize an excited neutral state that is at least 2.26 eV above
the ground state. Therefore, neither the A state nor the B/C states, which are ~0.5 eV and
~1 eV above the ground state, accounts for the long-lived signal. This suggests that the
excited electron does not transfer back to the O atom within the 20 ps timescale. The y for
FeO is 0.237, increases to 0.262 for n =2, and then decreases almost linearly with the
addition of each FeO unit. The increased density of states for larger clusters enables a
larger proportion of the wavepacket to undergo electronic relaxation to low energy states
that are inaccessible for ionization by the probe pulse.

3.2.3 Oxidation Effects on Cluster Lifetime

The Fe2On cluster series is the most studied series of iron oxide clusters, and the
nature of the excited state of Fe.O can be assigned using data provided by photoelectron
spectra discussed above. Fe;O has an IP of 6.78 £ 0.05 eV and remains just below the
(FeO" + Fe) dissociation energy of 2.60 eV upon excitation with the 1 + 4 pulse
sequence.5!

Changes in the ultrafast relaxation dynamics due to oxidation state are observed
by comparing the dynamics of clusters containing the same number of metal atoms but
varying number of O atoms. Assuming that each O atom has an oxidation state of -2, then
the oxidation state of the Fe atoms can be evaluated in each cluster such that in neutral
(FeO)n all the Fe atoms have a +2 oxidation state. For Fe2O, where the Fe atoms share the
O atom equally, the oxidation state of each of the Fe atoms is +1

The excited state lifetime decreases with additional oxygen atoms, and therefore
shows that the higher oxidation state of iron leads to faster electron relaxation back to the
oxygen. The fs lifetimes of Fe;O., Fe2O, and Fe, are shown in Figure 3.4 to be 268 + 22
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fs, 404 + 37 fs, and 699 + 163 fs, respectively. Further, the y values for the Fe;On series
decreases from 0.464 to 0.262 with additional O. Therefore, with the increase in
oxidation state of the Fe, less of the population remains in the bound excited electronic
state. The fitting coefficients for Fe2On and the other non-stoichiometric clusters (n < 7)
are summarized in Table 3.2.

The maximum signal intensity for the Fe;On cluster series shifts in time delay
with the number of O bound within the cluster (Figure 3.4). Fe, reaches its maximum
signals at later time delays than the other clusters. However, the transient signal for Fe>
requires a growth function, with a lifetime 19 = 40 £ 15 fs, to accurately account for the
dynamics. This growth is sufficiently fast to be attributed to direct dissociation of a larger
neutral cluster’s excited state. Fe>™ has a low IP (6.3 eV) and can be ionized directly by
four probe photons. The delay in ion signal suggests that Fe> is not present in the neutral
cluster beam, and instead highlights the dissociation dynamics of a larger neutral cluster
after being exposed to the pump beam. Although I cannot identify the parent cluster from
these experiments, one possibility is the facile dissociation of energetic isomers. For
example, formation of Fe, occurs at ~0.5 eV from Fe,O, attributed to a high energy

isomer of Fe,0,.5°
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Figure 3.4: Transients of Fe-On (n = 0-2) clusters with vertical lines drawn to emphasize
the shift in peak maxima. Decay (t) and growth (1g) lifetimes are shown in each frame.
Several ion transients are recorded in the Fe3On (n = 1-4) series (Figure 3.5).
Fe30s and Fe3O, appear with strong signals, while FezO and FezOs are weak signals.
FesOn (n > 4) clusters have a O2 dissociative energy of < 0.6 eV and are not expected to
survive the ionization mechanism. Similar to the pattern described in the Fe,O, clusters,
the lifetime of FesOn clusters also decrease with additional O content. The lifetime of
FesOs (185 * 11 fs) is shorter than FezO. (323 + 43), and FezO4 exhibits the shortest
lifetime of the series (85 = 20 fs). FesO is only observed under very low O

concentrations, but also fits into this pattern with a long lifetime of 526 + 104 fs.
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Figure 3.5: Pump-probe transients of the FezOn (n = 1-4) clusters with separate fitting
function shown as the exponential decay (blue long dash) and long-lived state (red short
dash). Decay lifetimes are shown in each frame.

With a higher Fe content, the O atoms are no longer shared equally among the Fe
atoms as they were for the Fe2On series. For FezO», one of the Fe atoms is attached to two
O atoms for a +2 oxidation state, and two of the Fe atoms only bind to one O to have +1
oxidation states. For FesO, two of the Fe atoms are in a +1 oxidation state and one Fe has
an oxidation state of 0. Fe3O4 has a structure similar to the FesOz, but contains an extra O
bound to one of the terminal Fe atoms, making it a +4 oxidation state. Similar to the
Fe2On series, removing one O extends the lifetime of the state by ~150 fs, and removal of
the second oxygen atom extends the lifetime by ~350 fs. This supports the argument that

the lower oxidation state of the Fe atom extends the fs lifetime of the cluster transient.
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With the decrease in oxidation state, the y values for the FesOm series also decreases, with
the exception of FesO which is recorded with a y = 0.0. Fe3O2 has a y = 0.305 and drops
steadily with the addition of each oxygen until reaching 0.110 for FezOa. This decrease in
y with O is consistent with Fe;O, clusters.

The lifetimes and patterns measured in the dynamics for the cluster series of
Fe4On, FesOn, and FesOn are similar to those determined in smaller clusters. These mid-
range clusters represent the transition in geometry from 2D rings to 3D structures. Some
calculations have predicted that FesOs is planar,*” while others have shown the 3D
geometry is lower in energy.*® 3D structures support a larger number of stable
stoichiometries and enables stronger bonding arrangements with an extra oxygen atom. In
FenOn+1, more Fe d-electrons transfer to the additional O atom. The extra O is likely
bridged between two Fe atoms and therefore increases the oxidation state of two Fe
atoms to +3 while the rest remain at +2. This change in oxidation state will be most
profound in smaller clusters, where a single O makes the biggest adjustment to the
overall cluster stoichiometry.

The FesOn cluster series contains only one dominant cluster, Fe4Os. The FesOn (n
= 5-6) cluster series shows the presence of two clusters and is consistent with all other
series, showing a FesOg lifetime (116 + 21 fs) slightly shorter than the FesOs transient
(142 + 10 fs). Also, the y of FesOs decreases from 0.177 to 0.091 with the additional O
atom. The ultrafast dynamics of the FesOn (n = 5-7) cluster series are consistent with the
smaller clusters. However, the effect of the missing O on the relaxation dynamics is not
as pronounced as in smaller clusters, and only extends the lifetime by ~6% for Fes. The
lifetime of FeeOs is 158 + 32 fs and decreases by ~54% with additional oxygen atoms.
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Interestingly, FesO7 has the shortest lifetime of all clusters detected in this study with a
lifetime of only 68 + 10 fs. Further, y decreases for FesOs to FesO7 from 0.130 to 0.049

with additional O, but FesOs breaks the trend having a value of 0.163.

Table 3.2 Fitting coefficients for suboxide FenOm
clusters (n < 7).

Species Ce T (fs) Ce Y

Fe2 0.586 699+163 0.272 0.464
Fe20 0.883 404+37 0.299 0.339
FesO 1.000 526+104 0.000 0.000
FesO2 0988 323+43 0.301 0.305
FesO4 1.708 85+20 0.187 0.110
FesOs 1.696 116 £21 0.154 0.091
FesOs 1.235 158 +32 0.160 0.130
FesO7 2.029 68+10 0.099 0.049

For the Fe;On series, the addition of a single O reduces the lifetime of the excited
state by ~38% from 133 + 13 fs to 96 + 18 fs (Table 3.3). This difference in lifetime
between the two series is consistent with the trend obtained in the smaller clusters. For
neutral FenOn+1 clusters, an excess O has a binding energy exceeding 5 eV and is often
equal to the binding energy of FeO units at these large cluster sizes.*”"* Therefore, the
transient dynamics are recorded for the (FeO), and FenOn+1 Series up to n = 12 and 15,
respectively. For larger FenOn+1 clusters, the fs lifetimes are comparable to the similar
sized (FeO)n clusters. Small fluctuations are recorded in the fs lifetime of both series with
changes in size but remain consistent within the error bars to be an average of ~115 fs.
This suggests that the influence of the additional O and increase in oxidation state is
small for these larger clusters. According to IVR, the fast component of the FenOn+1

clusters should decrease with size because of the larger degrees of freedom to dissipate
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the energy. However, as described earlier, these clusters have already exceeded the size

where a saturation in the relaxation dynamics was achieved.

Table 3.3: Fitting coefficients for the ultrafast transient
dynamics of selected large FenOn+1 clusters.

Species Ce T (fs) Ce Y

Fe70s 1.588 96 + 18 0.116 0.073
FesOg 1.454 139 £ 22 0.081 0.055
FegO10 1.908 98+ 14 0.126 0.066
Fe10011 1.694 107 £ 15 0.066 0.039
Fe11012 1.712 128 £18 0.092 0.054
Fe12013 1.564 120 + 15 0.061 0.039
Fe13014 1.691 123 £17 0.070 0.041
Fe14015 2.022 103 £ 18 0.048 0.024
Feis016 1.858 110 £ 20 0.021 0.011

The long-lived excited states remain accessible in larger clusters for both cluster
series (Table 3.3). For n = 8, the bound state accounts for ~10% of the total population
and decreases linearly with the addition of each FeO unit. This is consistent with the fact
that larger clusters contain a larger density of states than smaller clusters, thereby
enabling the electronic energy conversion into vibrational motion while returning to the
ground electronic state.

3.3 Conclusion

With fs ionization, stoichiometric (FeO)n clusters dominate the cluster distribution
for n < 10 and FenOn+1 clusters dominate at n > 10. Weakly bound O rich clusters are not
observed with fs laser pulses, suggesting that the clusters detected in my mass spectra are
stable to within the energy of 1 probe photon. Although fragmentation is possible, it was
not observed with the exception of Fe>.

Upon irradiation of a 400 nm fs pulse, an electron migrates from the O atom to

the non-bonding orbitals of the Fe atom within the cluster. This results in a large
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proportion of the wavepacket relaxing on the fs timescale to a low-lying electronic state,
assisted by IVR. A smaller fraction of the wavepacket remains in a bound long-lived (>
20 ps) state where the excited electron remains in the nonbonding Fe orbitals.

Transient signals of the neutral iron oxide clusters are compared as a function of
growing cluster size and stoichiometric composition. The lifetime of the excited states of
the clusters decreases rapidly from ~350 fs to ~140 fs until the clusters adopt a 3D
stoichiometry, then remain roughly independent of cluster size. Changes in the oxidation
state of the Fe atoms has a large effect on the lifetime of small clusters, where higher
oxidation states have shorter lifetimes. The shortest lifetimes are obtained for mid-range
clusters with an extra O (FesO7 and Fe;Og), which are among the smallest clusters
recorded that contain excess O. As the cluster size grows, a smaller proportion of the

wavepacket remains in the long-lived bound excited state.
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CHAPTER 4
EFFECT OF OXIDATION ON ULTRAFAST CHARGE RECOMBINATION IN
NEUTRAL (NiO), CLUSTERS (n < 6)
4.1 Introduction
NiO is a strongly correlated antiferromagnetic material with a high Néel

temperature of 523 K,”>"" making it a strong candidate for spintronics and solar energy
applications as an efficiency-enhancing interfacial layer. Photoexcitation of NiO showed
that a ferromagnetic response of low-spin states in NiO may be achieved,”®"° allowing
insulator-like properties to be altered.® Ultimately, the timescale that NiO materials
redistribute excitations and the dynamics of charge-carrier recombination dictate their
overall reactivity in photocatalytic solar cell applications and efficiency as magnetic
devices. NiO charge-carrier recombination in solar cell interfaces,®! sensitized with
dyes,® nanoparticles,® and charge transfer from NiO to another substrate®* may occur
over fs to ns. NiO redistributes photoexcitation via superexchange interactions and
coherent oscillations (phonons).”8 Although NiO has revealed phonon-related
relaxation, coherent lattice vibrations and uniform electronic properties typically ignore
the possibility of numerous dislocation sites, atomic vacancies, and grain boundaries that

result in complex charge carrier dynamics.

A local rearrangement of the 3d-electrons plays a crucial role in many properties
of correlated transition metal oxide materials and supplies important information on
magnetic interactions. Ni has the lowest excitation energy of the first-row transition metal
elements and an open 3d subshell nature, providing an extremely rich density of states

and typically short lifetimes. Excited state lifetimes in bulk NiO as short as 10 fs have
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been identified as Hund excitations,’® with sub-ps formation of polarons that localize at
specific defect sites prior to recombination.®® The d® ground state electron configuration
of NiO formally consists of fully occupied tog and half-filled eg orbitals, with strong
hybridization between the 2p and 3d bands.”® In strongly correlated transition metal
oxides, such as NiO, the Mott insulator concept suggests that electron repulsion splits the
d bands into an occupied and unoccupied Hubbard band.&%8 NiO is an intermediate
charge-transfer insulator, suggesting that charge transfer is smaller than the Hubbard U,
leaving O-2p bands located in the range of the occupied Hubbard band. However, the d-
shell of Ni is the most compact of all transition metals, making d-bonding effects the least

important of all metal oxide systems.®’

The s character of the conduction band minimum was neglected in many studies,
but recently found to be important in more detailed calculations.2#8 Although NiO is
considered an insulator with a commonly reported band gap of 4.1-4.3 eV, %8 the onset
of absorption has been recorded as low as 3.1 eV.2° This low-energy feature has been
attributed to excitation between the valence Ni-3d and Ni-4s character of the conduction
band minimum, allowed due to 3d bands containing significant O-2p character.® This
challenges conventional knowledge that localized 3d (eg) states dominate the conduction

band edge.

Nickel oxide clusters are among the least studied transition metal oxide species
and represent a challenge to theoretical computations because of the high number of
energetically competitive structural isomers and spin configurations. Molecular-scale
clusters possess electronic properties that change with the addition or subtraction of

single atoms, enabling insights to the investigation of defect sites in bulk-scale reactions.
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Here, femtosecond pump-probe spectroscopy coupled with theoretical calculations are
used to interrogate the effects and magnitude of Ni-s, p, and d orbital photoexcited
transitions on molecular-scale neutral NiO cluster lifetimes. Results from this study show
a unique reliance on the Ni orbital contributions to the photoexcited cluster lifetimes,
allowing for a deeper understanding of the bulk-scale electronic properties.
4.2 Results and Discussion

All spectra were recorded using 7.92 x 10** W/cm? 400 nm pump and 1.62 x 10*°
W/cm? 800 nm probe pulses. Neutral nickel oxide clusters were produced using a seeded
He gas pulse (1% O) and an average of 1000 spectra at the temporal overlap of the two
laser pulses. The 800 nm beam was temporally delayed 600 fs prior (-) to the 400 nm
pulse and moved in 40 fs increments towards (+) the 400 nm pump pulse, taking an
average of 500 shots per scan as the probe is delayed to 2.5 ps. The change in each ion
signal with respect to the probe delay is then discussed, providing excited state dynamics
unique to each cluster species. The changes in excited state dynamics are analyzed as a
function of increasing size and changes in oxidation of stoichiometric (NiO), clusters.
Theoretical calculations are used to relate experimental lifetimes to complex electronic
properties in each cluster.
4.2.1 Neutral Cluster Distribution

At temporal overlap, an ionized neutral nickel oxide distribution was produced
(Figure 4.1). The most prominent peaks are the NinOn.1 series from values of n < 8 and
then NinOn-2 for n > 7, consistent with previous experiments.*® The binding energy per
atom of small nickel oxide clusters increases with size from ~3.1 to 3.7 eV, while the
binding energy per monomer for (NiO)n fluctuates between 4.1 eV for (NiO), and ~3 eV
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for (Ni0)s.%° Therefore, stoichiometric (NiO)n clusters of n > 5 are not expected to

survive a single pump photon of 3.1 eV due to the ease of dissociation.
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Figure 4.1: Neutral nickel oxide cluster distribution following ionization at temporal
overlap from the pump and probe pulse.

Oxygen-rich nickel oxides easily lose O, upon excitation,*®® consistent with the
lack of oxygen-rich clusters observed in my experiment. Bare Ni2 and Nis clusters appear
in the neutral mass spectrum shortly after the arrival of the probe pulse, suggesting
formation of these clusters from parent species or delayed ionization from a bound
intermediate state. Structures of molecular nickel oxide clusters were previously
calculated,>®°! showing all NiO clusters have bridging O atoms, avoiding terminal O
locations.

4.2.2 Size Effect of (NiO)n Clusters
The calculated potential energy curves of NiO reveal a rich density of excited

states below the X3%~ — 3% photoexcitation at 3.04 eV.%? Photoelectron spectroscopy
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(PES) of NiO shows several low-lying excited states below 3 eV.%-% My measurements
show the 3% state of NiO has a lifetime of 214 + 12 fs, and may cross into a long-lived
35" or 3A state which is represented by the plateau function. Conversely, the excited states

of NiO have microsecond lifetimes under visible excitation.®’
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Figure 4.2: Pump probe transients of the (NiO)n (n < 6) cluster series with the lifetimes
and cluster structures computed by Sayres shown above each cluster signal.

(NiO)2-s clusters all form similar 2D ring structures®®! that are reflected in the
transients of the (NiO), clusters (n = 1-5), showing a similar fast relaxation of ~110 fs
following absorption of a 3.1 eV photon (Figure 4.2). Similar to bulk NiO, the fast
relaxation is attributed to e-e scattering and rapid recombination. The slightly longer
lifetime of NiO over the other stoichiometric clusters is due to a lower density of states

and degrees of freedom. The ratio of the plateau (6) and decay (k) function amplitudes on
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the total transient fit reveals a decrease in the long-lived component with size of
stoichiometric cluster (Table 4.1). A long-lived (> 2.5 ps) state is accessible in NiO (& =
0.18) and (NiO)2 (8 = 0.02) but is not present in larger clusters. The decreasing plateau
component of the transient signal suggests that the larger clusters contain sufficiently

degrees of freedom to enable internal conversion for efficient charge recombination.

Table 4.1: The fitting parameters of neutral (NiO), clusters (n
= 1-5) with the decay lifetime (t), percent decay (k) and
plateau (9) fitting function amplitudes.

Cluster T K d
NiO 214 £ 12 0.82 0.18
(NiO) 128 + 8 0.98 0.02
(NiO)s 111+9 1 0
(NiO)4 107 £ 11 1 0
(NiO)s 106 + 17 1 0

4.2.3 Oxidation Effect on Cluster Lifetime

Stoichiometric (NiO), clusters void of up to two O atoms are evaluated up to n =
5. Oxygen deficient clusters are shown to possess a longer lifetime, attributed to the
change in cluster geometry with lower O atoms from the stoichiometric cluster which
results in a broken symmetry of the cluster and more localized electrons and holes. All
lifetimes and fitting parameters for the suboxide clusters are summarized in Table 4.2.

The Ni2On (n = 0-2) series shows a change in the excited state transients with O
content (Figure 4.3). The lowest energy configurations of the Ni>On series are planar,
with the spin states of Ni2O and Ni2O both triplets. The IP for these clusters increases
linearly with O content, increasing the DoS and facilitating a faster relaxation to the

ground state.
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Figure 4.3: Pump-probe transient response of the Ni>.On (n < 3) series with lifetimes
shown in each frame. Niz is shown with the growth time (tg).

The transient signal for Niz> requires a growth function (tg) and shows the entire
population reaches a long-lived (>2.5 ps) state, potentially arising from multiple
channels. Ni2 may be produced upon the release of O from Ni2O after the interaction with
the pump pulse, followed by subsequent ionization. However, Ni>O is a common
fragment and is suggested to be a particularly stable cation unit.®® Additionally, the
dissociation energy of Ni.O is 4.38 eV and Ni, has an IP of ~7.6 eV, requiring a total
of 12 eV to observe the Nix cation. Dissociation from Ni2O> to form Niz is unlikely,
requiring removal of two O atoms without the removal of a Ni atoms. The tg matches the
cross correlation of the laser beams (28 + 9 fs), suggesting an instantaneous ionization of

neutral Ni> present in the neutral cluster population. Due to the low bond energy of ~2
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eV,% Ni is not expected to survive the excitation of a single 3.1 eV pump photon, but
may reach a long-lived state above this dissociation energy.

The ground state of Ni> has been investigated with controversial results that arise
from the interaction of two 3d%s! Ni atoms, forming a single bond between the 4s
orbitals with little 3d involvement. The electronically excited states are less characterized
and difficult to assign, but appear at wavelengths < 450 nm.1%® The UV-vis spectra of Ni2
shows several absorption bands at ~3 eV.1°1%2 The dog — pmy (3my or C state) is strongly
bound, %1% but overlaps with the dissociative sog— soy (°Zy or B state).!® A ddy — pmy
transition (°®y, state) may also exist nearby, but is suggested to have weak signal
intensity. No decrease in the transient Ni2" signal is recorded here, suggesting the C 3m,
state of Ni> is accessed by the 3.1 eV pump photon and is long lived due to poor overlap
with lower lying states.

Ni2O contains a long-lived (>2.5 ps) excited state in addition to the slower (~172
fs) relaxation, suggesting multiple relaxation channels. With a single O, Ni.O forms a
cyclic ring rather than a bent linear structure. With the increase in O-2p character, the
density of states becomes richer, facilitating relaxation to the ground state. However, with
a & = 0.42, almost 30% of the population still reaches a long-lived state which survives
over 2.5 ps. Ni2O2 contains a single fast (~111 fs) decay from the increased symmetry
(and higher stability) of the ring-like structure, and therefore more delocalized charge-
carrier upon photoexcitation (e-e scattering). However, Ni>O, does not possess any
transient long-lived states, suggesting that the inclusion of additional O-2p electron
character to the stoichiometric cluster is enough to cause a single fast decay of ~100 fs
back to the ground state. The 4s orbitals have favorable exchange interactions with the Ni
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3d electrons due to large spatial overlap and are therefore strongly coupled, enabling a
rapid relaxation. Ni;O, has a closed electronic shell from the two 3d%s! Ni
configurations and four O-2p electrons, making photoexcitation akin to the bulk-scale e-e

scattering process.

Table 4.2: Fitting parameters of suboxide neutral NinOx
clusters with the relaxation lifetime (1), percent decay (k)
and plateau (9) fitting function amplitudes.

Cluster T (fs) K d
Ni 28 £ 9* 0 1
Ni.O 204 +18 0.68 0.32
Nis 170 £ 51* 0 1
Ni3O 191 +18 0.82 0.18
NizO2 202 £ 23 0.87 0.13
NisO2 187 + 22 0.96 0.04
NisOs 176 + 20 1 0
NisOs3 117 £ 20 1 0
NisO4 151+ 20 1 0
NisO4 225+ 40 1 0
NisOs 173 + 23 1 0
Ni7Os 167 + 36 1 0
Ni7Os 142 + 23 1 0

*Indicates growth lifetime instead of decay

In the Ni3On (n = 0-3) series, the transient lifetime and long-lived (>2.5 ps)
excited state component increases with decreased O character (Figure 4.4). The lowest
energy configurations of the NisOn clusters are planar, containing a triangular Ni core
similar for all clusters except NisO, which has near degenerate pyramid structure that is
not planar and spin quintet. The extra O atom creates slightly longer Ni-Ni bonds in
NisO2 and is ferromagnetically coupled. However, the metal bonds recompress in NizOs.

Typically, the O atoms contain a 1/3 spin ferromagnetically coupled to the Ni atoms. The
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asymmetry of the cluster makes one Ni atom a higher spin (0.9). The stoichiometric
cluster has the strongest binding energy per atom and also the shortest lifetime of the
series (109 £ 8 fs). Similar to Niy, the bare Nis cluster has considerable intensity after the
arrival of the probe pulse, but is not likely to survive the ionization process with a
binding energy of 3 eV or lower.11% Unlike Ni, however, the growth lifetime of Nis
(~192 fs) matches closely to the lifetimes of NizO (~172 fs) which may release O to form
Nis.%! Further, NisO, and NisO show similar lifetimes and y values, suggesting a similar
excited state landscape. The NizOs cluster is ferromagnetically coupled, showing 0.3 spin

on every atom.
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Figure 4.4: Pump-probe transients of the NisOn (n < 4) cluster series with lifetimes shown
in each frame, and growth time (tg) shown for Nis.

Niz was not observed from the photofragmentation of oxygen rich nickel oxide
cations, suggesting that it is not a common product of direct dissociation.®® Further, they
looked at only O rich clusters. NizO is not a particularly intense cation peak in other
experiments and suggests that it is particularly fragile and has a low fragmentation energy
matching the pump photon energy. The excited states of Niz are suggested to be similar to
Niz, 192193 with dng — pmu (bound) and sou — sog (dissociative) transitions near 400 nm.
However, in contrast to Ni, the Nisz ion signal does not rise with the laser pulse but

instead exhibits a delayed growth (tg ~170 fs). This growth is a strong signature of an ion
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that is not present in the neutral molecular beam but arises following the
photodissociation of a larger cluster. My experiment cannot conclusively identify the
parent cluster responsible for the growth recorded in Nis* signal, but several possibilities
exist.

The growth lifetime of Nis (170 + 51 fs) matches closely with the decay lifetime
of NizO (~191 fs), suggesting that NizO relaxes to an intermediate dissociative neutral
state that releases O to form Niz or remains bound before being ionized to NizO* or Niz* +
O. However, calculations predict a bond dissociation energy of 4.2 eV for NizO and
suggests it is stable.’%® This dissociation energy may be overestimated, or the Nis* could
arise from fragmentation of a high energy isomer. However, the Niz signal is only ~5%
the intensity of the change in NizO signal suggesting they are not related. Alternatively,
the photodissociation of NizO2 to form Nis is also unlikely, requiring removal of two O
atoms. Higher energy isomers of NizO2 containing a bound O> unit show dissociation
energies in this range.’®” However, Nis is not observed as a product from the
photofragmentation of oxygen rich nickel oxide cations.?® Finally, the most likely
situation is that Nis dissociates at the temporal overlap of both laser beams where a
dissociative cation state is reached. Nin clusters have binding energy per atom below the
energy of a 400 nm photon.1941951%8 Thys Nis may dissociate at the pulse overlap before
decaying to a steady intermediate state in ~170 fs. Supporting calculations show that Ni3
photoexcitation is strictly Ni-3d — Ni-4p, where the p electron density is equally
distributed amongst the Ni atoms and supports the argument that Ni-p excitations are

long lived.
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Similar to Ni2On and NizOn clusters, the NisOn (n = 2-4) series shows an increased
relaxation time with decreased oxidation (Figure 4.5). The NisOn series is 3D, with the Ni
atoms forming a tetrahedral core, except for the stoichiometric cluster which is planar and
has a no net spin. The O atoms attach to the periphery of the cluster and bond to three Ni
atoms. The suboxide clusters show strong Ni-Ni bonding, decorated with O atoms on the

outside.

Ni,0, A& (@Flsuzzfs 1=117+20fs

no o 0 Og|
9 0o%p90™ 0% oo

Q |

5ol 9
%o 000°0°% 0% oo

] a 0000
|

gf:' =176 +20 fs r=151i20fs

o
a

a0 09
T
00%, 00c g

@T=107:&11ﬁm T 106 L1758

T
Q00 a o [=] o Op DOQO f2) r_,'C‘OGCOO 20
ptieleieTong 000,607 o0 O o

O _0 o a)

o =] o 0" @
o 000 )

[
009

o

Signal Intensity (a.u.)

9e000 L L 1

-500 0 500 1000 1500 -500 0 500 1000 1500
Probe Delay (fs) Probe Delay (fs)

Figure 4.5: Pump-probe transients of the Ni4On (n = 2-4) and NisOn (n = 3-5) cluster
series with cluster geometry and sub-ps lifetime shown.

The NisOn (n = 3-5) cluster lifetimes generally increase with decreased O content
(Figure 4.5), following the trend of smaller nickel oxides. Clusters with more than 5 Ni
atoms contain a 3D structure, with larger stoichiometric clusters not recorded with
significant intensity. NisO4 has an exceptionally long lifetime compared to the other
clusters (225 + 40 fs), and also forms a uniquely high Cs or T4 symmetry,®* which may
facilitate the delocalization of charge carriers for a prolonged lifetime.

The stoichiometric clusters exhibit the shortest lifetime from Ni1.s and conform to

similar fast (~100 fs) lifetimes. Cluster geometries take on a similar form with less
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geometric reconfiguration dependent upon oxidation. However, decreased O content
results in reduced symmetry, causing more localized charge-carriers which extends both
the fast sub-ps lifetime and allows for charge-trapping (long-lived state). As cluster grow
in size, the delocalization of the excited electron and hole results in similar instantaneous
excited state lifetimes on the order of 100 fs, similar to e-e scattering in bulk.
4.3 Conclusion

Neutral gas-phase NiO clusters were produced using laser ablation and the
femtosecond response to two-color pump-probe photoexcitation was explored.
Stoichiometric clusters possess ~100 fs lifetimes which are attributed to efficient charge-
carrier recombination and e-e scattering from a Ni d-electron to Ni d- or s-electron
orbital, similar to bulk-scale material lifetimes. With the absence of a single O atom from
the stoichiometric (NiO), cluster, all cluster lifetimes are shown to increase by over 20%
and often include a long-lived state that is accessed for >2.5 ps, attributed to an increased
Ni d—p transition character. Extended excited state lifetimes facilitate magnetic and
chemical transformations and are therefore essential to bulk-scale materials. Due to the
multiple states between 1 and 3 eV®? which is below the pump energy of 3.1 eV, there is
not a large deviation in relaxation lifetimes compared to other cluster experiments.109:110

This experiment suggests that a purely crystalline NiO lattice results in efficient
instantaneous charge recombination, and O vacancies likely result in slower relaxation,
allowing for chemical and magnetic manipulation. This experiment shows time-resolved
excitation experiments of neutral nickel oxide clusters and will aid in the understanding
of excited state lifetimes following UV photoexcitation, creating more advanced nickel
oxide materials.
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CHAPTER 5
OSCILLATION IN EXCITED STATE LIFETIMES OF
NEUTRAL (TiO2)a (n < 10) CLUSTERS
Portions of this chapter reprinted with permission from the J. of Phys. Chem. Lett. 2021,
12, 16, 4098-4103. Copyright 2021 American Chemical Society and
portions reproduced from J. Chem. Phys. (in press) (2021);
https://doi.org/10.1063/5.0071264, with the permission of AIP Publishing
5.1 Introduction
Titania (TiO.) is widely used due to its abundance, stability, low-cost and
nontoxicity. These properties make it favorable for applications such as water
splitting,*111? dye-sensitized solar cells,'3!** white pigments,*'® environmental
degradation of organic pollutants,'!® and heterogeneous photocatalysis.'!’ TiOz is an
archetypal photocatalytic materials and serves as a model system for fundamental studies
on the relationship between nuclear dynamics and the generation, transport, and trapping
of charge carriers (electrons and holes) following photoexcitation. Absorption of a photon
with energy exceeding the optical gap results in exciton formation, or bound electron-
hole pair. Excitons can radiatively recombine or return to the ground state via
nonradiative routes such as internal conversion, where excess energy dissipates as
phonons or vibrations. The formation of photogenerated electrons and holes in titania is
accompanied by lattice vibrations (phonons) that are quasiparticles collectively known as
polarons. Small polaron formation occurs spontaneously in perfect lattices and acts to

trap mobile carriers at recombination centers, decreasing their mobility!8 and affecting
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photoconversion yields.'*® Polaron formation ultimately impacts excited state dynamics,
yet its detailed influence over lifetimes is not resolved.

A major limitation for bulk titania is the large bandgap which limits electron
transport. Defect engineering has become a major focus for titanium oxides, where
oxygen deficient materials contain a smaller bandgap, increasingly delocalized density of
states (D0S)*?%12! and therefore can utilize more of the sun’s visible spectrum. Suboxides
of titania, referred to as TinO2nx (X > 0), are easily produced from bulk TiO>
materials,*?>71?* are non-toxic,*?® possess unique optical properties,'?426 and may have
increased catalytic activity over their stoichiometric counterpart.*?>1?" In particular,
Magnéli phase titanium oxides (TinOzn-1, N = 4-9) display enhanced electrical
conductivity*? and increased stability over stoichiometric titania.*?® The overall
reactivity of bulk titanium oxides is thought to be heavily dependent on O vacancies and
associated Ti%* sites,' yet a precise understanding of their influence on the behavior of
excitons, polarons, and free charge carriers in titania is needed.

Among the most important aspects of catalytic efficiency is the production of a
photoexcited state with sufficient lifetime to enable chemical transformation. Ultrafast
recombination of electrons and holes is the major efficiency loss mechanism and depends
on strong electronic and electron-lattice correlations. Despite identical chemical
compositions, the common polymorphs of bulk TiO: (rutile, anatase and brookite) exhibit
different photocatalytic activities,**! highlighting the critical role of local structure on the
flow of energy. Polaron formation is favorable in the rutile phase, with carrier
recombination two orders of magnitude faster than the anatase phase, where polaron
formation is unfavorable and electrons remain delocalized.*3#13 Polaron formation in
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nanomaterials can accelerate electron/hole recombination through exciton self-trapping.

134 3s the

Quantum confinement effects have not been observed in titania nanoparticles
sub-nanometer exciton binding radius!®>** is smaller than the particle. The small exciton
binding radius in titania makes sub-nanometer clusters the ideal venue for identifying the
structural factors that govern carrier dynamics, electron-hole recombination mechanisms
and related excited state lifetimes.

Despite extensive research on TiO2 nanoparticles, the excited state lifetimes at the
ultimate size limit (clusters) had not yet been measured prior to this study. Femtosecond
pump-probe spectroscopy is used to measure the excited state lifetimes of sub-nanometer
titania clusters and apply computational studies to relate the dynamics to electron-hole
separation and recombination.

5.2 Results and Discussion

Neutral clusters were produced through ablation of a Ti rod in the presence of a
seeded He gas pulse (1% O>). Mass spectra were recorded using 400 nm pump and 800
nm probe pulses of 9.9 x 10* W/cm? and 3.1 x 10'® W/cm? intensity, respectively. An
average of 200 shots per time step were recorded as the probe was delayed from -1.6 —
6.8 ps. All transient signals were fit using a combination of two Gaussian functions
convoluted with an exponential decay to account for the relaxation lifetimes.1”1°
5.2.1 Cluster Distribution

lonization of the neutral titanium oxide molecular beam by the 400 nm pump and
800 nm probe lasers at temporal overlap produced a mass spectrum of Ti>O to (TiO2)11
(Figure 5.1). The primary clusters recorded follow the series of TinO2nx (X = 0-3) and
grow through addition of TiO> units.
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Figure 5.1: lonized neutral titanium oxide cluster distribution at temporal overlap.

The cluster distribution is consistent with previous studies,” with the highest
intensity peaks generally composed of TinOzn-1 Or TinO2n-2, and is in agreement with their
stabilities.’*® Neutral stoichiometric (TinO2n) clusters have previously been recorded
experimentally only using single photon (VUV) ionization thought to be void of
fragmentation,**® supporting that fragmentation is not significant in this experiment.
Thus, the formation of O deficient clusters is due to kinetic limitations during the growth
of clusters in the ablation plasma.

5.2.2 Size Effect on Stoichiometric (TiO2)n Cluster Lifetimes

All clusters contain a fast (~35 fs) and a sub-picosecond relaxation component

(Figure 5.2). The fast lifetime is attributed to an increase in signal that occurs through

non-resonant excitation/ionization. As the laser pulses separate in time, the remaining ion
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signal is proportional to the neutral cluster’s intermediate excited state population. The
sub-picosecond excited state lifetime () is attributed to rapid internal conversion
returning to the So state. The signal returns to baseline for all clusters, suggesting that
carrier recombination is efficient for these sub-nm materials. The measured excited state
lifetimes oscillate with addition of TiO2 units for cluster sizes from n = 1-7, with larger
lifetimes observed for even-numbered clusters. Lifetimes gradually increase with size
from 256 fs for n = 1 to ~550 fs for n > 6. Differences in excited state lifetimes are
attributed to small changes in the local environment of each cluster that affect polaron
formation.

All clusters contain two terminal O atoms bound to a tetrahedral Ti atom, in
agreement with literature assignments for the global minimum structures of
(TiO2)n. 112140-147 The stable conformations of clusters n > 4 possess all tetra-coordinated
Ti atoms. Odd numbered clusters adopt Cs symmetry and even clusters adopt Cay or Can
symmetry. Stoichiometric (TiO2)n are characterized as closed shell systems, where each
O atom withdrawals two d-electrons from the Ti atoms, leaving the cluster void of d-
electrons. Photoexcitation moves an electron from the occupied O 2p orbitals back to the
unoccupied Ti 3d orbitals, analogous to the band structure of bulk TiOz. The cluster’s
ionization potentials (IPs) and optical gaps have not been experimentally measured but
were calculated to be ~10.0 + 0.5 eV**! and ~4.5 eV,*? respectively. These results are
consistent with photoexcitation by two pump photons (6.3 eV). The probe beam is
maintained at threshold intensities to ensure the excess energy in the cations is less than a

single probe photon (1.55 eV) and below the cation fragmentation energy.141:148
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Excited state lifetimes are governed by electron-hole interactions, the magnitude
of the transition energy, and nuclear motion. Time-dependent density functional theory
(TD-DFT) calculations were performed to explore the excited states at the ground state
(So) and adiabatically optimized excited state geometry (S1). For simplicity, I limit
analysis to the S; state as a general description of photoexcitation. The S; state is the final
state along the relaxation pathway and contains the biggest energy gap, suggesting it is
the rate limiting step in relaxation. The large density of states and vibrational modes

enables rapid internal conversion to the S; state in accordance with Kasha’s rule.
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Figure 5.2: (TiO2)n cluster (n < 10) pump-probe transients with lifetime shown in each
frame.
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To interpret the role of the electron-hole interactions on excited state lifetimes,
several topological descriptors were calculated at both vertical excitation (So) and upon
adiabatic relaxation to the S; minimum energy. Photoexcitation involves several
molecular orbitals, making transition densities an efficient representation of the location
and distribution of holes and electrons. The A index quantifies the charge-transfer
character of excited states (A1) as the spatial overlap of electron and hole
wavefunctions,*>®152 and ranges between 0 and 1 to describe wavefunctions that share no
common space or complete overlap, respectively. Low A values suggest that the exciton
obtains a strong charge transfer character upon excitation and further increases on the S;
landscape. The distance between electron and hole density centroids (de-) is a
complementary approach to measuring the charge-transfer length.*>® Although A and den
are traditionally thought to relate to recombination lifetimes, neither parameter reconciles
with the experimental lifetimes, shown in Table 5.1. Both values are small, revealing that
charges often localize on neighboring atoms without overlapping, thus demonstrating a
large ionic character. These parameters are not reliable for such ionic systems and are
poor predictors of excited state lifetimes for (TiO2)s clusters.

Upon photoexcitation, subtle changes in both the local geometry and electronic
structure enable carrier localization and polaron formation which accounts for the
measured lifetime oscillation. Theory shows the electronic structures of (TiO2)n clusters
exhibit an even/odd oscillation with additional TiO2 units.}!214215 Even clusters have
larger HOMO-LUMO gaps, IPs, optical excitation energies, and exciton binding energies
(Ex). Larger energy spacings are indicative of more stable and rigid structures. The
delocalization of each charge carrier is quantified by the total-root-mean-square density
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(ce or on). The charge carriers are all delocalized upon vertical excitation, but in all cases,
they separate (increasing de-n) and localize (decreasing o) on the S; potential. Pivotal
energies and topological parameters with lifetimes are shown in Table 5.1. During
adiabatic relaxation, both charge carriers show preference to localize on the least
coordinated atoms. The under-coordinated Ti atom, typically found in the center of the
cluster adjacent to a highly coordinated O atom, serves as the localization center for the
electron density. If the hole overcomes the exciton binding energy, it migrates to a
terminal O atom. The relaxation energy (Er) is the final difference in vertical ionization

potential and adiabatic relaxation energy.

Table 5.1: Experimental excited state lifetimes (1) and calculated
properties for (TiO2)n clusters.

(TiO2)n T (fs) A dA) ocaw (A Ex(eV) Er(eV)
1 256+16 026 1.73 3.31 5.33 0.11
2 364+56 022 2.89 3.54 5.49 0.89
3 281+66 014 4.16 2.83 2.69 1.29
4 669 +227 025 2.45 3.20 3.87 0.99
5 494+102 024 181 3.11 3.75 0.86
6
7
8
9

567+160 030 2.40 3.95 4.30 1.00
568 167 0.25 3.90 4.40 4.08 1.00
491+104 030 1.82 4.28 4.59 0.84
598+164 035 250 4.31 3.89 1.10

Structural rearrangement accompanies charge localization as the clusters relax
through a Jahn-Teller (J-T) type distortion on Sy, similar to polaron formation in bulk
structures. Due to the tetrahedral coordination of the Ti atoms, this results in a Ti-O bond
elongation (Arri-o) which is more pronounced in even numbered clusters. Although

polarons are a bulk concept, the language is appropriate even for molecular-scale clusters
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due to the local structure deformation and localization of charge carriers. The polaron
couples to the vibrational motion of the cluster and facilitates rapid depopulation by a
radiationless transition through a conical intersection on the femtosecond timescale.
Dangling bonds are known to facilitate internal conversion.>®

Variation in clusters provides a range of geometric configuration that mimic the
active sites of bulk surfaces and can be utilized to understand the coupling between
polaron formation and related lifetime changes. The formation of localized charge
carriers and Coulomb attraction between the electron and hole drives relaxation. The
averaged distribution of the electron and hole (ce-n) correlates with the measured lifetime
of TiO2 clusters (Figure 5.3). In general, the odd numbered clusters are more planar in
nature and exhibit shorter lifetimes than the even clusters. The higher symmetry and
rigidity of even numbered clusters presents a more delocalized energy landscape where
the So transition density is distributed across all atomic centers, except those directly
bound to the terminal O. Upon relaxation, the even clusters show larger carrier
delocalization (o) that inhibits nonradiative decay pathways leading to longer lifetimes.

The smallest three clusters are planar, feature under-coordinated Ti atoms, and
exhibit the shortest lifetimes. TiO. and (Ti0.)2 are too small to enable separation and
therefore have large Ex. Following excitation, (TiO)2 adopts a more planar geometry as
the hole localizes on a terminal O atom. (TiOz2)s is unique in that it contains a three-fold
coordinated Ti and O. The electron density moves onto the 3d orbital of the under-
coordinated Ti atom and the hole localizes on the opposite side of the cluster. (TiO2)s has

the smallest S1 energy gap, and the largest Er which are strong drivers for recombination.
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Relaxation on the S; landscape localizes the hole to one terminal O and has the smallest

bond extension of all clusters.
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Figure 5.3: Comparison between a) the lifetime of (TiO2)n clusters and b) the average
delocalization between the electron and hole of each cluster.

An increase in lifetime occurs as the clusters move to a 3D structure and feature
Ti atoms that are all tetracoordinated. Both (TiO2)s and (TiOz2)s structures contain a tetra-
coordinated O atom with ionic character which provides rigidity.'** Upon adiabatic
relaxation, the electron of (TiO2)4 localizes on one Ti, but the hole behaves as a multi-site
polaron distributed about two O atoms causing a large local bond elongation. On the So
landscape of (TiO>)s, the electron resides on the Ti furthest from the terminal O, the hole

arises from the three adjacent O atoms, while the majority of the cluster is inactive. Upon
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adiabatic relaxation on Sy, the hole localizes to one O forming an exciton pair that
reduces the excited state lifetime.

As the cluster size increases above (TiO2)s, the oscillation is less apparent, and
lifetimes approach a similar value. (TiOz)s exhibits a low number of vibrational bands,**’
highlighting a rigid structure that contains a tetra-coordinated O in its center. Despite
having a collection of hole and electron on adjacent atoms following relaxation, the
distortion appears localized to one bond elongation, while the remaining cluster is rigid,
hindering localization. Similar to the n = 4, (TiO2)s does not drive electron localization.
(TiO2)4 and (TiO2)s have large local bond elongations of 0.30 A and 0.27 A, respectively,
prolonging the lifetime.

Both (TiO2)s and (TiO2)s exhibit relatively low Eg, resulting in a strong
localization of both carriers into a bound exciton (Ti**-O") pair, which facilitates internal
conversion. The centrosymmetric So state of (TiO2)s contains delocalized charge carriers
spread over the entire cluster. (TiOz2)g has the largest Ex, where the S; structure migrates
the electron and hole to adjacent atoms in the middle of the cluster and contains a large
A1, supporting a shortened lifetime. Both of these clusters have a ‘‘glassy’” energy
landscape and exhibit a large number of low-energy isomers.'*® Their flexible structures
enable charge localization and rapid relaxation.

In (Ti02)7 and (TiO2)e, the hole migrates to a trapped site, leaving a delocalized
electron in the core of the cluster due to a small Eex. In (TiO2)7, both charge carriers are
delocalized, but on opposite ends of the cluster. The S; relaxation mechanism is similar to
(Ti02)2, where the hole localizes on the terminal O and becomes more planar. The
remaining cluster is unperturbed, inhibiting electron polaron formation (ce= 5.86 A). This
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separation reduces the electron-hole overlap (A1 = 0.25) and slows recombination to
break the oscillating trend, showing a similar lifetime to (TiO2)s. The breakdown in
oscillation occurs at similar size regime as the onset of bulk-like energy gaps.*®® (TiO2)e
contains a highly coordinated center (six-fold coordinated Ti and several tri-coordinated
O atoms) that attracts both charge carriers on Si. The electron does not localize, but the
hole forms a multicenter polaron with similar lifetime.

The cluster’s excited-state lifetimes reach a steady value as they approach the ~1
nm size regime, with similar values (t~550 fs) recorded for clusters of n > 7. The tightly
bound electron-hole pairs are consistent with the sub-nanometer exciton binding radius
found in bulk structures. The oscillation in lifetimes as clusters grow in size is attributed
to structural differences between the clusters that control charge localization and polaron
formation. Time-dependent density functional calculations show the increased lifetime
for even clusters is associated with a more rigid structure, lower electron-hole pair
localization, and extended bond lengths. Polaron formation is highly dependent on local
structure and shortens excited state lifetimes. Therefore, the utilization of rigid structures
accompanied by bond elongation and delocalized polarons is essential for the production
of titanium oxide materials with longer excited state lifetimes.

5.2.3 Oxidation Effect on Titanium Oxide Lifetimes

Surprisingly, despite the large changes to the electronic and structural
characteristics of the clusters as they gain and lose O atoms, their excited state dynamics
remain roughly consistent. The transient signals for all clusters contain a fast (35 fs)
response and a sub-ps relaxation lifetime (t). No long-lived states are recorded, and the
ratio of fast/sub-ps fitting coefficients (k) are similar (Table 5.2). These similarities
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suggest that the sub-nm scale is perhaps the most important feature, and that relaxation is
dominated by exciton recombination, which is efficient in these sub-nm clusters due to
the restricted proximity of their diameter. The fast component of the transient signal is
attributed to a rapid relaxation of a nonresonant excited state. The remaining sub-ps
transient ion signal is proportional to the neutral cluster’s intermediate excited state
population as it relaxes to the ground state.

Despite the similarities, each cluster series exhibits a unique trend as they grow in
size. A near linear increase in lifetime occurs with size in TinOzn-1 clustersupton =7,
with the exception of TigO11 (Figure 5.4b). All clusters in this series (except TigO11)
contain all tetra-coordinated Ti atoms with Ti-Ti bonds forming to stabilize the reduced
Ti atoms.*®® Thus, the tri-coordinated Ti site of TisO11 may retain additional d-electrons
that facilitate a faster decay, deviating from the trend. The TinO2n-2 clusters are more
compact, given the absence of any terminal O atoms, and universally have shorter
lifetimes. The TinO2n-2 cluster series of n > 4 shows an oscillatory nature (Figure 5.4c),
where odd-numbered clusters have a longer lifetime over even-numbered clusters due to
a higher localization of charge carriers. The lifetimes of the TinO2n-3 series also alternate
with increasing cluster size and is most pronounced for the smallest cluster sizes (Figure
5.4d). Both oxygen-deficient series exhibit the opposite behavior from the TinO2n series,

where even-numbered clusters exhibited longer lifetimes than odd-numbered clusters.®
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Figure 5.4: The lifetimes of all TinO2nx clusters (a) showing the TinO2n (orange close
slashed lines), TinO2n-1 (green sparse slashed lines), TinO2n-2 (Cyan crossed lines), and
TinO2n-3 (solid grey) series. Separate plots are shown for b) TinOzn-1, ¢) TinO2n-2, and d)
TinOzn-3 series.

The oxidation states of the Ti atoms are commonly assumed to involve complete
electron transfer, where each O atom removes 2 electrons from the Ti atoms. Removal of
each O atom from the stoichiometric cluster returns two d-electrons to the Ti atoms.
Therefore, the suboxides contain many delocalized d-electrons that should influence the
metallicity and consequently relaxation dynamics of the cluster. Unfortunately,
measurements of metallic behavior, such as conductivity, are not possible for clusters of
just a few atoms. Another indicator for metallicity is short excited state lifetimes?:25156
and has been well established for small metal clusters.t®>"~16* Metallic and nonmetallic
properties can be identified by the different relaxation behaviors of optically excited

states. Strong interactions between delocalized valence d-electrons causes relaxation in
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metallic species on the fs timescale via Auger-like electron—electron scattering, whereas a
weak coupling between electronic excitation and nuclear motion facilitates long
(picosecond or longer) lifetimes of electron-hole characteristics in non-metallic
semiconductors. Metallic scattering processes dominate if there are many delocalized
electrons and a sufficiently high DoS, such as is the case even in small clusters. Thus, the
relaxation by electron scattering processes results in many electrons occupying low-lying
excited states, similar to the bulk.

However, internal conversion is an alternative possible pathway of
relaxation and cannot be ruled out as contributing here. Small molecules can exhibit
excited state lifetimes on the order of 10s of fs, particularly when there is passage through
a conical intersection between two potential energy surfaces. Despite the well-known role
of dangling O atoms in facilitating energy relaxation through conical intersections,**®
clusters void of terminal O atoms exhibit similar lifetimes to those with them. This
suggests that internal conversion is not driving the relaxation. Further, the clusters are
sufficiently small such that electrostatic interactions between the hole and electron are
efficient for recombination.

The transient signals of neutral Ti2O4.x (X < 4) clusters reveal an increase in
excited state lifetimes with oxidation (Figure 5.5). Here, each O atom changes the
oxidation state of the Ti atoms linearly, from a formal oxidation state of +3 (Ti203) and
+2 (Ti202) which decreases the lifetime by 15% and 26% from the stoichiometric cluster,
respectively. Geometries of Ti,Osx (X < 4) clusters are well established.!31% Ti,04 is the
least rigid cluster (containing two terminal O) and therefore should be the easiest to
traverse a conical intersection since internal conversion is less effective in rigid clusters.
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Yet, it contains the longest lifetime of the series. In contrast, the more rigid ring structure
of Ti,O2 contains no dangling O atoms and has a faster relaxation, suggesting that
internal conversion is not the dominant relaxation mechanism occurring here. Although
the number of relaxation pathways decrease with the removal of O atoms, the bond
distances shorten?? and d-orbital occupancy increases, resulting in a faster relaxation.
This influence of O content on lifetime aligns with a metallic to insulator transition
occurring with oxidation. Thus, my data supports that relaxation in clusters occurs via

Auger-like electron scattering processes similar to bulk metals.

Signal Intensity (a.u.)

0 500 1000 1500
Probe Delay (fs)

Figure 5.5: TiO4x (X < 4) cluster transients with total fit (black), fast (35 fs) decay (blue
long dash) and sub-ps (red short dash) component shown. The sub-ps lifetime is shown
for each transient.
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The transient response to O vacancies in the TizOsx (X < 4) clusters is different
than the other cluster series (Figure 5.6). The fully oxidized cluster, TizOs, has the
shortest excited state lifetime in the TisOn series, while TisO3z shows a longer lifetime.
However, the TizOs transient contains an unreliable sub-ps component with high
experimental error. TizOs is unique among the stoichiometric clusters in that it contains a
tri-coordinated Ti atom and tri-coordinated O atom, which are not present in other
stoichiometric (n < 6) structures.'?1:162163 The tri-coordinated Ti atom sites are common
in clusters exhibiting suppressed lifetimes. TizOs exhibits a slightly longer lifetime, even
though it is further undercoordinated, due to presence of partially filled d-orbitals which
are delocalized across two Ti atoms. In general, the delocalization of the d-orbitals is

correlated with extended lifetimes in suboxides.
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Figure 5.6: Transients of the TizOe.x (X < 4) cluster series with fast (35 fs) lifetime (blue
long dash), sub-ps lifetime (red short dash) and total fit (solid black). The sub-ps lifetime
is shown in each frame.

Similar to the Ti2Oas.x clusters, TisOsx (X < 4) clusters also highlight an increased
lifetime with oxidation (Figure 5.4a), supporting a metallic to semiconducting transition.
Ti40sx (X < 4) clusters have 3D structures with the Ti atoms forming a tetrahedron core
and O atoms bridging the Ti atoms or as terminal groups for TisO7 and TisOs. The Tqg
symmetry of Ti4Os lacks terminal O atoms and also contains an increased number of d-
electrons which manifest in a large decrease in lifetime. TisOs is similar to TisOe but
contains one less bridging O atom that reduces the Ti-O coordination and decreases the

Ti-Ti bond length, resulting in a slightly shorter lifetime. Although there is minimal
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Table 5.2: The observed lifetimes of the TinO2nx (X < 4)
series from n = 1-9 and fitting function ratio (k).

Cluster Series n Lifetime (fs) K
1 246 + 10 3.4
2 300 + 15 4.6
3 414 + 30 5.7
4 492 + 58 6.0
TinO2n-1 5 572 +81 55
6 582 + 70 5.8
7 808 + 117 5.7
8 468 + 63 4.4
9 638 + 87 4.6
2 271+ 13 33
3 300 + 27 43
4 324 + 24 3.9
. 5 474 + 111 5.7
TinOzn2 6 396 + 54 5.3
7 425 + 95 5.4
8 310 + 65 3.3
9 379 + 105 3.9
2 185+ 17 14
3 417 + 150 14.8
4 260 + 101 5.3
. 5 409 + 214 9.0
TirOzn-3 6 277 + 55 4.0
7 346 + 98 5.1
8 351 + 89 6.4
999 383+ 117 5.8

change in geometry in TisOgx (X < 4) clusters, a higher d-orbital occupancy occurs with
decreased O atoms from TisOs,*% resulting in a linear decrease in the lifetime of charge
carrier recombination.

Lifetimes of TisO10x (X < 4) clusters do not change significantly with O (Figure

5.4a). The similar lifetimes are due to a similar Cs symmetry and align with the size
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transition between local and global excitations, where charge carrier delocalization no
longer fills the cluster diameter. Further, TisO10 exhibits a slightly reduced lifetime in the
stoichiometric series, bringing the dynamics closer to TisOg. Interestingly, several
stoichiometric clusters exhibit shortened lifetimes that deviate from the proposed metallic
trend. TinO2n (n = 3, 5, 6) all contain a tri-coordinated Ti atom instead of the fully tetra-
coordinated Ti atoms of the other clusters, and therefore may retain d-electrons that
reduce their lifetimes. Such incomplete electron transfer leading to an atypical 3+
oxidation state is proposed for clusters as small as TiO,.1%*

Larger clusters (TinO2nx, N = 6-9) follow similar trends in excited state behavior
(Figure 5.4a). Generally, the TinO2n.1and TinO2n clusters show longer lifetimes, and
exhibit similar lifetimes due to related structures and possibly incomplete electron
transfer, leading to retention of d-electrons on the stoichiometric cluster.*?! Further, in
TinO2n clusters, the excited state avoids localization on the Ti atoms with terminal Ti-O
bonds,'% which ensures that the excited states behave similarly in the various O deficient
clusters and accounts for the minimum influence of lifetime with oxidation. Clusters
without terminal O atoms (TinO2n-2 and TinO2n-3) show shorter lifetimes and increased Ti-
Ti bonding, indicating that the d-electron scattering is a dominant mechanism affecting
dynamics and that bridging O atoms have a minor effect on excited state lifetimes.

A particular outlier to the described trends is TizO13, which exhibits a
significantly longer lifetime than Ti7O14 (Figure 5.4a). This switched behavior is
attributed to its unique structural features, where removal of an O atom from Ti7014
drives a significant compression of the local Ti-O bonds and creates a hexa-coordinated
Ti site adjacent to a tetra-coordinated O atom. This high coordination site may account
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for its exceptionally long lifetime, in opposition to tri-coordinated Ti sites facilitating fast
relaxation. Further, distinctive to TizO13, the HOMO is distributed across three
neighboring Ti atoms, and further supports the idea that this delocalization of d-electrons
is correlated with lifetime.

Clusters generally exhibit longer lifetimes with higher oxidation and shorter
lifetimes upon removal of O atoms. Although the optical gap of suboxides decreases by
~3 eV from the stoichiometric cluster,'? it does not have a significant influence on the
excited state lifetime. This suggests that removal of O atoms develops metallic Ti-Ti
bonds of lower coordination, causing the system to transition into a fast scattering-type
electronic relaxation mechanism. This is consistent with the idea that as the clusters
become more metallic, the lifetimes decrease. Excited state lifetimes are modified by
electron-hole interactions which are influenced by Ti bond coordination and cluster size.
These results suggest that enhanced excited state lifetimes in bulk titania materials may
be achieved through manufacturing structures similar to the TizO13 cluster that contain
delocalized d-electrons and higher Ti coordination.

5.3 Conclusion

This experiment identifies key molecular-level parameters that can be applied to
aid new synthetic strategies to design materials, surfaces, and coatings with extended
excited state lifetimes and improved photocatalytic performance. The tightly bound
carriers (d < 0.5 nm) are in agreement with simulations of larger nanoparticles.*®® Thus,
slightly increasing the cluster size into the few nanometer size regime will likely not
impact the excited state lifetimes significantly, as the carriers do not utilize all the space
in clusters this small. These clusters capture the important features and therefore are
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adequate mimics of bulk systems. The electron localizes on the lowest coordinated Ti,
analogous to the electron trapping on under-coordinated Ti®* cation centers that
accompany O defect sites on bulk surfaces. Additionally, the electron typically does not
localize on a single site unless bound to a hole in an exciton pair. These results suggest
that prolonged excited states lifetimes (and related excitons) can be achieved by
preparing bulk surfaces that more closely mimic the structural features of the clusters.

The low-lying excited state lifetimes of neutral TinO2n-x (N = 1-9 and x < 4)
clusters were measured using fs pump-probe spectroscopy, and trends in their transient
signals related to the size and oxidation are presented. An oscillation in lifetimes as
clusters grow in size is attributed to structural differences between the clusters that
control charge localization and polaron-like formation. The signal returns to baseline for
all clusters, suggesting that carrier recombination is efficient for these sub-nm materials.
It is shown that the level of coordination increases with cluster size, further increasing
excited state lifetimes related to charge carrier localization. The lifetimes show a
behavior consistent with a metallic to semiconducting transition with oxidation and
related removal of d-electrons from the system. The fundamental information provided
herein leads to a deeper understanding of the factors affecting O vacancies in bulk-scale
titania materials and will assist in the production of future catalysts of increased

reactivity.
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CHAPTER 6
INCREASED EXCITED STATE METALLICITY IN NEUTRAL (CrO2)n CLUSTERS
(n <5) UPON SEQUENTIAL OXIDATION
Portions of this chapter are reprinted with permission from J. Am. Chem. Soc. 2021, 143,
38, 15572-15575. Copyright 2021 American Chemical Society
6.1 Introduction
Chromium oxides are widely studied for their magnetic and electronic properties,

commonly being employed in magnetic storage devices. In particular, CrO; is a well-
established half-metal with the highest spin polarization of any material, 66168 attracting
substantial research interest for potential spintronics and data storage applications. This
unique half-metallic property in CrO> arises from a large energy spin gap, where the
delocalized majority spin states close to the Fermi energy are metallic and the minority
spins are semiconducting or insulating.'®® Therefore, isolating and controlling the
separate spin states to induce (anti)ferromagnetic properties are of increasing interest.
The ultimate speed at which its magnetic states can be manipulated is of key importance
due to its attractive potential for use in spintronic heterostructures and magnetoelectronic
devices requiring spin polarization, such as magnetic tunnel junctions!® and spin
valves.}’* The photodriven process of (de)magnetization and optical spin transport can be
manipulated with light on the femtosecond timescale, but follows a complex route of
intermediate states accompanying changes in spin and lattice parameters, and is not fully
understood.1’? Despite its relevance to industrial technology, controlling the magnetic
states in chromium oxides requires more detailed information on oxygen-dependent
electronic state dynamics and electron transport.
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Atomically precise clusters provide a superior avenue to examine the factors
affecting the electronic properties of chromium oxide. Additionally, chromium oxide
clusters may be uniquely suitable for spintronics due to a large array of energetically
competitive spin configurations.t’>® In particular, Cr2On clusters have been heavily

studied both experimentally and theoretically,'’*"8

showing large changes in electronic
structure with oxygen content via photoelectron spectroscopy (PES),*"41""178 and
structures in agreement with vibrationally resolved IR spectroscopy.t’®*8! The electronic
structures of Cr.On clusters arise from a unique mixing of Cr half-filled s- and d-orbitals
(3d°4st) with O 2p-orbitals. The properties of chromium oxides are driven partially by
superexchange coupling,t318? suggesting the charge-transport processes are adiabatic in
nature. Manipulation of spin in antiferromagnetic (AF) Cr.O3 bulk materials follows
several relaxation channels dependent on excitation energy, proceeding over hundreds of
femtoseconds to picoseconds.’?83184 However, the mixing of Cr and O electrons and
their effect on the lifetimes of accessible magnetic states are still not well understood and
may improve the manipulation of chromium oxide materials.

Although small Cr oxide clusters have been evaluated to understand the factors
which influence their electronic and magnetic properties, time-resolved pump-probe
spectroscopy may assist in the understanding of accessible excited states and the lifetimes
following photoexcitation. The ultrafast dynamics, which ultimately dictate reactivity in
small clusters, may be crucial in understanding the overall complex electronic properties.
How the electronic configuration of Cr compared to other transition metals may also aid
in a more complex understanding of d-shell reactivity. To this end, two-color pump-probe
spectroscopy is used to elucidate the ultrafast excited state lifetimes of CrnO2n.x (X = 0-4)
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clusters as they grow in size and O content. The trends and lifetimes presented here can
further the discussion on factors which influence electronic mixing of Cr and O atoms
and their magnetism.

6.2 Results and Discussion

Neutral chromium oxide clusters were produced in the presence of a seeded He
gas pulse (9% O) using 4.81 x 10** W/cm? 400 nm pump and 3.27 x 10* W/cm? 800 nm
probe pulses. The 800 nm probe pulse was temporally delayed 600 fs prior (-) to the 400
nm pulse and moved in 40 fs increments towards (+) the 400 nm pump pulse, taking an
average of 800 shots per time-delay as the probe is delayed 2.5 ps in time.

Chromium oxide clusters were analyzed using a combination of three fitting
functions as described in previous sections. However, in addition to the plateau function,
two decay dynamics were needed, a single fast (35 fs) and a variable sub-ps decay
dynamic, to properly fit the cluster transients. The lifetimes and fitting functions are
described in detail below.

6.2.1 Cluster Distribution
Using both the 400 nm pump and 800 nm probe beam at temporal overlap, the

averaged neutral CrnOm spectrum following ionization is shown in Figure 6.1.

82



100 4 o
] ;
= :
S 50 2
>~ ] i
~ ] [
oy i L
~— ] 6 6 :

8 7 i
8 40 3 6789108 g
E ] 200 250 300 350 400 450 500 s50f
< ] [
€204 |1 ,22
0 4
Ojld,’\k,k’\ AT

I I I I I
50 100 150 200 250 300 350 400 450 500 550

m/z

Figure 6.1: Neutral chromium oxide mass distribution at temporal overlap.

Chromium oxides of the composition Cr,O2n to CryO2n-4 are observed up to n = 6.
To my knowledge, gas-phase Cr cluster distributions have primarily shown anions of
CraOzn to CrnO34% and cations of Cr, (n = 3-50) bound to 0/0,.1% Neutral (CrOs)a
clusters are highly stable and nonreactive to O,,'®" while Cr.O;, (n = 2, 4, 6) clusters form
readily with Oz and possess multiple stable geometric isomers.*’® Additionally,
photoelectron experiments suggest stable clusters of CraO2n with the absence of O
atoms.*’#17" Therefore, this is the first neutral Cr,Om cluster distribution, which has a
preference to form CrO; clusters and suboxides with the absence of up to four O atoms.

Photodissociation experiments show Cr3O7", and Crs010" as major leaving

groups,*8 which are not observed in our mass distribution, supporting the absence of
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major fragmentation in this experiment. Additional experiments discuss the alteration of
chromium cluster species as a function of laser intensity, showing the production of
chromium oxide cations generally composed of CrO, with the addition and subtraction of
several O atoms.'® The starting material, laser ablation power, and interaction of ions
heavily influences cluster formation. It is expected that higher oxygen species of CrOs
cluster ions are produced through neutral cluster interactions with O2,*8%1%° suggesting
that neutral chromium suboxides of CrO and CrO, may be stable after ablation.

In my neutral cluster distribution, the CrnOz2n.1 cluster has the highest intensity
(Cr0O), which quickly drops off below the intensity of Cr,Ozn-2 above values of n = 1. The
CrnO2n-2 cluster series remains the highest intensity for values of n = 2-6. (CrO3)n clusters
possess externally bound O atoms. Although the dissociation energy and ionization
potential (IP) typically increases with higher O content in Cr clusters, neutral clusters
form symmetrical structures with less dangling O atoms in the gas phase following
ablation.
6.2.2 Cr20n Cluster Dynamics

The transient signals of Cr.0n (n < 5) reveal three distinct relaxation mechanisms
that change with additional O atoms (Figure 6.2). An instantaneous decay (on the
timescale of the laser pulse, t1 = 30 fs) is attributed to e-e scattering correlated to the
ligand-to-metal charge transfer (LMCT), or excitation from O-2p to Cr-3d orbitals. A
sub-ps (t2) relaxation is attributed to vibrational relaxation of the initially formed charge-
transfer state (electron-vibration relaxation). Finally, a plateau function represents a long-

lived state (>2.5 ps) that is accessed only in sub-oxide clusters.
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Figure 6.2: Pump-probe transients of Cr.On (n < 5) clusters with total fit shown in black,
sub-picosecond lifetime above each fit, and cluster geometry with magnetic moment of
each Cr atom.

The Cr20n clusters all exhibit similar instantaneous (t1) and sub-ps (t2) lifetimes.
However, a change in amplitudes of the three fitting functions in each total transient
signal with O content is revealed. The fraction of each fitting function amplitude of the
total signal is represented as k1 (t1), k2 (t2), and o (plateau function). The lifetimes and

fitting coefficients for each cluster are shown in Table 6.1. The relative contributions of

the various mechanisms change almost linearly with O content (Figure 6.3). The k1
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component is not present for Crz but grows to account for 84% of the signal in Cr204. In
contrast, the k2 and & values compose ~70% and ~30% of the total signal for Cr,

respectively, and both decrease nearly linearly with oxidation.

Table 6.1: Lifetimes (12), signal fractions of 11 (k1), T2 (k2) and long-
lived plateau (8) functions, and percent ligand-to-metal charge
transfer (LMCT) for Cr.0n (n < 5) clusters.

Cluster 12 (fs) K1 K2 ) LMCT
Cr2 346 + 43 0 0.724 0.276 0%
Cr.0 620 + 60 0.325 0.498 0.177 17%
Cr202 499 + 28 0.560 0.344 0.095 31%
Cr203 413+ 31 0.695 0.265 0.040 54%
Cr204 512 + 48 0.838 0.162 0 63%

In metals, excess optically applied energy dissipates through e-e scattering within
10s of fs due to strong interactions between delocalized electrons. Limited excited state
lifetime measurements have been reported for pure metal clusters, and range from ~20-
200 fs,'5"1%9 comparable to the bulk values. In contrast, long lifetimes of electron-hole
excitations are characteristic of semiconductors. Metal oxide clusters contain a larger
splitting of the molecular orbitals (lower density of states), which decreases the number
of unoccupied levels within the excitation energy, greatly reducing relaxation rates
(longer lifetime). For example, the excited state lifetimes for (TiO2)n,%° (Zn0O) ! and
(FeO)n!'? clusters depend strongly on both cluster size and charge carrier localization.
The instantaneous O-2p to Cr-3d e-¢ scattering processes (k1 contribution) recorded in

Cr20n clusters increases with oxidation and suggests that they become more metallic with
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increasing oxidation. This is a counterintuitive result until considering that the clusters

are approaching the stoichiometry of the bulk half-metal, CrO..
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Figure 6.3: Plot of 1 (solid, squares), k2 (long dash, circles) and 6 (short dash, triangles)
of the neutral Cr.On (n = 0-4) clusters

Insights on the relaxation dynamics are provided by changes in the theoretical
electronic structure of clusters with oxidation.'®? In Cr,On clusters, the first two O atoms
bridge between the Cr atoms, and subsequent O atoms attach to the Cr atoms while
maintaining a planar geometry, in agreement with previous calculations (Figure
6.2).175176.191 Electronic superexchange between Cr and O atoms in Cr2On, clusters (n = 1-
4) makes them antiferromagnetically (AF) coupled, except for Cr.0 which is
ferromagnetically (FM) coupled. Although the FM state of Cr20O3 has been suggested to
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be degenerate,}’417518L191 the AF state is 0.5 eV in this study. Valence orbitals are Cr-3d
dominated, with O-2p orbitals becoming important for high energy excitations or in
clusters containing many O atoms. With increasing oxidation, the local magnetic moment
on the Cr atoms steadily decreases from 5.1 uB in Cr20 to 2.1 uB in Cr20s, nearly

matching the magnetic moment per Cr atom in bulk (~2.0 pB).6%1%2

Photoexcitation with a 3.1 eV pump photon shifts from d-d transitions between Cr
atoms toward more LMCT character in Cr20y, clusters. As O atoms are included in the
cluster, the Cr 3d-based spectral features diminish and the excited state shifts towards
increasing involvement of O-2p orbitals with oxidation!’’ as a result of charge transfer
from Cr to O. The photoexcitation of Cr» is primarily a d-d transition in agreement with
the transient signal that contains no k1 component and leads to an elongated bond. The
excited state of Cr.O contains up to 17% LMCT density and the transient signal contains
33% «1. The increased LMCT character (31%) of the photoexcited state in Cr.O. matches
the increased k1 (56%) of the total transient signal. Several excited states overlap around
~3.1 eV for Cr,0g, involving a maximum 54% LMCT character and increased
experimental transient signal of 70% 1. Photoexcitation in Cr204is up to 63% LMCT
matching the largest k1 (84%) of the measured clusters and also contains no 6
contribution. The LMCT projects an electron back onto the Cr-3d orbitals, inducing a
rapid scattering on the few-fs timescale, similar to metallic excitations. In all cases, the
bridging O act as electron donors, but the terminal O atoms act as both donors and
acceptors. The electronic structures show a near-linear increase in the percent LMCT
between O-2p and Cr-3d orbitals with oxidation (Figure 6.4), in excellent agreement to

the increase in the measured k1 contribution.
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Figure 6.4: Charge carrier separation upon vertical excitation (left) and after adiabatic
relaxation to the first excited state (right) for Cr.On (n < 5) clusters. Electron density is
shown in green and hole as blue.

Following vertical excitation, the clusters relax adiabatically, aligning with changes in
their experimental transients. A linear decrease in 6 with oxidation reveals that additional
degrees of vibrational freedom improve each cluster’s propensity to return to the ground
state as vibrationally hot species. Although t2is similar for all clusters, Cr20 is ~20%
longer (620 + 60 fs), which may be related to FM coupling and an activated bending
mode. In particular, terminal O atoms are well known to facilitate relaxation to the

155

ground state through conical intersections,™> and therefore reduces 6. The nuclear

rearrangement for both Cr.O3 and Cr204 is primarily localized to the bending and
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stretching motions of the terminal O atoms. Photoexcitation of Cr.O3 prepares a localized
electron on the tri-coordinated Cr atom, while the other Cr is not involved due to the
asymmetric O distribution in the cluster. Photoexcitation of Cr,O4 extends the bond
length of one terminal O. Thus, Cr.O3 contains only 4% 6, while § is absent from the

transient signal of Cr204, revealing efficient recombination.

My results suggest that a fully oxidized Cr.Og cluster that is void of d electrons
will convert all photoexcited energy into vibrational energy within 10s of fs, similar to
metallic systems. This inversed (counterintuitive) metallic behavior is explained by the
transition from delocalized electronic states to strongly ionic LMCT upon oxidation,
similar to the half-metal behavior of bulk CrO». Long-lived states are only present in
chromium oxides that contain O vacancies, suggesting a single-crystalline bulk material
may rapidly convert photonic excitation into heat within 10s of fs. The ultrafast dynamics
reported herein show half-metal behavior at the molecular level. Such clusters can be
formed over a range of compositions and stoichiometries, enabling a wide variation in

magnetic behaviors and novel molecular spintronics materials.

6.2.3 Larger Chromium Oxide Series

The change in larger cluster series with oxidation is highlighted in the Cr30n
(Figure 6.5) and Cr4On (Figure 6.7) cluster series. Although Cr.O4 only had two dangling
O atoms, Cr3Os forms a cyclic ring with three dangling O atoms. With the subtraction of
O atoms from Cr3Os the lifetime is not drastically affected until there are no dangling O
atoms and higher symmetry in CrzOs. The lifetime increases by almost 200 fs with less O

content in Cr3O3 (770 £ 95 fs).
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Figure 6.5: Cr3On (n = 3-6) cluster series with cluster geometry and sub-ps lifetime
shown above each fit.

The calculated structures of Cr3On clusters are consistent with previous
investigations,'®21% forming a cyclic internal CrsOs ring of interchanging Cr-O bonds,
and additional O binding externally to each Cr in planar structures. CrzOn (n = 2-6)
clusters increase in lifetime with decreased O character. Similar to CroO4 which is
predominantly a LMCT from the O p-orbital to Cr d-orbitals,'®> CrsOg possesses a similar
excited state transition and large contribution (83%) of the fast (35 fs) fitting component
(Figure 6.6). Cr3Os reduces in symmetry with only two dangling O atoms, resulting in a
higher DoS below 3.5 eV and an excitation that has a lower MLCT character of Cr-d to
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O-p transition. Cr3O4 has the largest average electron-hole delocalization following
excitation (cavg), but shows a faster lifetime over Cr3O.,3 due. The sub-ps lifetimes are all
roughly the same value, but the relative contribution of fast to sub-ps dynamics changes
with the number of oxygen atoms. All sub-ps lifetimes, fast (30 fs) function contribution,
average charge carrier delocalization (cavg) and calculated percent LMCT for each

chromium cluster is shown in Table 6.2.
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Figure 6.6: Fitting function ratio comparisons for a) CrzOn (n = 3-6) and b) CrsOn (n = 4-
8) clusters.
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Crs04 has a 3D structure void of dangling O atoms, consistent with previous
results.'8 Cr4Og remains compact but with additional bridging O atoms. CrsO7 and Cr4Os
acquire one and two terminally bound O atoms, respectively, resulting in tetracoordinated
Cr atoms. Transient signals of Cr4On (n = 4-8) clusters (Figure 6.7), akin to CrzOn
clusters, have a decrease in the excited state lifetime with lower O content from the
stoichiometric CrsOg cluster. CrsO7 has the shortest lifetime in the CrsOn series of 458 +
74 fs and has a larger contribution from 2 and plateau in the total signal over CrsOg. The
contribution of 12 and plateau function increases with decreased O content, with CrsO4
showing the signal dominated by the 7> fitting function (90%) and long-lived plateau

function (7%) (Figure 6.6).
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Figure 6.7: CrsOgx (x <5) cluster transients with cluster geometry and sub-ps lifetime
shown.

Cr4Og has the longest lifetime of the series (948 £ 311 fs), due, in part, to a larger
oavg (4.39). With one less O from Cr40g, a dangling O is missing in Cr4O7, leading to a
shorter relaxation lifetime due to a tighter bonding structure, resulting in a decreased Gavg
(3.66). Cr4O6 has a high symmetry without any terminal O atoms, resulting in a further

decrease in cavg (3.46) and with a comparable lifetime to Cr4O7.
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Table 6.2: Sub-ps lifetimes (12), fast (30 fs) fitting function
amplitude fraction (x1), average charge carrier delocalization
(cavg) and percent LMCT for all neutral CryO2nx (n < 5) cluster

species.

Series n 12 (fs) K1 cayg LMCT (%)
0 395+ 25 0 - 0

CrOn 1 373+19 0.54 2.54 68
2 333+26 0.68 2.51 68
0 346 + 43 0 4.51 0
1 620 + 60 0.325 4.94 18

Cr20n 2 499 + 28 0.560 2.88 31
3 413+ 31 0.695 2.94 50
4 512 +48 0.838 3.22 63
3 775+ 103 0.56 3.28 5
4 582 £ 58 0.71 4.77 37

Cr30n
5 557 £ 72 0.70 4.11 33
6 530 94 0.83 4.24 46
4 639 + 127 0.03 4.10
5 405+ 73 0.34 3.76 6

Cr4On 6 269 + 29 0.59 3.46 11
7 458 74 0.69 3.66 15
8 948 311 0.80 4.39 30

Most excitations are a metal-to-metal transition in chromium oxide clusters.
Smaller clusters with less O character have a decreased DoS, increased ferromagnetic
coupling between Cr atoms, and therefore greater propensity to possess long-lived
excited states. This is reflected in the measured increase in plateau function and 12
character with decreased O in CrsOn (n = 4-8), Cr3On (n = 2-6), and Cr20y, (n = 0-4)
clusters.

This increasing metallic behavior of the chromium oxide clusters with oxygen

content is counterintuitive and is explained as approaching the half-metal stoichiometry
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and behavior of bulk CrO,. Therefore, the half-metal behavior is shown at the molecular
level and suggests that the wide variety of cluster geometries and structures will enable
new molecular scale spintronic materials to be developed.
6.3 Conclusion

Time-resolved excitation experiments of neutral CrnO2nx (n < 5) clusters were
performed and show that the relative contribution of three separate pathways changes
almost linearly with oxidation at small cluster sizes. The involvement of the near
instantaneous, or metallic relaxation component, is related to the theoretically determined
electronic properties. The lifetimes show that LMCT excitations relax on an almost-
instantaneous timescale and that d-d excitations relax on a sub-ps timescale. Significant
long-lived excited states are only observed in suboxide systems, suggesting that carrier
recombination is efficient only in closed systems. This simple picture of sequential
oxidation reveals a trend in the excited state dynamics related to a shifting metallic

behavior with O character.

As each cluster series decreases in O character, the clusters have similar structures
but without externally bound O atoms. The change in structure and reduction in O causes
a decrease in the DoS in each series, resulting in a larger propensity for the clusters to
reach bound vibrational wells and is shown by the steady increase of 12 and plateau
function in each series. Cr2On (n = 0-4) clusters show minor changes in lifetime and
linear changes to the fitting function contributions associated to structure, spin, percent
LMCT and cavg. Similarly, Cr3On (n =2-6) and CrsOn (n = 4-8) clusters have lifetimes
associated to the structure, HL gap, percent LMCT and cavg With oxidation. The presence

of dangling atoms results in a variance in the DoS, which ultimately changes the
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electronic properties and reflects on the lifetimes of excited states in chromium oxide
clusters. Loss of externally bound O atoms results in a smaller average charge carrier
delocalization (cavg), with smaller HL gaps and cavg in suboxides facilitating faster
relaxation. Excitations are primarily ligand-to-metal transitions in stoichiometric Cr,Oz2n
(n = 2-4) chromium oxide clusters, affecting each clusters’ propensity to have a long

decay (12) or long-lived (> 2 ps) plateau.

This experiment reports the first neutral cluster distribution, time-resolved
excitation experiments of neutral small sized chromium oxide clusters, and electronic
information on sub-nm (CrO2)x clusters (n < 5) and their suboxides, aiding in the
understanding of chromia excited state lifetimes following low energy photoexcitation.
The information provided here will assist in the understanding of electronic transitions
effects on excited state lifetimes in chromium oxides as they evolve to their bulk

counterparts, inevitably leading to chromium materials of increased reactivity.
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CHAPTER 7
CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Occupied d-shell Effects on Cluster Dynamics

Neutral first-row transition metal oxide clusters of Ti, Cr, Fe and Ni were
produced using laser ablation and the femtosecond excited state dynamics were compared
using pump-probe spectroscopy in each system as a function of size and oxidation.
Experimental measurements coupled with theoretical calculations reveal that the
electronic properties and excited state relaxation dynamics of neutral transition metal
oxide clusters are influenced by cluster geometry, atomic composition, and the electron
contributions from O-2p and metal 3d-orbitals. Cr oxides indicate that the LMCT
character is directly related to metallic properties, with a linear increase in the
instantaneous metallic relaxation with a higher percent p-d excited state transition. (NiO)n
clusters show that the large density of states facilitates internal vibrational relaxation
(IVR) through conical intersections, having minor changes to the relaxation dynamics
with O vacancies due to changes in the metal s- or d-orbital transition. (FeO), clusters are
sensitive to oxidation and size, showing a high contribution of O-2p electrons at smaller
cluster sizes and increased IVVR at larger cluster sizes, causing faster excited state
relaxation. (TiO2)n clusters show an oscillating increase in the excited state lifetime with
size related to the cluster symmetry, which changes upon loss of O to form open-shelled
structures, dictating charge carrier delocalization.

It is concluded that cluster symmetry facilitated by O-2p electrons play an
important part in charge carrier dynamics in highly correlated first-row transition metal
oxide clusters. Higher average charge carrier delocalization, larger d-d electron transition
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character, and lower density of states allows for longer excited state lifetimes.
Additionally, the types of transitions and orbitals involved may be crucial in extending
excited state lifetimes. Highly correlated materials have a high level of interactions
between the metal and the ligand electronic orbitals. Although there are numerous
explorations on the charge carrier dynamics of thin films and bulk materials, there is little
known about the fundamental properties of these materials which dictate their reactivity.
Inevitably, with slower excited state relaxation (longer lifetime), chemical, magnetic, and
catalytic properties of materials may be enhanced due to the larger window of time to
acquire desired transformations.

7.2 Future Directions

Measuring the excited state lifetimes of finite-sized atomic clusters is a
blossoming field with innumerable applications. As laser pulses continue to decrease in
their temporal profile, the mechanisms which dictate chemical reactions, and their
fundamental properties will become resolved with higher clarity. The atomic changes to
molecular structures, bulk lattices and interfacial layers remains a highly unexplored
field. The study of cluster systems will assist in understanding charge carrier dynamics
and the ability to modify materials to satisfy specific purposes, such as solar cell
application, magnetic switching devices for memory storage, and catalysts.

This thesis focused on four of the ten first-row transition metal oxide systems,
providing valuable insights towards the evolution of excited state dynamics as the first d-
shell is filled. Although information was gained on the dependence of excited state
lifetimes on charge carrier localization and the type of electronic transition, there are still
missing details about the change in lifetimes, density of states, and accessible excited
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states as the d-shell is filled. Therefore, extending this study to the excited state dynamics
and atomic composition-dependent relaxation mechanisms of the remaining transition
metal oxides of Sc, V, Mn, Co, Cu, and Zn through femtosecond pump-probe
spectroscopy would be highly beneficial. Additionally, traversing down the periodic table
to compare Cr to Mo or W (as an example) may provide interesting insights to further d-
shell properties and their universal excited state nature (or lack thereof). The excited state
dynamics of early d-shell transition metal oxides may behave very differently based upon
the types of electronic transitions and contribution of s- p- and d-electrons. Therefore,
similar experimental and theoretical studies may resolve any similarities or changes to
excited state dynamics with atomic size.

Chemical reactivity is dictated by excited state lifetimes which survive long
enough to induce change. The experiments outlined in this thesis resolved excited state
lifetimes of several first-row transition metal oxides but did not directly observe any
propensity to react with other materials. After the production of a transition metal oxide
system, another gas-phase molecule may be easily introduced, such as NOx, CO, COx,
and other hydrocarbons to observe cluster reactivity. The change in signal intensity and
formation of new ions following ionization may provide valuable information about
composition-dependent reactivity, leading to further insights. Applying pump-probe
spectroscopy may further resolve the timeframe of cluster reactivity with other gas-phase
species as ions dissociate and form over hundreds of femtoseconds in time. Whether the
atomic composition or photoexcitation lifetime is important may be elucidated through

these experiments. This may be compared to the pure cluster excited state dynamics and
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directly related to the applicability of atomically precise cluster reactivity towards bulk-
scale materials.

The excited state lifetimes measured in this thesis are also specific to electronic
transitions which occur at ~3.1 eV, showing several resonantly accessed excited states.
However, numerous other allowed transitions occur at energies above and below this
excitation energy and will provide changes to excited state lifetimes in each system
dependent upon the excited state reached. Using pump photons of lower energy, for
example, may show a faster relaxation dependent upon the electronic transition or percent
LMCT character. Accessing excited states with higher precision of the supplied energy
will afford increased insights towards the factors affecting excited state lifetimes of
specific cluster compositions.

There is immeasurable work still to be done on the fundamental atomic changes
from cluster to bulk-scale materials, the changes to the electronic properties as a result of
single atomic additions or subtractions, the effects of orbital occupancy on excited state
transitions, and the subsequent effects on the lifetimes which clusters become excited and
relax back down to their energetic ground state. An insurmountable degree of
experimental and theoretical investigations may build upon the results within this thesis.
With a better understanding of the properties that effect excited state relaxation in highly
correlated materials, the fundamental mechanisms which dictate reactivity may be further

manipulated, ultimately leading to highly advanced materials.
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