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ABSTRACT 

 A combination of various ion sources, a reaction cell, mass spectrometry, anion 

photoelectron spectroscopy and theoretical calculations has been utilized to study cluster anions 

belonging to a variety of categories. Emphasis has been placed on the rich information and 

potential applications that one can obtain from these techniques. Obtaining as much information 

as possible, pushing the boundary of chemistry, designing materials and studying reaction 

mechanisms are the aspects that one can learn from these experiments and calculations, which are 

discussed in the introduction and five chapters of this thesis. 

In Chapter 1, cluster anions showing very special bonding between TM and hydrogen are 

discussed. The interaction between transition metals (TM) and hydrogen has always been an 

intriguing research topic for such applications as hydrogen storage and catalysis of hydrogenation 

and dehydrogenation reactions. Special bonding features between TM and hydrogen other than the 

simple M-H σ bond are interesting not only because they are scarcely reported but also because 

they could help to discover and understand the nature of chemical bonding. 

In chapter 2, by inserting a reaction cell between the ion sources and the Wiley-McLaren 

region of the time-of-flight mass spectrometer, various reactions between cluster anions and 

neutral molecules have been studied. The oxidation reactions of aluminum hydride cluster anions 

and boron aluminum hydride cluster anions give insights about their potential applications as 

highly energetic materials. The reactions between aluminum hydride cluster anions and commonly 

used organic ligands shed light on the synthesis of never-existed low oxidation state aluminum 

containing materials. 
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Chapter 3 discusses the mechanism of CO2 activation and fixation by coinage metal anions 

and platinum hydride cluster anions. Recycling CO2 is a hot topic by itself, however, our focus has 

been put on the mechanism of the interactions and reactions. 

Chapter 4 further stretches the material designing efforts into group 13 elements, aluminum 

and boron. Study on stable aluminum hydride cluster cations (4.1), o-carborane anions (4.5) and 

carbon aluminum hydride cluster anions (4.6) promises potential energetic materials. The 

derivative of AlH4
-, AlH2Cp*Cl-, can be used as a building block for ionic liquid or salt (4.2). 

Li2Al3H8
- in section 4.3 shows an unprecedented homocatenated chain, Al-Al-Al. By obtaining 

electron from Li, Al transmutates into C, and the Al3H8
3- kernel mimics propane. This discovery 

sheds light on the synthesis of a new salt, Li3Al3H8, an extension of an existing salt, LiAlH4. In 

section 4.4, a new precursor, Al+Ph2CO-, for synthesizing low oxidation state Al containing 

compounds is discussed. Al+Ph2CO- is similar to the famous monovalent AlCl, but the synthesis 

should be much simpler. 

Chapter 5 presents the very special chemical bonding features of LiOH2
- cluster anion, 

known as the double Rydberg anion. In history, LiOH2
- is the second experimentally observed 

double Rydberg anion only after the NH4
-(NH3)n family. This finding, essentially a new type of 

chemical bonding, is viewed to have pushed the boundary of chemistry. 
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INTRODUCTION 

Since the magnetic bottle type anion photoelectron spectrometer (aPES) came to birth in 

1987,1 its research areas have expanded to many aspects of chemistry, physics and biology. As a 

well-established and sophisticated physical chemistry research technique, the influence of aPES 

remains significant after decades. In this introduction, four important lessons learnt from aPES 

will be discussed from the perspective of the Bowen Research Lab, and examples of these four 

lessons will be presented in detail in this thesis. 

Lesson 1. Obtain as much information as possible. aPES is able to provide a large variety 

of information. By nature, aPES detects the electronic structures of the systems studied. Via 

photodetachment, an anion can be excited to the ground and excited states of the neutral. Therefore, 

even though an anion is made at the first place, the most information that we can obtain is about 

the neutral. Furthermore, when transitions within a neutral, for example, from a singlet state to a 

triplet state, are forbidden, aPES does not have this problem, as long as the photodetachment 

photon energy is high enough, all electronic states of the neutral can be detected. When there is 

enough Franck-Condon overlap between the anion and the neutral and when there are not many 

hot band features, the threshold of the spectrum is the electron affinity (EA). EA is a basic and 

intrinsic property of all the neutral systems, and by far aPES is the most effective technique that 

measures EA. The peak position of the spectrum corresponds to another intrinsic property of the 

anion, the vertical detachment energy (VDE). If the neutral is a closed-shell system, the spacing 

between the first and the second PES peaks corresponds to the HOMO-LUMO gap. When the 

temperature of a studied system is low enough and the structural difference between the anion and 

the neutral is big enough, one could also be able to observe vibrational progressions of the neutral. 
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Sometimes vibrational frequencies can be used as a way of isotope tagging to detect the structure 

of the molecules. 

The above is just the most direct information provided by aPES. If one looks deeper into 

various experiments, much more information can be obtained.  

Isomers that are close in energy might co-exist in the ion beam, however, they cannot be 

identified by mass spectrometry. By aPES, photoelectrons detached from different isomers can be 

distinguished. By changing source conditions, the photoelectron intensities from different isomers 

can be varied to further confirm the co-existence of isomers. Chapter 4.4 presents an example of 

anionic isomers. 

Kinetics information such as reaction rate can be calculated from the mass spectra before 

and after reaction because the ion intensity is directly proportional to the area below the mass peak. 

No surprise about it. However, in our lab, for the first time in the world, reaction rate was also 

calculated from photoelectron spectra. In two separate experiments, isomers Pt(H2O)- and HPtOH-, 

isomers Pt(D2O)- and DPtOD- were found to co-exist in the mass spectra. The following reactions: 

Pt(H2O)- → HPtOH- and Pt(D2O)- → DPtOD- were believed to have occurred, and the relative 

PES intensity of DPtOD- compared to Pt(D2O)- is lower than that of HPtOH- compared to Pt(H2O)-, 

which is due to the activation energy difference caused by the zero-point energy difference. The 

isotope-caused zero-point energy difference can be so high that it will significantly affect the 

reaction rate. With the help of the calculated activation energies and Arrhenius equation, we 

calculated the reaction rates of the reactions Pt(H2O)- → HPtOH- and Pt(D2O)- → DPtOD-. This 

phenomenon called kinetic isotope effect in turn proves that there is really water activation 

reactions occurring in the source region, but not “the ion source simply made the isomers”. 

Appendix A will discuss this new finding in detail. 
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Even though it is well known that aPES can give rich information about the electronic 

structures of the neutral, sometimes the electronic structural information of the anion can also be 

obtained. For example, hot bands are actually the vibrationally excited states of the anion. 

Sometimes when the source condition is not cold enough, there also might be transitions from the 

excited electronic states of the anion to different neutral states. More interestingly, when the anion 

has resonance (either shape resonance or Feshbach resonance) with the photon energy used for 

photodetachment, the anion will be pumped to its excited states and then undergo an 

autodetachment process. The apparatus will record these autodetached electrons as photoelectrons, 

and slightly changing the photon energy will slightly change the “EBE” of the resonant peak. In 

my point of view, to better study anionic resonance, time-resolved aPES should be the key. Firstly, 

one can use the first photon to pump the anion to the resonant state, after a few femtoseconds, the 

second probe photon can be fired to photo detach the excited anion. Without a femtosecond laser, 

our apparatus is already able to achieve a lot of information. In appendix A, the example of 

azobenzene parent anion is presented. 

By simply looking at an anion photoelectron spectrum, a lot of other non-quantitative 

information can be predicted. For example, a very low EA implies the low stability of the anion, a 

very large HOMO-LUMO gap indicates the high stability of the neutral, a very wide PES peak 

reveals a large structural difference between the anion and the neutral while a sharp one means 

less structural difference, a spectrum with very few features implies that the cluster has high 

symmetry, a spectrum with small splitting might involve spin-orbital coupling or degenerate 

molecular orbitals, two very similar but only shifted spectra presents the possibility of solvation 

effects… 
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Lesson 2. Push the boundary of chemistry. Chemistry aims to understand the nature of 

substances. What kind of discovery can be regarded as “pushing the boundary of chemistry”? 

Those which discover new intrinsic properties of substances, new ways how substances exist, can 

be viewed as having pushed the boundary of chemistry. Discovering new oxidation states or new 

forms of chemical bonds falls into this category. For example, the highest oxidation state that 

human beings have ever known is +8 of Xe in XeO4.
2 In 2014, Dr. Mingfei Zhou refreshed the 

record of highest oxidation state to be +9 of Ir in IrO4
+, this discovery is one good example of 

pushing the boundary of chemistry. As for discovering new chemical bonds, for example, B has 

three valence electrons, surprisingly, all of them can be used to form a very special B-B triple bond. 

The valence vacancies of the boron dimer further are stabilized by two CO ligands from the two 

ends and in all it makes a stable cluster OCBBCO.4 This work is also from Dr. Mingfei Zhou. 

In this thesis, examples of discovering unprecedented chemical bonds are presented. In 

Chapters 1.2 and 1.3, I report a PtZnH5
- cluster which possesses a planar pentagonal coordination 

between the H5
- moiety and Pt and exhibits special σ-aromatic character. Afterwards, we extend 

this work to the isoelectronic and isostructural cluster PtMgH5
- in which similar bondings are also 

found. In these clusters, the H5
- kernel as a whole can be viewed as a η5-H5 ligand for Pt, and it is 

in turn stabilized by the Pt atom. As for the Pt atom, a penta-coordination was never reported 

before. 

In Chapters 1.1 and 1.3, I present very special structures of PdH3
- and PtMgH3

- where an 

H2 molecule forms a η2-H2 type of ligation to Pd and Pt, and the H-H bond length is lengthened 

comparing to the free H2 molecule. Detailed molecular orbital analysis reveals that the back 

donation from a d-type orbital of Pd and Pt to the σ* orbital of H2 causes the H-H elongation, and 
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hence, activation. The H2 binding energy is unusually as high as 80-100 kJ/mol, even higher than 

that between CO and Pd. 

In Chapter 5, I present a very unique double Rydberg anion (DRA), LiOH2
-, where there 

is a pair of electrons which occupy a very diffusive molecular orbital and surround a stable LiOH2
+ 

core. In history, this special doubly occupied Rydberg orbital in a DRA was discovered 

experimentally only once in the DRA NH4
-.5 For years researchers have been exploring the DRA 

H3O
-, however, no positive results have been reported other than theoretical predictions. By 

substituting one H atom in H3O
- with a Li atom, we successfully designed and obtained a DRA 

LiOH2
- via anion photoelectron spectroscopy and theoretical calculations. 

Group 13 elements are very rarely observed to catenate into linear chains and experimental 

observation of such species is challenging. In the well-known aluminium hydride cluster anions, 

even though a certain structure tends to form a chain, the chain is bridged by H atoms but not 

formed by Al-Al bonds.6 In Chapter 4.3, I report unique results obtained via combined 

photoelectron spectroscopy and ab initio studies of the Li2Al3H8
– cluster that confirm the formation 

of Al-Al-Al chain surrounded by hydrogen atoms in a very particular manner. This unique 

chemical bonding of Al atoms mimics the ubiquitous C-C bonds. 

 

Lesson 3. Design new materials. We can hardly synthesize a beaker of materials, but we 

can help design materials. By characterizing a certain cluster that has unusual stability, we are 

always hoping that this cluster can be further synthesized as materials, or synthesized as a building 

block of other materials in the bulk. These cluster are often called “magic clusters”. In history, C60 

is a great example of discovering and understanding a new material from an ion beam.7 Nowadays 
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C60 can be produced in large quantities. Other examples include the discovery of very stable Al4H6 

clusters in the gas phase,8 instructed by which the Al4(P
tBu2)6 derivative was synthesized 

afterwards.9 Al13
-, with 40 valence electrons, is stable and considered to be a super anion of Cl-.10 

Using it as a building block of salt promises novel materials such as KAl13.
11 However, synthesis 

of KAl13 in the bulk is still absent. Castleman’s metcars (M8C12),
12 Laisheng Wang’s Au20

13 and 

borophene14 are all examples of very stable clusters discovered in the beam and are promising for 

bulk synthesis. Successful attempts of synthesizing ligand protected Au20 clusters have been 

made.15 

In this thesis, efforts towards designing new materials are presented. LiAlH4, known as a 

famous reductant, is widely used in synthetic chemistry. Its anion part, AlH4
-, is isoelectronic to 

methane, which makes it highly stable. We have characterized AlH4
- with aPES.16 Enlightened by 

this, synthesizing Li2Al2H6 and Li3Al3H8 as bulk materials are also feasible, where the Al2H6
2- and 

Al3H8
3- kernels mimic ethane and propane, respectively. In Chapter 4.3, I present the aPES study 

of Li2Al3H8
-, where Al3H8

3- indeed has the structure of propane. Our collaborators who are experts 

in inorganic synthesis are promptly synthesizing these new materials. 

In Chapter 4.2, a tetra-coordinated Al containing cluster anion, AlCp*H2Cl-, which can be 

viewed as a derivative of AlH4
- is discussed. Its high stability promises the potential application 

as a building block of salts and ionic liquids, just as AlH4
- already does. 

In Chapter 4.4, aPES has been utilized to study neutral and anionic Ph2CO-Al+. The 

comparisons between the experimental and theoretical vertical detachment energies (VDE) of both 

the anion isomers are made, and excellent agreement is found. Natural population analysis (NPA) 

show that in Ph2CO-Al+, Al is positively charged by +0.81 e, indicating a highly ionic bond 

between Al and Ph2CO, which is comparable to the case of AlCl. Similarly to aluminum 
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monohalide,17-19 this Al(I) containing molecule Ph2CO-Al+ could further be utilized as a precursor 

of low oxidation state Al chemistry. Our collaborator Bryan Eichhorn is actively working on 

synthesizing it. 

Lesson 4. Explore reaction mechanism. The advantages of aPES in exploring reaction 

mechanisms and building models for catalytic reactions are that these experiments are performed 

at the atomic level and there is no complicated environment involved. Catalytic reactions are 

mostly performed in much more complicated environments such as solutions, which makes the 

fine control of each molecule difficult. 

A transition metal hydride is excellent in CO2 hydrogenation.20 The critical step of the 

reduction involves the insertion of C=O into the M-H bond to produce a formate-metal adduct, 

LnM-OC(O)H, which can generate the reduction product formate in the solution or be further 

reduced to other ultimate products by additional metal hydrides. In Chapter 3.2, we present the 

experimental results of the reactions between the platinum hydride cluster anions PtHn
- and CO2. 

Two products, PtCO2H1,3
- were identified by mass spectrometry and characterized by anion 

photoelectron spectroscopy. For PtCO2H
-, its structure can be written as HPtCO2

- where CO2 is in 

the form of being bent and activated. For PtCO2H3
-, its structure can be written as H2Pt(formate)- 

where CO2 has been hydrogenated. Ab initio calculations were performed to reveal the reaction 

mechanism. How CO2 was activated and hydrogenated in the current case has been explained in 

great details at the atomic level. 

The negatively charged surface or a negatively charged site of a neutral catalyst are 

believed to be able to bind and activate CO2. In Chapter 3.1, photoelectron spectroscopic and 

computational studies were performed for (M-CO2)
- (M= Au, Ag, Cu) anionic complexes. We 

show that (Au-CO2)
- forms both the chemisorbed and physisorbed isomers, AuCO2

- and Au-(CO2), 
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respectively; that (Ag-CO2)
- forms only the physisorbed isomer, Ag-(CO2); and that (Cu-CO2)

- 

forms only the chemisorbed isomer, CuCO2
-. The two chemisorbed complexes, AuCO2

- and 

CuCO2
- are covalently-bound, formate-like anions, in which their CO2 moieties are significantly 

reduced. These two species are examples of electron-induced CO2 activation. The two physisorbed 

complexes, Au-(CO2) and Ag-(CO2) are electrostatically and thus weakly bound. These cluster 

anions provide very good models for understanding the mechanism of CO2 activation in catalysis. 

 

Please note that not all of the contents in this thesis are categorized into these four lessons 

in the introduction. Similar systems have been written in the same chapters, even though different 

lessons can be learnt from them. Most of the work in this thesis has not been published elsewhere. 
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CHAPTER 1. Photoelectron Spectroscopy of Transition Metal 

Hydrides 

 

The interaction between transition metals (TM) and hydrogen has always been an 

intriguing research topic for such applications as hydrogen storage and catalysis of hydrogenation 

and dehydrogenation reactions. Special bonding features between TM and hydrogen other than the 

simple M-H σ bond are interesting not only because they are scarcely reported but also because 

they could help to discover and understand the nature of chemical bonding. In this chapter, cluster 

anions showing very special bonding between TM and hydrogen will be discussed. 

In section 1.1, we present that in the structure of PdH3
-, two H atoms form a η2-H2 type of 

ligation to Pd, and the H-H bond length is lengthened comparing to the free H2 molecule. Detailed 

molecular orbital analysis of PdH-, H2 and PdH3
- reveals that the back donation from a d-type 

orbital of PdH- to the σ* orbital of H2 causes the H-H elongation, and hence, activation. The H2 

binding energy to PdH- is unusually as high as 89.2 kJ/mol, even higher than that between CO and 

Pd. In Section 1.2, we discovered a PtZnH5
- cluster which possessed an unprecedented planar 

pentagonal coordination between the H5
- moiety and Pt, and exhibited special σ-aromatic character. 

The H5
- kernel as a whole can be viewed as a η5-H5 ligand for Pt, and it is in turn stabilized by the 

Pt atom. Afterwards, in section 1.3 we extended this work to PtMgH3,5
- in which bonding features 

similar to those of PdH3
- and PtZnH5

-were also found. Finally in section 1.4, other TM-H data 

without detailed interpretations are presented. 
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1.1 Photoelectron Spectroscopic and Theoretical Study of the 

[HPd(η2-H2)]- Cluster Anion 

Xinxing Zhang, 1 Paul J. Robinson, 2 Anastassia Alexandrova 2,3 and Kit H. Bowen 1* 

1 Departments of Chemistry and Materials Science, Johns Hopkins University, Baltimore, 

Maryland 21218, USA 

2 Department of Chemistry and Biochemistry, University of California, Los Angeles, Los 

Angeles, California 90095-1569, USA  

3 California NanoSystems Institute, 570 Westwood Plaza, Building 114, Los Angeles, California 

90095, USA 

*Electronic addresses: kbowen@jhu.edu, Telephone: 001-410-516-8425 

Abstract 

Anion photoelectron spectroscopic and theoretical studies were performed for the PdH- and 

PdH3
- cluster anions. Experimentally observed electron affinities (EAs) and vertical detachment 

energies (VDEs) agree very well with theoretical predictions. In the structure of PdH3
-, two H 

atoms form a η2-H2 type of ligation to Pd, and the H-H bond length is lengthened comparing to the 

free H2 molecule. Detailed molecular orbital analysis of PdH-, H2 and PdH3
- reveals that the back 

donation from a d-type orbital of PdH- to the σ* orbital of H2 causes the H-H elongation, and hence, 

activation. The H2 binding energy to PdH- is 89.2 kJ/mol, even higher than that between CO and 

Pd. The unusually high binding energy as well as the H-H bond activation can be appreciated in 

practical applications such as hydrogen storage and catalysis. 
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Introduction 

The interaction between transition metals (TM) and hydrogen has always been an 

intriguing research topic for such applications as hydrogen storage1-3 and catalysis4, 5 of 

hydrogenation and dehydrogenation reactions. Special bonding features between TM and 

hydrogen other than the simple M-H σ bond are interesting not only because they are scarcely 

reported but also because they could help to discover and understand the nature of chemical 

bonding. Very recently, the same experimental and theoretical team as the current paper discovered 

a PtZnH5
- cluster which possessed an unprecedented planar pentagonal coordination between the 

H5
- moiety and Pt, and exhibited special σ-aromatic character.6 Afterwards, we extended this work 

to the isoelectronic and isostructural cluster PtMgH5
- in which similar bondings were also found.7 

In these clusters, the H5
- kernel as a whole can be viewed as a η5-H5 ligand for Pt, and it is in turn 

stabilized by the Pt atom. Besides H5
-, free H2 molecule was also found to act as a ligand in the η2-

H2 manner. In 1991, via IR spectroscopy and theoretical calculations, Hansgeorg Schnöckel 

discovered a [Cu(η2-H2)Cl] cluster in which a H2 molecule was ligated to Cu from the opposite 

side of Cl and formed a C2v structure. The H-H bond of the H2 ligand is slightly elongated 

comparing to a free H2 molecule.8 Then, Stewart Novick performed the study of the [Cu(η2-

H2)F] and [Ag(η2-H2)Cl] clusters with microwave spectroscopy,9, 10 where they pointed out that it 

is a back-donation from a d-type orbital of the transition metal to the unoccupied σ* orbital of H2 

that causes the elongation of the H-H bond. The occupied σ orbital of H2 acts as a lone pair and 

inserts into the lowest unoccupied molecular orbital (LUMO) of the metal halide. In all of these 

three cases, the geometry of the H2 moiety does not deviate too much from that of the free H2, 

however the binding energies of H2 to the transition metals (80 - 110 kJ/mol) are much greater 

than typical van der Waals interaction energies. Other η2-H2 ligation examples were discovered in 
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much more complicated transition metal complexes such as those protected by N, P or O based 

ligands or π-acceptor ligand CO. 3, 11-15 

In the present paper we report the anion photoelectron spectroscopic (PES) study of the 

PdH3
- cluster anion in which a H2 molecule acts as a ligand to Pd. Ab initio calculations closely 

reproduce the experimental data, confirming the structure of the anion seen in the experiment. In 

order to understand the details of the bonding between H2 and PdH-, experimental data of PdH- as 

well as the molecular orbital (MO) analysis of PdH-, PdH3
- and H2 are also presented. The H-H 

bond in PdH3
- is lengthened comparing to the free H2 molecule due to the back donation from a d-

type orbital of PdH- to the LUMO (the σ* orbital) of H2, which is similar as in the previously 

published studies. The additional interactions of H2 and PdH- come from the bonding and 

antibonding combinations of the highest occupied molecular orbital (HOMO, the σ orbital) of H2 

and the σ bonding orbital of PdH-, together giving a zero bonding effect. We conclude that the 

strong bonding between H2 and PdH- is nearly exclusively due to back donation. 

Experimental and Theoretical Methods 

The present work utilized anion photoelectron spectroscopy (PES) as its primary probe. 

Anion PES is conducted by crossing a mass-selected beam of negative ions with a fixed-energy 

photon beam and energy analyzing the resulting photodetached electrons. This technique is 

governed by the energy conservation relationship, hν = EBE + EKE, where hν, EBE, and EKE are 

the photon energy, electron binding (transition) energy, and the electron kinetic energy, 

respectively. Our photoelectron spectrometer, which has been described in ref 16, consists of one 

of several ion sources, a linear time-of-flight mass spectrometer, a mass gate, a momentum 

decelerator, a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser for photodetachment, 
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and a magnetic bottle electron energy analyzer having a resolution of 35 meV at EKE = 1 eV. 

Photoelectron spectra were calibrated against the well-known photoelectron spectrum of Cu−.17 

The PdH1, 3
− anions were generated using a pulsed arc cluster ionization source (PACIS), which 

has been described in detail elsewhere.18 In brief, a ∼30 μs long 180 V electrical pulse applied 

across the anode and sample cathode of the discharging chamber vaporizes the Pd atoms. The 

sample cathode was prepared by firmly pressing Pd powders onto a copper rod. Almost 

simultaneously, 200 psi of ultrahigh purity hydrogen gas was injected into the discharge region, 

where it was dissociated into hydrogen atoms. The resulting mixture of atoms, ions, and electrons 

then reacted and cooled as it flowed along a 15 cm tube before exiting into high vacuum. The 

resulting anions were then extracted and mass-selected prior to photodetachment. 

Density functional theory calculations were conducted by applying PBEPBE functional19 

using the Gaussian09 software package20 to determine the geometries of the anionic and neutral 

clusters. The 6-311++G (3df, 3pd) basis set21 on H, Stuttgart Dresden (SDD) basis set22 on Pd were 

used. The PdH, PdH-, PdH3, and PdH3
- clusters were all initially treated with ROHF SCF with the 

aug-CC-pVTZ-PP23 basis set on the Pd atom, and the ATZP24 basis set on H atoms. The 

wavefunctions were then read in the CCSD(T)25 and EOM-CCSD(T)26 calculations. The adiabatic 

detachment energy (ADE) is the energy difference between the anion and the neutral relaxed to 

the anion’s nearest local minimum. If the local minimum is also the global minimum, the ADE is 

actually the electron affinity (EA). The vertical detachment energy (VDE) was obtained by a 

simply subtracting the energy of the neutral cluster calculated at the geometry of the anion from 

the energy of the anion. Deeper transitions were calculated by adding the electronic excitation 

energies of the neutral to the VDE. We note that the agreement with the experimental spectrum 

improved dramatically with the increase of the basis sets, and also the inclusion of the perturbative-
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triple excitations in CCSD(T) (EOM-CCSD was insufficient). All calculations were carried out 

using NW Chem software27 and all visualizations of orbitals were generated with VMD.28 Atomic 

charges were calculated using Natural Population Analysis (NPA)29 in Gaussian 09 with SDD 

basis set on Pd and TZVP30 basis set on H. The NPA method has been found to be satisfactory in 

calculating the charge distribution within a cluster.31, 32 Density functional theory was implemented 

using the B3LYP33 hybrid functional. 

 

Results and discussion 

Figure 1.1.1 presents the resultant mass spectrum containing PdH1, 3
-. Due to the 

complication caused by the isotopes of Pd, the simulated isotopic distributions of PdH- and PdH3
- 

are displayed below the experimental data for comparison. The absence of ion intensity at mass = 

110 gives evidence that there is no Pd- or PdH2
- in the ion beam and PdH1,3

- are the only species 

obtained. The photoelectron spectrum of PdH- was taken at mass = 106, and the photoelectron 

spectrum of PdH3
- was taken at mass = 108 and 113 in order to avoid mutual contamination. The 

lack of other PdHn
- in the mass spectrum indicates the special stability of PdH1, 3

-. Figure 1.1.2 

exhibits the photoelectron spectra of PdH1, 3
-. For PdH-, several distinct peaks can be observed, the 

positions of the first three peaks marked by X, A and B are tabulated in Table 1.1.1 for comparison 

with the calculated spectra. The X peak located at 1.29 eV corresponds to the VDE. The A peak 

shows splitting, which might be owing to the double degeneracy of this feature, as shown 

theoretically (Figure 1.1.3). The peaks of PdH- are relatively sharp, in consistency with the fact 

that the structural difference between the anion and neutral is small (Figure 1.1.3) and therefore a 

large Frank-Condon overlap. The electron affinity (EA), defined to be the energy difference of the 

ground state of the anion and the ground state of the neutral, is estimated by the threshold of the 
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first EBE band. The EA of PdH is estimated to be ~1.2 eV. The calculated ADE value is 1.288 eV 

(Table 1.1.1), in good consistency with the experimental value. Therefore, ADE and EA are 

actually one and same value. For PdH3
-, one major broad EBE band X starts from around ~1.7 eV 

(EA) and peaks at 1.94 eV (VDE). Other features can be observed on the higher EBE end, but they 

are not well-resolved. We tentatively mark a peak A at EBE = 2.9 eV, but there might be more 

than one transition hiding underneath these features, as indeed is supported by calculations. The 

relatively broad peak of PdH3
- indicates a large structural difference between the anion and the 

neutral (Figure 1.1.4). The calculated ADE value is 1.784 eV, agrees very well with experiment. 

Again, ADE and EA are one and the same in this case. An excellent agreement between 

experimental and theoretical values can be observed (Table 1.1.1). The final electron 

configurations corresponding each peak after photodetachment are also displayed in Table 1.1.1, 

and the MOs from which the corresponding electron detachments take place are depicted in Figures 

1.1.3 and 1.1.4. 

The calculated results of PdH-/0 and PdH3
-/0, including bond lengths (Å, in black), NPA 

charge distributions (e, in red) and molecular orbitals (MO) are displayed in Figure 1.1.3 and 1.1.4. 

For PdH-, the Pd-H bond distance is 1.538 Å, very close to that of the neutral (1.530 Å). The Pd 

atom takes most of the negative charge. The HOMO-5 and HOMO are the bonding and anti-

bonding orbitals of the Pd-H single bond from the combination of dz
2 orbital of Pd and s orbital of 

H. The HOMO-1 to HOMO-4 are the non-bonding d orbitals of Pd, and the HOMO-6, HOMO-7 

are the non-bonding p orbitals of Pd. For PdH3
-, the Pd-H bond length is 1.660 Å, slightly longer 

than that of PdH-, and the H-H moiety clearly shows a η2 type of ligation. At this stage, we can 

formally write PdH3
- as [HPd(η2-H2)]

- as it appears in the title. The H-H bond length is 0.897 Å, 

20% longer than free H2 molecule (0.747 Å), indicating that the H-H bond is activated. The NPA 
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charge distribution shows that the H-H moiety is partially negatively charged, which is consistent 

with the bond elongation and back-donation from the Pd atom. In neutral PdH3, the H2 molecule 

is further away from the PdH moiety and the H-H bond length is closer to free H2, indicating a 

weaker interaction between H2 and PdH. The charge on Pd is positive, thus, the back donation 

from Pd to H2 is smaller, causing the positive charge on H2 moiety.  Figure 1.1.5 is the correlation 

diagram depicting how the MOs of [HPd(η2-H2)]
- are formed from the combinations of the MOs 

of PdH- and H2. The HOMO-4, a d-type orbital of PdH-, back donates into the LUMO of H2 and 

forms the HOMO-3 of [HPd(η2-H2)]
-. This is the combination that causes the H-H bond elongation, 

charge transfer to H2 and its activation. HOMO-5 of PdH- combines with the HOMO of H2 and 

splits into HOMO-4 and HOMO-6 of PdH3
-. HOMO-4 represents the anti-bonding orbital between 

H2 and PdH-, and HOMO-6 is the bonding orbital. HOMO, HOMO-1, HOMO-2 and HOMO-5 of 

PdH3
- are now the non-bonding orbitals belonging only to PdH-, which are displayed in Figure 

1.1.4. Note that the degenerate HOMO-1 and HOMO-2 of PdH- loose degeneracy in PdH3
- due to 

symmetry break. 

The binding energy, D0, of the η2-H2 moiety to the PdH- ion is calculated from the 

following formula with the CCSD(T) level of theory: D0 = E(PdH-) + E(H2) – E(PdH3
-) = 89.2 

kJ/mol. This number is comparable to the binding energies between H2 and transition metal halides 

8-10 and higher than the binding energy between the much more commonly used ligand CO and 

Pd.34,35  

Concluding remarks 

PdH- is isoelectronic to CuCl, CuF and AgCl, so it is not surprising that H2 binds to them 

in similar manners.8-10 However, the existence of highly electron-withdrawing halide atoms in 

these complexes reduces the electron density on the transition metal atom and limits the back 
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donation to H2. Therefore, the H atoms are negatively charged in PdH3
-, unlike others which often 

exhibit cationic features.3 Negatively charged H is the key to, for example, CO2 hydrogenation.36 

The H-H bond length in the current study is calculated to be 20.0% longer than free H2 molecule 

and around 12.5% longer than those reported in references 8-10, which means the H-H bond is 

much more activated in our case. The H-H bond length and charge distribution differences between 

PdH3
- and PdH3 are also examples of the extent of back-donation, i.e. in neutral PdH3 the H2 moiety 

is less activated than the anionic PdH3
- but similar to those in references 8-10. Therefore, this 

cluster anion might find its role in catalysis. Actually our lab has started the research using TM 

polyhydride cluster anions as H source for CO2 hydrogenation and observed the formation of 

formate from the reaction between platinum hydride cluster anions and CO2. These results will be 

published in the near future. 

Moreover, when Pd is used as hydrogen storage material, the best stoichiometry that has 

been achieved is PdH0.6, with a hydrogen mass density of 0.56%.1 In the current study, if we view 

the H2 ligand as the stored hydrogen, the H mass density is increased to 1.86%. Therefore, when 

people pursue Pd as hydrogen storage materials in the future, anionic clusters might be a good 

direction and the cluster in the current paper provides a good model of it. 
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Table 1.1.1 The experimental photoelectron spectra comparing to those from calculations (eV). 

Peak X denotes the vertical detachment energy (VDE). Peaks A and B denote photodetachment 

from deeper MOs. The final electron configurations after photodetachment are also presented. 

Species Expt. Theo.a Final configuration 

PdH- EA ~1.2 ADE 1.288 N/A 

 X 1.29 1.29 …1Σ+2, Π4, Δ4, 2Σ1 

A 2.04 2.07 b …1Σ+2, Π4, Δ3, 2Σ2 

B 2.22 2.39 b …1Σ+2, Π3, Δ4, 2Σ2 

PdH3
- EA ~1.7 ADE 1.784 N/A 

 X 1.94 1.97 ...2a1
22b2

21a2
23a1

24a1
1 

A ~2.9 2.81 ...2a1
22b2

21a2
23a1

14a1
2 

 2.81 …2a1
22b2

21a2
13a1

24a1
2 

 2.82 ...2a1
22b2

11a2
23a1

24a1
2 

 3.19 ...2a1
12b2

21a2
23a1

24a1
2 

a aug-CC-pVTZ-PP23 basis set was used for Pd, ATZP basis set was used for H. 

b
 Indicates doubly degenerate features. 
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Figure Captions 

Figure 1.1.1. The epxperimental mass spctrum containing PdH1,3
- and the simulated isotopic 

distributions of PdH- and PdH3
-. 

Figure 1.1.2. The Photoelectron Spectra of PdH- and PdH3
- taken with 3.49 eV laser. 

Figure 1.1.3. The strucutres and MOs of PdH-/0. 

Figure 1.1.4. The strucutres and MOs of PdH3
-/0. 

Figure 1.1.5. Correlation diagram for the valence MOs. 
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Figure 1.1.1 The epxperimental mass spctrum containing PdH1,3
- and the simulated isotopic 

distributions of PdH- and PdH3
-. 
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Figure 1.1.2 The Photoelectron Spectra of PdH- and PdH3
- taken with 3.49 eV laser. 
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Figure 1.1.3 The strucutres and MOs of PdH-/0. 
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Figure 1.1.4 The strucutres and MOs of PdH3
-/0. 
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Figure 1.1.5 Correlation diagram for the valence MOs. 
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Abstract 

We report a joint photoelectron spectroscopic and theoretical study of the PtZnH5
– cluster 

anion. This cluster exhibited an unprecedented planar pentagonal coordination for Pt and an 

unusual stability and high intensity in the mass spectrum. Both are due to the σ-aromaticity found 

in the H5-cycle supported by the 5d orbitals on the Pt atom. σ-Aromaticity in all-H systems has 

been predicted in the past but never found in experimentally observed species. Besides 

fundamental importance, mixed transition-metal hydrides can be found as intermediates in 

catalytic processes, and thus, the unexpected stability facilitated by σ-aromaticity can be 

appreciated also in practical applications. 
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Introduction 

Aromaticity, one of the most significant concepts in modern chemistry, continues to gain 

appreciation as it is one of the stabilizing chemical bonding effects that leads to remarkable 

symmetries and stabilities of clusters and molecules.1-16 Many all-metal clusters were reported to 

exhibit multiple types of aromaticity, including σ-, π-, and δ-type or a combination of these three 

types. σ-Aromaticity in particular has been a concept first subjected to debates and prosecution 

and then accepted and widely explored. The simplest systems in which σ-aromaticity can be found 

are clusters of H, where the bonding overlap of the 1s atomic orbitals (AOs) on atoms gives rise 

to this phenomenon. The peculiar example of this sort is the H3
+ cluster, a highly abundant species 

in the interstellar space. Species decorated with multiple hydrides also occur in heterogeneous 

catalysis, and there, every bit of stability (whether or not due to aromaticity) counts toward or 

against the kinetics of the catalytic processes. Intriguingly, in 2003, Tsipis et al. theoretically 

predicted the existence of aromatic metal hydride clusters MnHn (M = Cu, Ag, Au; n = 3–6);17-20 

however, their experimental evidence is still absent. It would be exciting to see if the simplest 

possible type of aromaticity and antiaromaticity (σ-type) could be present in metal hydrides and 

govern their stability, in particular, if one day this could be explored in catalytic processes. 

In this work, we study mixed Pt–Zn hydrides at the subnano scale. The Pt–Zn bimetallic 

systems are used as catalysts for various reactions, such as hydrogenation/dehydrogenation and 

fuel cell oxidation.21-26 Doping precious metal catalysts in general is an amendable strategy for 

manipulating and tuning the electronic structure and thus properties of the catalyst and potentially 

reducing the cost. However, the research is still within the nanoregime, and subnano bimetallic 

Pt–Zn clusters containing only several atoms have not been studied but pose a great interest in 
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view of the observation that small clusters are actually the sites where the majority of catalytic 

processes occur.27-29 Hydrides of these small clusters are thus of interest. 

We present a combined experimental and theoretical study of a σ-aromatic cluster, PtZnH5
–, 

and also of PtZnH3
– and PtZnH4

–. These anionic hydrides are generated in the gas phase and 

investigated using negative ion photoelectron spectroscopy (PES). The experimental photoelectron 

spectra are compared with theoretical predictions for the found global minimum structures. 

PtZnH5
– is found to have an unusual structure, high stability manifested in the abundance in the 

mass spectrum, and σ-aromaticity. 

 

Experimental Methods 

The present work utilized negative ion PES as its primary probe. Anion PES is conducted 

by crossing a mass-selected beam of negative ions with a fixed-energy photon beam and energy 

analyzing the resulting photodetached electrons. This technique is governed by the energy-

conservation relationship, hν = EBE + EKE, where hν, EBE, and EKE are the photon energy, 

electron binding (transition) energy, and the electron kinetic energy, respectively. Our 

photoelectron spectrometer, which has been described in ref 30, consists of one of several ion 

sources, a linear time-of-flight mass spectrometer, a mass gate, a momentum decelerator, a 

neodymium-doped yttrium aluminum garnet (Nd:YAG) laser for photodetachment, and a 

magnetic bottle electron energy analyzer having a resolution of 35 meV at EKE = 1 eV. 

Photoelectron spectra were calibrated against the well-known photoelectron spectrum of Cu–.36 

The PtZnH5
– anions were generated using a pulsed arc cluster ionization source (PACIS), which 

has been described in detail elsewhere.37 In brief, a ∼30 μs long 150 V electrical pulse applied 

across the anode and sample cathode of the discharging chamber vaporizes the Pt and Zn atoms. 
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The sample cathode was prepared in a nitrogen-protected glovebox, where fresh Zn and Pt powders 

were mixed and firmly pressed onto a zinc rod. Almost simultaneously, 250 psi of ultrahigh purity 

hydrogen gas was injected into the discharge region, where it was dissociated into hydrogen atoms. 

The resulting mixture of atoms, ions, and electrons then reacted and cooled as it flowed along a 20 

cm tube before exiting into high vacuum. The resulting anions were then extracted and mass-

selected prior to photodetachment. The PtZnH5
– cluster anion has several isotopes; therefore, 

photoelectron spectra were taken from all of the isotopic peaks to confirm that there were no 

impurities in the mass spectrum. 

 

Computational Methods 

The search for the global minima of the studied cluster anions was done using the gradient 

embedded genetic algorithm (GEGA),38 with the population size of 20, and the 

UPBEPBE39/LANL2DZ40 method. Separate searches for several spin states were performed. The 

lowest-energy isomers were characterized at higher levels of theory, UPBEPBE/aug-cc-

pvTZ+pp,41 UM06,42 single-point CCSD43//UPBE, and CASSCF(m,n),44 with (m,n) being as large 

as (12,12), with the same basis set. It was found that the perturbation theory fails for the studied 

systems, and for this reason, MP-based methods and CCSD(T) were not used. The combination of 

Pople’s 6-311++G**45 basis for Zn and H and the LANL2DZ basis for Pt were also used to make 

sure that there is no unhealthy dependence on the choice for the basis set. For calculations of 

photoelectron spectra, linear response time-dependent DFT, TD-UPBEPBE, with different basis 

sets, and also CCSD/aug-cc-pvTZ+pp//UPBEPBE/aug-cc-pvTZ+pp were used. TD-DFT was used 

for calculations of the excited states of the neutral clusters, and then, the excitation energies were 
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added to the value of the first vertical detachment energy (VDE1) to produce VDE2, VDE3, and so 

forth. All calculations were done with Gaussian 09.46 

 

Experimental Results  

The mass spectrum of the PtZnH5
– cluster anion is presented in Figure 1.2.1A. One can 

observe several major isotopic peaks ranging from 261 to 271. In order to make sure that the 

spectrum has no impurities from other hydrides, that is, PtZnHn
–, we plotted the simulated isotopic 

distribution of PtZnH5
– in Figure 1.2.1 B. One can observe that both spectra match very well not 

only in distribution but also in relative intensity. This phenomenon is uncommon for mass 

spectrometric study of metal hydrides; typically, there are different numbers of hydrogen atoms 

attached to the metal atom. Thus, the triumph of PtZnH5
– from the PtZnHn

– series indicates its 

special stability. 

Figure 1.2.2 presents the photoelectron spectrum of PtZnH5
– taken with a 355 nm (3.496 

eV) laser. We took spectra from all of the isotopic peaks, and all of them were identical, which is 

another confirmation that there is no contamination in the mass spectrum. One observes a major 

EBE band ranging from 2.4 to 3.2 eV and peaked at 2.75 eV, with the resolution being better than 

50 meV. The electron binding energy (EBE) value corresponding to the intensity maximum in the 

observed band is its vertical detachment energy (VDE), the transition energy at which the Franck–

Condon overlap between the wave functions of the anion and its neutral counterpart is maximal. 

The adiabatic electron affinity (EA) is the energy difference between the lowest energy vibronic 

state of the anion and the lowest energy vibronic state of its neutral counterpart. We have estimated 

the EA of PtZnH5 to be 2.5 eV by extrapolating the low EBE side, with the corresponding EBE 

value there being taken as the EA. 



35 
 

Cluster Structures 

Figure 1.2.3 shows the found global minima of considered clusters, PtZnH3
–, PtZnH4

–, and 

PtZnH5
–; for PtZnH5

–, we show the global minimum and the second competing isomer. All clusters 

bind atomic H, which indicates that they would likely dissociate H2, should it bind to them as a 

molecule, for example, in a catalytic process. Indeed, Pt is a typical catalyst for dehydrogenation, 

in the form of extended surfaces, nanoparticles, and nanoislands, even though catalysis of really 

small clusters was hardly ever explored. For PtZnH3
–, the global minimum is a C1 (

1A) structure, 

with all three H atoms bound to the Pt atom. For PtZnH4
–, it is the C2v (

1A1) structure, with two of 

the four H atoms bridging between Pt and Zn and the remaining two bound to Pt. For PtZnH5
–, 

there are two isomers relatively close in energy. Most theoretical methods predict isomer II (C2v 

(1A1)) to be more stable by ∼4 kcal/mol. One exception is the CASSCF(12,12) method, which 

predicts isomer I (C5v (
1A1)) to be more stable. Considering the expected error in the performance 

of the ab initio method in use, it is fair to say that these two isomers are isoenergetic. 

 

Theoretical Interpretation of the Photoelectron Spectrum of PtZnH5
–  

In this work, we focus on PtZnH5
– because of its unusually high abundance in the mass 

spectrum as compared to the two lighter hydrides. We expect it to exhibit unusual structure and 

bonding characteristics. Table 1.2.1 shows calculated photoelectron spectra of the two isomers of 

PtZnH5
–. The agreement across different theoretical methods is apparent. The simulated spectrum 

of isomer II does not agree with the experiment, with VDE1, being ∼1 eV off, and that rules out 

the possibility of the isomer II being observed in the experiment. On the other hand, the theoretical 

spectrum of isomer I is in close agreement with the experiment. All experimental features are 
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successfully assigned to single-electron processes of electron detachment from the valence 

molecular orbitals (MOs) shown in Figure 1.2.4A. The fact that isomer I is predicted to be less 

stable but is the one observed experimentally indicates either the inadequate performance of 

theoretical methods or the kinetic stabilization of the metastable isomer I in the beam. The 

predicted adiabatic detachment energy (ADE) is close to the VDE (Table 1.2.1), and in the 

experiment, the observed EA, 2.5 eV, and the theoretical ADE are effectively the same quantities 

in this case. The electron detachment from the completely symmetric HOMO of the cluster leads 

to a small geometric change upon relaxation, hence resulting in a small difference between the 

VDE and ADE. 

 

Aromaticity of PtZnH5
–.  

Figure 1.2.4 addresses the chemical bonding in the C5v (
1A1) isomer I of PtZnH5

–. First of 

all, its structure is highly unusual due to its high symmetry and an anomalous coordination of the 

Pt atom, pentagonal pyramidal. Pt is often found to be square planar, but here, we have a five-

coordinated arrangement in-plane and an additional Zn atom on the axial position. To the best of 

our knowledge, such coordination for Pt was never observed before. What leads to the stabilization 

of this unusual structure and the high abundance of this species in the mass spectrum of PtZn 

hydride anions? Valence MOs of the cluster are shown in Figure 1.2.4A, and a sketch of how they 

are formed from AOs is presented in Figure 1.2.4B. Some of the MOs of the cluster are clearly 

pure d lone pairs of Pt (HOMO–1 and HOMO–4) and Zn (HOMO–6, HOMO–7, and HOMO–8) 

that do not contribute to the bonding in the cluster. The HOMO and HOMO–3 correspond to σ-

bonding between Pt and Zn. These MOs are mainly the bonding and antibonding combinations of 

the 4s AO on Zn and 5dz
2 AO on Pt. The Pt–Zn bond is partially ionic, with the partial charges on 
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atoms being +0.011 on Zn and −1.355 on Pt (natural population analysis31). Importantly, removal 

of Zn from the cluster results in the PtH5
– species, which is a planar D5h structure (at least in the 

local minimum form), and the bonding within this fragment is analogous to that in the PtH5
– unit 

within the PtZnH5
– hydride. Thus, Zn is merely a spectator in the system where Pt exhibits an 

unusual coordination. 

The most interesting MOs are the doubly degenerate HOMO–2 and the HOMO–5 (Figure 

1.2.4A). These are σ-MOs, mostly formed by the five 1s AOs on hydrides. They mix with the 6p 

and 6s AOs on Pt, as allowed by symmetry (Figure 1.2.4B). For simplicity, first consider just the 

isolated (hypothetic) H5 pentagon. The five 1s AOs would form five MOs that are shown 

schematically in Figure 1.2.4C. The three lowest-energy ones correspond nicely to the valence 

HOMO–2 and HOMO–5 of PtZnH5
– in terms of contributions from hydrides. Hence, they are 

depicted populated in the scheme in Figure 1.2.4C. Populated by six electrons, the HOMO–2 and 

HOMO–5 make the cluster σ-aromatic,11,32 in accord with the (4n + 2) Hückel’s electron counting 

rule for aromatic compounds with n = 1. Remarkably, σ-aromaticity was predicted for the isolated 

H5
– (D5h) cluster, but it was found to be a saddle point on the potential energy surface.33 With the 

additional support of the 6s and 6p AOs on Pt, the aromatic all-H cycle is stabilized in the studied 

hydride. Pt is capable of sustaining the five-fold coordination in-plane because it is not really a 

five-fold coordination; it is a coordination to the H5 pentagon (the complex can be described as 

[Zn–Pt(η5-H5)]
−), and the bonding within this unit is delocalized. Notably, transition metals can 

coordinate to five-membered ring structures, for example, in metallocenes, but there, the 

coordination is not in one plane. In PtZnH5
–, Pt takes the central position in the ring to match the 

σ-MOs on H5. 
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Besides the electron counting rule, we wished to gain an additional confirmation of 

aromaticity in this hydride. The calculation of the nucleus-independent chemical shifts (NICS)34 

index at the center of the pentagonal aromatic unit produces meaningless results because the 

geometric center coincides with the Pt atom and the contribution of the aromatic ring to the 

chemical shift is convoluted by the contributions from the AOs on Pt. We also applied the 

AdNDP35 procedure, allowing for the maximal electron localization while preserving the electron 

pair paradigm. Two possible bonding pictures emerged from this analysis. One of them describes 

the H5 arrangement σ-aromatic, with three localized AdNDP orbitals that look nearly identical to 

the HOMO–2 and HOMO–5 in Figure 1.2.4A. The contributions from Pt in this case were 

separated out to be lone pairs with fairly low population numbers of ∼1.6 e. The alternative picture 

produced five 2c–2e Pt–H bonds with population numbers of ∼1.9 e. Both pictures are valid from 

the AdNDP standpoint, and it is possible that there is a resonance between the two localized 

solutions. However, the presence of five covalent bonds in the plane mismatches the mutual 

orientations of the lobes of the AOs on Pt, making the picture counterintuitive. On the other hand, 

if one assumes the complete population of the 5d set and the 6s AOs and their overall spherical 

symmetry, then the H and Zn atoms would form an octahedral arrangement around Pt, not the 

pentagonal pyramidal arrangement. Thus, the five covalent bonds AdNDP picture is confusing. 

We therefore prefer the σ-aromaticity view of the studied hydride. 

Aromaticity is a highly stabilizing effect, also responsible for high symmetry of the system. 

Therefore, we attribute the high abundance of the studied cluster in the mass spectrum and the 

apparent stability to σ-aromaticity. Our observation of the σ-aromatic arrangement of hydrides 

bound to metal clusters is important for catalysis applications. One may imagine that a cluster 

capable of hosting multiple H atoms that hold just the right charge may exhibit aromaticity and 
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thus be unusually stable on the reaction profiles of the catalyzed reaction of dehydrogenation. This, 

however, remains to be demonstrated. 
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Table 1.2.1 Calculated photoelectron spectra of ZnPtH5
- isomers I and II, in eV.  

Peak Exper MO Resultant e-configuration TD- 

UPBEPBE[a

] 

TD- 

UPBEPBE[b] 

CCSD(

T) 

Isomer I 

X 2.75 HOMO …2a1
22e2

43a1
22e1

43e1
44a1

1 2.71 2.70 2.50[c] 

  HOMO-1 …2a1
22e2

43a1
22e1

43e1
34a1

2 4.48* 4.50*  

  HOMO-2 …2a1
22e2

43a1
22e1

33e1
44a1

2 4.93* 4.92*  

  HOMO-3 …2a1
22e2

43a1
12e1

43e1
44a1

2 5.83 5.91  

  HOMO-4 …2a1
22e2

33a1
22e1

43e1
44a1

2 7.12* 7.13*  

Isomer II 

X 2.75 HOMO …5a1
26a1

23b2
22b1

22a2
27a1

1 3.68 3.65 3.84[c] 

  HOMO-1 …5a1
26a1

23b2
22b1

22a2
17a1

2 3.97 4.02  

  HOMO-2 …5a1
26a1

23b2
22b1

12a2
27a1

2 4.17 4.19  

  HOMO-3 …5a1
26a1

23b2
12b1

22a2
27a1

2 4.46 4.67  

  HOMO-4 …5a1
26a1

13b2
22b1

22a2
27a1

2 4.70 5.17  
[a] The aug-cc-pvTZ-pp basis set was used. 

[b] The 6-311++G** basis was used for Zn and H, and LANL2DZ(+f) was used for Pt. 

[c] At the geometry of the anion optimized using MP2/aug-cc-pvTZ-pp. 

            * Indicates doubly-degenerate features 
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Figure Captions 

Figure 1.2.1. Experimental (A) and simulated (B) mass spectrum of PtZnH5
-. 

Figure 1.2.2. Photoelectron spectra of PtZnH5
- recordedusing 355 nm (3.49 eV) photons. 

Figure 1.2.3. Calculated global minima of ZnPtH3, 4
- and two competing isomers of ZnPtH5

-. 

Figure 1.2.4. Chemical bonding in PtZnH5
-: (A) valence MOs, with the ones outlined in red 

corresponding to the sigma-aromatic unit. (B) Correlation diagram for the valence MOs; the 

MOs outlined in red in (A) are highlighted. (C) A qualitative scheme for the formation of sigma-

MOs from five 1s-AOs on H atoms in a pentagonal arrangement; the lowest energy three MOs 

are analogous to those populated in the cluster; their population makes the cluster obey the 

(4n+2) Hückel's rule for aromatic compounds, with n=1. 
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Figure 1.2.1 
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Figure 1.2.2 
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Figure 1.2.3 
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Figure 1.2.4 
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Abstract 

Two exotic clusters, PtMgH3
- and PtMgH5

-, are studied by photoelectron spectroscopy and 

theoretical calculations. Experimentally measured electron affinity (EA) and vertical detachment 

energy (VDE) values are compared with those obtained from theory and excellent agreements are 

found. For PtMgH3
-, a very special η2-bonded H2 moiety is observed in its structure. For PtMgH5

-, 

an all-hydrogen, five-member, σ-aromatic ring is found, which is accountable for its special 

stability. These mixed-metal hydride clusters may have potential application in catalytic processes. 

mailto:kbowen@jhu.edu
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Introduction 

The interaction between hydrogen and small bimetallic clusters containing precious metal 

elements has drawn great attention in catalysis, such as in hydrogenation and dehydrogenation. 1-

7 Doping commonly used hydrogenation or dehydrogenation catalysts, such as Ni, Pd, Pt with 

another metal is a good way of fine-tuning their catalytic activity, such as lowering the H-H bond 

activation barrier. However, the studies to explore why they are better than single element catalyst, 

to understand the catalytic mechanism, and to further design such catalysts are scarce. J. Rossmeisl 

and coworkers suggested that doping can tune the electronic structure by adjusting the position of 

the d-band center. 8 A theoretical study on H2 dissociation on doped Ni clusters showed that 

dopants such as Rh, Pd, Pt, and Au could lower the H2 activation barrier. 2 A density functional 

theory study observed that the adsorption of H2 on AunCum clusters enhanced the stability of the 

whole cluster. 4 A comparative study of CH3OH dehydrogenation on Pt7 and Pt5Ni2 presented that 

there charge transfer from Ni to Pt increased the electron density of Pt’s 5d orbital and improved 

the catalytic activity of the bimetallic cluster. 5 More recently, our group reported that an exotic 

cluster, PtZnH5
-, had a special planar five-coordinated structure and unusual stability due to its σ-

aromaticity. 1 We suggested that its unusual stability might have potential applications in H-related 

catalysis. 

In this work, we extend the study on the interaction between hydrogen and bimetallic 

cluster with two newly found cluster anions, PtMgH3, 5
- via a combined research of anion 

photoelectron spectroscopy and theoretical calculations. Their electronic structures are 

characterized. We discovered that both clusters had very unique bonding features between H and 

the metal center. 
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Experimental and Theoretical Methods 

The present work utilized anion photoelectron spectroscopy (PES) as its primary probe. 

Anion PES is conducted by crossing a mass-selected beam of negative ions with a fixed-energy 

photon beam and energy analyzing the resulting photodetached electrons. This technique is 

governed by the energy conservation relationship, hν = EBE + EKE, where hν, EBE, and EKE are 

the photon energy, electron binding (transition) energy, and the electron kinetic energy, 

respectively. Our photoelectron spectrometer, which has been described in ref 9, consists of one 

of several ion sources, a linear time-of-flight mass spectrometer, a mass gate, a momentum 

decelerator, a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser for photodetachment, 

and a magnetic bottle electron energy analyzer having a resolution of 35 meV at EKE = 1 eV. 

Photoelectron spectra were calibrated against the well-known photoelectron spectrum of Cu−.10 

The PtMgH3, 5
− anions were generated using a pulsed arc cluster ionization source (PACIS), which 

has been described in detail elsewhere.11 In brief, a ∼30 μs long 150 V electrical pulse applied 

across the anode and sample cathode of the discharging chamber vaporizes the Pt and Mg atoms. 

The sample cathode was prepared in a nitrogen-protected glovebox, where fresh Mg and Pt 

powders were mixed and firmly pressed onto a copper rod. Almost simultaneously, 200 psi of 

ultrahigh purity hydrogen gas was injected into the discharge region, where it was dissociated into 

hydrogen atoms. The resulting mixture of atoms, ions, and electrons then reacted and cooled as it 

flowed along a 15 cm tube before exiting into high vacuum. The resulting anions were then 

extracted and mass-selected prior to photodetachment. 

Density functional theory calculations were conducted by applying PBEPBE functional12 

using the Gaussian09 software package13 to determine the geometries of both neutral and anionic 

clusters, the electron affinity (EA) and vertical detachment energy (VDE) values, and the charge 
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distribution. All geometries, including that of the anion and its corresponding neutral molecule, 

were fully optimized without any geometrical constraints using the 6-311++G (3df, 3pd) basis 

set14 for Mg and H, LANL2DZ effective core potentials 15-17 for Pt. The EA value is the energy 

difference between the ground state of the neutral and the ground state of the anion with zero point 

energy correction. The VDE is the energy difference between the ground state of the anion and the 

neutral with the same structure as the anion. Natural population analysis (NPA), as implemented 

in the Gaussian09 code, was also carried out to determine the charge distribution of the anion. The 

NPA method has been found to be satisfactory in calculating the charge distribution within a 

cluster. 18, 19 

 

Results and discussion 

Figure 1.3.1 presents the simulated and experimental isotopic distributions of PtMgH3, 5. 

One can observe that PtMgH3
- and PtMgH5

- coexist in the ion beam. To avoid isotopic 

contamination, the photoelectron spectrum of PtMgH3
- was taken at mass = 221 and 222, and the 

spectrum of PtMgH5
- was taken at mass = 226 and 227. By making careful analysis of all the 

photoelectron spectra, we made sure there was no PtMgH4
- in the ion beam. The higher intensity 

of PtMgH5
- than that of PtMgH3

-, together with the fact that there is no other PtMgHn
- clusters in 

the beam, indicate its unusual stability. The resulted photoelectron spectra are shown in Figure 

1.3.2. For PtMgH3
-, one can observe a wide EBE band starts from 1.45 eV and peaks at 1.80 eV. 

For PtMgH5
-, the peak is sharper, starts from 1.85 eV and peaks at 2.05 eV. If there is sufficient 

Franck-Condon overlap between the ground state of the anion and the ground state of the neutral 

and there is not much hot band signal, the threshold of the first EBE band should be the electron 

affinity (EA). The peak position of the first EBE band is corresponding to the experimental vertical 
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detachment energy (VDE). The experimental EA and VDE values of both clusters are tabulated in 

Table 1.3.1 and compared with those obtained from theory, and excellent agreement can be 

observed. 

Figure 1.3.3 presents the calculated structures of anionic and neutral PtMgH3, 5
-. The bond 

lengths are marked with red numbers. PtMgH3
- has a planar structure, in which there is an H-H 

moiety attaches to the Pt atom. The bond length between these two H atoms is 0.98 Å, longer than 

that of free H2 molecule (0.74 Å), indicating that the H2 moiety is slightly activated. The neutral 

PtMgH3, which is very different from its anion counterpart, has a 3-D Cs structure. Due to this 

large structural difference, one would expect a relatively small Franck-Condon overlap between 

the anion and the neutral, which is consistent with the observed broad EBE band. PtMgH5
-, on the 

other hand, has a C5v umbrella-like structure, all the H atoms attaches to Pt and forms an all-

hydrogen, five-member ring. Pt is often found to be tetra-coordinated square planar, but here, we 

have a five-coordinated arrangement in-plane and Mg atom on the axial position. To the best of 

our knowledge, such a structure was only found once in our previously reported cluster, PtZnH5
-.1 

Its neutral counterpart is very similar to the anion, and only the Pt-Mg bond length is relatively 

shorter, therefore, due to this smaller structural difference, the observed EBE band is much sharper. 

The coordinates of all of these clusters are reported in the supporting information. 

The charge distributions of each atom in the anions obtained from natural population 

analysis are marked in blue in Figure 1.3.3. In PtMgH3
-, Pt atom draws most of the negative charge, 

which is due to its high electronegativity. The radially bonded H atom has a negative charge of -

0.23 e, but the H atoms in the H-H moiety are almost neutral, indicating that it still keeps feature 

of free H2 molecule. Therefore, the PtMgH3
- cluster can be viewed as a η2-H2 molecule attaches to 

a PtMgH- moiety. η2-bonded H2 were observed in M(CO3)(Pr3)2(H2) 
20 as single crystal and Cl-
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Cu(η2-H2)  cluster in Ar matrix, 21 in which significant binding energies was found between H2 

and the rest of the cluster. Figures 1.3.4(a) shows the three-center molecular orbital of the Pt(η2-

H2) bond, which is very similar to the corresponding molecular orbital in Cl-Cu(η2-H2) extracted 

from ref. 20 (Figure 1.3.4(b)). Please note that the charge on Mg atom is almost neutral, therefore, 

Mg is just a spectator in the system. The rest of the cluster, [H-Pt(η2-H2)]
-, is actually isoelectronic 

to Cl-Cu(η2-H2), thus, it is not surprising that similar chemical bonding are observed in these two 

systems. The dissociation energy D of η2-bonded H2 is calculated from the following formula: D 

= E (PtMgH-) + E (H2) – E (PtMgH3
-). The resulting value is 101 kJ/mol, indicating that the binding 

is quite strong. This number is comparable to the value of Cl-Cu(η2-H2), 84 kJ/mol. 

Next we will discuss the chemical bonding of PtMgH5
-. Since both Mg and Zn have two 

valence electrons, one would expect PtMgH5
- and PtZnH5

- (Reference 1) to show similar structure 

and bonding features. Figure 1.3.5(a) shows the valence molecular orbitals (MOs) of PtMgH5
-, 

with the ones outlined in red corresponding to the σ-aromatic MOs. Figure 1.3.5(b) shows how the 

MOs are formed from the combination of atomic orbitals, with those highlighted in red 

corresponding to the σ-aromatic MOs in Figure 1.3.5(a). Apparently HOMO-1 and HOMO-4 are 

the d lone pairs of Pt, HOMO-6 and HOMO-7 are the p orbitals of Mg. HOMO and HOMO-2 are 

corresponding to the σ bond between Pt and Mg. These MOs are bonding and antibonding 

combinations of the 5dz
2 atomic orbital of Pt and 3s atomic orbital of Mg. The most interesting 

MOs are doubly degenerate HOMO-3 and HOMO-5, they are the σ-aromatic units. These orbitals 

are formed from the combination of the five 1s atomic orbitals of the five H atoms and 6p and 6s 

atomic orbitals of Pt. Occupied by total six electrons, the HOMO-3 and HOMO-5 make the σ-

aromaticity, 22, 23 which fulfills the 4n + 2 Hückel rule, where n = 1. Similarly to PtZnH5
-, PtMgH5

- 

can also be described as a coordination between Pt and an H5 pentagon, and written as [Mg-Pt(η5-
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H5)]
-. It is this special σ-aromaticity that makes PtMgH5

- an unusually stable cluster and explains 

its high abundance in the mass spectrum. Besides the σ-aromaticity, a simple electron counting 

rule can be applied to this cluster: Pt has 10 valences electrons, Mg has 2, five H have 5, and there 

is 1 from the negative charge, therefore, totally there are 10 + 2 + 5 + 1 = 18 valence electrons. 

These 18 electrons occupy the first 9 MOs (from HOMO to HOMO-5) in Figure 1.3.5. Therefore, 

besides the σ-aromaticity, the 18-electron rule also makes this cluster unusually stable. Similarly, 

this electron counting rule can also be applied to our previously reported PtZnH5
-. 1 

 

Conclusion 

Two exotic cluster anions, PtMgH3
- and PtMgH5

- are produced by our unique PACIS ion 

source. Their experimental EA values are estimated to be 1.45 eV and 1.85 eV, respectively, and 

VDE values are 1.80 eV and 2.05 eV, respectively. All of these numbers have great agreement 

with theoretical calculations. Both of these clusters have very special structures. For PtMgH3
-, a 

η2-bonded H2 moiety is found, and its MO analysis shows that this is a very strong three-center 

bond, very similar to a previously reported cluster, Cl-Cu(η2-H2). The H2 moiety is strongly 

bonded to the rest of the cluster with a dissociation energy of 101 kJ/mol. For PtMgH5
-, there is a 

coordination between Pt and an σ-aromatic H5 pentagon. With the support from its 6s and 6p 

atomic orbitals, Pt is able to stabilize this special in-plane, five-coordinated structure. Electron 

counting shows that this cluster has 18 valence electrons distributed in 9 different MOs. In all, it 

is the σ-aromaticity and 18-electron rule that make this cluster unusually stable. 
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Table 1.3.1. Experimental and theoretical EA and VDE values. All the numbers are in eV. 

Clusters Expt. EA Theo. EA Expt. VDE Theo. VDE 

PtMgH3
- 1.45 1.48 1.80 1.73 

PtMgH5
- 1.85 1.93 2.05 2.03 
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Figure Captions 

Figure 1.3.1. Simulated and experimental isotopic distributions of PtMgH3, 5
- 

Figure 1.3.2. Photoelectron Spectra of PtMgH3, 5
- taken with 355 nm laser. 

Figure 1.3.3. Calculated structures of PtMgH3, 5
-/0. The bond lengths are mark in red and the charge 

distributions in blue. 

Figure 1.3.4. The MO of PtMgH3
- showing the Pt(η2-H2) bond (a) and the similar MO of CuCl(H2) 

showing the Cu(η2-H2) bond (b). (b) is extracted from ref. 20. 

Figure 1.3.5. Chemical bonding in PtMgH5
−. Valence MOs, with the ones outlined in red 

corresponding to the σ-aromatic MOs (a). Correlation diagram for the valence MOs (b). 
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Figure 1.3.1 
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Figure 1.3.2 
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Figure 1.3.3 
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Figure 1.3.4 
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Figure 1.3.5 
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1.4 Photoelectron Spectroscopic Study of Other Transition Metal 

Hydride Cluster Anions 

Xinxing Zhang and Kit Bowen 

Introduction 

 In this section, experimental results of some transition metal hydride cluster anions which 

have not been interpreted will be presented. TM hydrides cluster anion is a gold mine (platinum 

mine, palladium mine…) worth exploiting. With our unique pulsed arc cluster ion source, these 

experiments can be easily done. After my opening this set of experiments, I hope that more 

experiments can be done in the future. 

 

 

Figure Captions 

Figure 1.4.1. Mass spectrum and photoelectron spectra of PtHn
- (n = 0-3, 5). Please note that there 

is photon-induced dissociation involved in the PES. Therefore, each PES peak is marked by the 

number of H atoms in order to clarify its origin. PtH5
- is similar to PtZnH5

- in which H5
- shows 

sigma aromaticity. PtH5
- has a planar pentagon structure. PtH3

- is similar to PdH3
- which has η2-

H2 type of bond. 

Figure 1.4.2. Mass spectrum and photoelectron spectra of PdAlH5
-. 

Figure 1.4.3. Mass spectrum and photoelectron spectra of PdBH5
-. 

Figure 1.4.4. PES of PtMg1-3H5
-. The calculated structure is embedded. 
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Figure 1.4.1 
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Figure 1.4.2 
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Figure 1.4.3 
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Figure 1.4.4 
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CHAPTER 2. Reactions between Cluster Anion Beam and Neutral 

Molecules: The Utilization of a Reaction Cell 

 

By inserting a reaction cell between the ion sources and the Wiley-McLaren region of the 

TOF mass spectrometer, various reactions between different cluster anions and neutral molecules 

were studied. 

In section 2.1, the reaction between oxygen and aluminum hydride cluster anions, and the 

reaction between oxygen and boron aluminum hydride cluster anions are reported. Unlike boranes 

which cannot be burnt thoroughly due to the formation of stable HOBO-type products, aluminum 

hydride and boron aluminum hydride cluster anions showed very good properties in the oxidation 

reactions with O2. The results are pointing towards the direction that these cluster anions can be 

developed as excellent energetic materials. 

In section 2.2, the reaction between aluminum hydride cluster anions and a commonly used 

ligand Cp*H is reported. From this reaction, several low oxidation state Al containing clusters 

were observed for the first time. 

In section 2.3, reactions between aluminum hydride cluster anions and several other ligands 

are presented. However, there is no detailed interpretation in this section yet. 
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2.1 Oxidative Reactions of Aluminum Hydride Cluster Anions and 

Boron Aluminum Hydride Cluster Anions 
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Abstract 

The reactions between aluminum hydride cluster anions and oxygen, boron aluminum 

hydride cluster anions and oxygen are reported in this paper. Both the anionic reactants and anionic 

products were identified by time-of-flight mass spectrometer. Some of the products were also 

calculated by density functional theory. Unlike the boranes which cannot be burnt completely due 

to the “HOBO problem”, most of the products in this study were fully oxidized clusters. Only two 

major HOBO-type products, H2AlO4
- and HAl2O4

- were observed, but their intensities were very 

low. Therefore, both aluminum hydrides and boron aluminum hydrides have potential applications 

to be excellent energetic materials. 



72 
 

Introduction 

One potential application for the large variety of boranes 1-3 is utilizing them as energetic 

materials 4-13 such as rocket propellants and explosives. However, the highly exothermic reaction, 

for example, B2H6 + 3O2 → B2O3 (s) + 3H2O (g); ∆H0
298= -482.9 kcal 14 cannot be achieved due 

to the stable hydrogen-containing compounds formed during the combustion.  Therefore, the actual 

energy released in the reaction is much lower than the full oxidation process. For instance, J. F. 

Ditter et al. reported that the oxidation of pentaborane produced stable H, B, O containing 

products,4 among which H2B2O3 showed the highest intensity. As the second intense product, 

HBO2 (or HOBO)’s intensity was 54.8% of that of H2B2O3, and the intensity of B2O3 was only 

11.1%. W. Bauer et al. also observed that the oxidation products of pentaborane were HBO, HOBO, 

and H2B2O3.
5 H. C. Baden and coworkers’ research reported that the slow oxidation of pentaborane 

formed diborane, hydrogen, and a white solid which could be HOBO or B2O3.
 6 A. T. Whatley et 

al. claimed that in the oxidation of diborane, “a pyrolysis product is normally involved.” 7 W. Roth 

et al.’s research on the oxidation of diborane also showed that HOBO was the main product. 8 The 

oxidation mechanism was proposed as a chain reaction, 9 and the step that forms HOBO was the 

chain breaking step, which suggested that HOBO stops the reaction. In sum, boranes never reached 

a major impact as energetic materials due to this “HOBO problem”. 

As boron’s sister element, aluminum, both its micron-sized particles and nanoparticles 

have been used as energetic materials because of the high combustion enthalpy. 15-19 More 

interestingly, aluminum hydrides (“alane”), with the formula of AlH3, seem to work even better 

than aluminum. The specific impulse of an AP/HTPB rocket propellant filled with alane was 

calculated to be 100 N s kg-1 higher compared to the same concentration of aluminum. 20 

Furthermore, the flame temperature of alane-containing propellants was 15% lower than that of 
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aluminum-containing propellants, resulting in a lower need for thermal protection of the rocket. 

21The mechanism of alane combustion was proposed as follows: AlH3 → Al + 3/2 H2 

(dehydrogenation), Al + 3/4O2 → 1/2Al2O3 (oxidation).22 The hydrogen release temperature was 

650K and the starting ignition temperature was 933K, even lower than the aluminum melting point. 

21 More importantly, the combustion of alanes does not have the “HOBO problem”. However, 

because of the difficulty of obtaining high grade sample, alane does not have significant 

application yet. Alane has been the only aluminum hydride that is ever studied in the field of 

combustion. The studies of other aluminum hydrides’ oxidation behavior are scarce. Al4H6 cluster 

was proven to have unexpected stability, and the heat of combustion of resulting in Al2O3 and 

water was calculated to be 438 kcal/mol, ~2.6 times greater than that of methane.23 P. J. Roach et 

al. studied the oxidation behavior of Al4Hx
- cluster anions and observed that the clusters with an 

even number of hydrogen atoms had higher reactivity,24  but no products were shown in that work. 

Since 2007, our group has discovered hundreds of aluminum hydride cluster anions (AlxHy
-) 

generated by the pulsed arc cluster ionization source (PACIS).23, 25-30 Therefore, it would be very 

interesting to investigate that whether or not these aluminum hydrides can be fully oxidized to 

aluminum oxides and bypass the borane counterparts’ HOBO problem. Other than aluminum 

hydride cluster anions, we also produced around 80 new boron aluminum hydride cluster anions, 

31 therefore, another interesting question is that can boron aluminum hydrides also bypass the 

HOBO problem due to the presence of aluminum? 

In the present paper, we report the reactions between aluminum hydride cluster anions 

(AlxHy
-) and pure oxygen, boron aluminum hydride cluster anions (BxAlyHz

-) and pure oxygen 

using a reaction cell attached to our PACIS source. In both cases, we observed various oxidation 
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products AlxOy
- in the mass spectrum. Unlike the HOBO problem, almost all the clusters can be 

fully oxidized. Only very few hydrogen containing products were observed. 

 

Methods 

Experimental 

Aluminum hydride and boron aluminum hydride cluster anions were generated by a pulsed 

arc cluster ionization source (PACIS), which has been described in detail elsewhere.32 In brief, a 

~30 μs long 150 V electrical pulse applied across anode and sample cathode of the discharging 

chamber vaporizes the sample atoms and forms plasma.  In this case, the sample cathode is a 0.5” 

diameter pure Al rod or a boron and aluminum powder mixture firmly pressed onto an Al rod. 

About 200 psi of ultrahigh purity hydrogen gas was then injected into the arc region by the first 

pulsed valve, broken into H atoms and then flushed the plasma mix down in a 3 cm flow tube, 

where it reacted, formed clusters and cooled.  

Anions generated by this method then passed through a 2 mm-wide gap and entered the 

reaction cell. The reaction cell is a 10 cm long, 1 cm diameter tube. On both ends of the cell, there 

is a small aperture that is 2 mm in diameter. The small apertures were used to contain a relatively 

high concentration of oxygen and to prevent the back flow of oxygen. 50 Psi of pure oxygen was 

injected by a second pulsed valve from the side of the reaction cell. The amount of oxygen injected 

was controlled by changing the firing period of the pulsed valve in each pulse. The resultant 

reactants AlxHy
-, BxAlyHz

- and the reaction products were further identified by time-of-flight mass 

spectrometer. 

Theoretical 



75 
 

Density functional theory calculations were conducted by applying Becke’s three-

parameter hybrid functional (B3LYP)21-23 using the Gaussian09 software package24 to determine 

the geometries of anionic H2AlO4
- and HAl2O4

-. All geometries were fully optimized using the 6-

311++G (3df, 3pd) basis set. The vertical detachment energy is the energy difference between the 

ground state of the anion and the neutral with the same structure as the anion. 

 

Results 

The resultant mass spectra of aluminum hydride cluster anions and their oxidation products 

are shown in Figure 2.1.1(a) and 2.1.1(b), respectively. Figure 2.1.1(a) presents the typical mass 

spectrum of AlxHy
- where x = 2 - 7, y ranges from 0 to different numbers. This spectrum was 

repeated many times, and we are very confident that there is no contamination especially no 

aluminum oxides. Figure 2.1.1(b) shows the mass spectrum after adding a small amount of oxygen 

into the reaction cell. A lot of products showed up, such as AlO-, AlO2
-, H0-2AlO3

-, H0,1Al2O2
-, 

H2AlO4
-, H0, 1Al2O3

-, H0, 1Al2O4
-, Al3O3

-, Al2O5
-, Al3O5

-, in which Al3O3
- is the most intense. We 

set the intensity of Al3O3
- as 100%, and the relative intensities of all the rest products are tabulated 

in Table 2.1.1. This spectrum has been repeated many times, and the relative intensities of these 

products are consistent in these repeated experiments. The other unmarked peaks are the unreacted 

aluminum hydride cluster anions, all of which have very low intensity. In Table 2.1.1, the most 

abundant HOBO-type products are H2AlO4
- and HAl2O4

-, which are only 19.0% and 12.3% of the 

major product, respectively. 

Similarly, Figure 2.1.2(a) and 2.1.2(b) present the mass spectra of boron aluminum hydride 

cluster anions and their oxidation products. Figure 2.1.2(a) shows the coexistence of AlxHy
- and 

B2,3AlyHz
-. The details of these boron aluminum cluster anions are described in Ref. 31. B2,3AlyHz

- 
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are the dominant peaks in Figure 2.1.2(a). Because of the aluminum hydride cluster anions in the 

ion beam, despite very low intensity, one would expect similar products as appeared in Figure 

2.1.1. Figure 2.1.2(b) presents the products including cluster anions such as BO2
-, AlO-, AlO2

-, 

H2AlO4
-, Al2O3

-, H0,1Al2O4
-, Al3O3

-, Al2O5
-, Al3O4

-, Al3O5
-. Again, Al3O3

- has the highest intensity, 

and the relative intensities of all of these products are shown in Table 2.1.2. All the other unmarked 

peaks are the unreacted clusters. The most abundant HOBO-type products are also H2AlO4
- and 

HAl2O4
-, which are only 10.2% and 14.4% of the major product, respectively. 

One complication is that the molar mass of 11BO is the same as Al. In order to search for 

the existence of B, we carefully examined the presence of 10B in Figure 2.1.2(b). For example, the 

peak at mass = 43 could be AlO- and 11BO2
-, but the peak at mass = 42 (10BO2

-) confirmed the 

coexistence of BO2
- and AlO-. The natural abundance of 10B is 24.7% of that of 11B. Details are 

shown in the imbedded spectrum in Figure 2.1.2(b). Another example, the mass of AlO2
- is the 

same as 11BO3
-, but 10BO3

- is not observed, so we assign the peak at mass = 59 to be pure AlO2
-. 

However, some other peaks are surrounded by unreacted clusters, such as those located at mass = 

93, 102, 118, 119, so we are not certain that there is no B in these clusters. We tentatively assign 

them to only contain Al but not B, but please note that there might be B element hidden in these 

peaks. The bottom line is that we did not observe any H, B, O containing clusters. 

The calculated structures of the two HOBO-type cluster anions are presented in Figure 

2.1.3. All the bond lengths are marked in Å. H2AlO4
- has a tetrahedral structure, where two 

hydroxyl groups and a peroxide moiety are attached to the center Al atom. Its vertical detachment 

energy is calculated to be 3.73 eV. HAl2O4
- is planar, two Al atoms are connected by two bridge 

O atoms, and the other two O atoms form radial bonds with the two Al atoms respectively. Its 

vertical detachment energy is calculated to be 3.78 eV. 
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Discussion 

The major products from both reactions are aluminum oxide cluster anions, by producing 

which we believe that a lot of heat is released during the reaction. The electronic and geometric 

structures of these aluminum oxide cluster anions were reported in references 37 and 38. In BO2
-, 

AlO2
-, AlO3

-, Al2O3
-, Al2O4

-, Al2O5
-, and Al3O5

-, both Al and B reach their highest oxidation states, 

+3, The most abundant product, Al3O3
-, can be viewed as (Al3)

5+ (O2-)3
-,33 in which Al is not 

oxidized to +3. However, it is a very stable product due to its very stable six member ring structure. 

Next we discuss the two hydrogen containing products H2AlO4
- and HAl2O4

-. In both of 

the clusters, the Al atom reaches the +3 oxidation state. Their vertical detachment energies are 

both very high, indicating the special stability. Even though these two products can be viewed as 

the HOBO counterparts, their intensities are much lower than those HOBO species in the borane 

combustion reactions. Therefore, we conclude that the oxidation reactions of aluminum hydride 

and boron aluminum hydride cluster anions give much better results than the boranes. 

For the reactions of boron aluminum hydride cluster anions, an obvious question is that 

where does the B element go after the reaction? One answer is that the B atoms are in the form of 

neutral products, however, detecting neutral products is beyond the scope of the current study. 

Another possibility is that due to the mass coincidence described above (11BO has the same mass 

as Al), it might be hidden under those peaks marked by Al. Nevertheless, our goal is that by doping 

aluminum to boron hydrides, we can bypass the “HOBO problem” that boranes encountered. 

Apparently we are not observing any HOBO related clusters in this reaction. 

 

Conclusion 
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 Boranes cannot be fully oxidized in combustion because of an unanticipated kinetic trap 

that prevented boranes from undergoing complete combustion, robbing the oxidation reaction of 

its full energy release. The species that terminated the reaction mechanism were various hydrogen 

boron oxides, known collectively as HOBO. The conventional wisdom, based on their presumed 

reactivity relative to boranes, is that aluminum hydride clusters/molecules would burn completely 

without encountering an equivalent HOBO problem. Another route is doping Al to boranes to 

make boron aluminum hydride, and the presence of Al would also help these compounds burn 

completely. In this paper, we studied the oxidation reactions of aluminum hydride and boron 

aluminum hydride cluster anions, and found that most of the products are aluminum oxides. Two 

HOBO-type products H2AlO4
- and HAl2O4

- were observed, however, their intensities are very low 

comparing to other major products. Therefore, we conclude that both aluminum hydrides and 

boron aluminum hydrides could potentially be excellent energetic materials. 
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Table 2.1.1. The relative intensities of the major products from the reaction between aluminum 

cluster anions and oxygen. The intensity of Al3O3
- is set to be 100%. 

Species Mass (amu) Relative Intensity (100%) 

Al3O3
- 129 100.0 

AlO2
- 59 43.9 

H2AlO4
- 93 19.0 

Al2O5
- 134 17.9 

Al2O3
- 102 13.1 

HAl2O4
- 119 12.3 

Al3O5
- 161 9.2 

HAl2O2
- 87 6.4 

Al2O2
- 86 5.0 

HAl2O3
- 103 4.8 

H2AlO3
- 77 3.9 

Al2O4
- 118 3.6 

AlO3
- 75 2.2 

HAlO3
- 76 2.0 

AlO- 43 1.1 
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Table 2.1.2. The relative intensities of the major products from the reaction between boron 

aluminum cluster anions and oxygen. The intensity of Al3O3
- is set to be 100%. 

Species Mass (amu) Relative Intensity (100%) 

Al3O3
- 129 100.0 

Al2O5
- 134 58.2 

AlO2
- 59 56.4 

Al3O5
- 161 28.4 

Al2O3
- 102 26.1 

HAl2O4
- 119 14.4 

Al2O4
- 118 13.7 

Al3O4
- 145 13.3 

H2AlO4
- 93 10.2 

AlO- 43 3.2 

BO2
- 42 and 43 2.9 
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Figure Captions 

Figure 2.1.1. Typical mass spectrum of AlxHy
- (a) and their oxidation products (b). 

Figure 2.1.2. Typical mass spectrum of BxAlyHz
- (a) and their oxidation products (b). The 

embedded spectrum in Figure 2(b) shows the coexistence of BO2
- and AlO-. 

Figure 2.1.3. Calculated structures of H2AlO4
- and HAl2O4

-. All the bond lengths are marked in Å. 
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Figure 2.1.1 
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Figure 2.1.2 
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Figure 2.1.3 
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Abstract 

Three new low oxidation state Al containing cluster anions, Cp*Al1-3H
-, have been 

produced via the reaction between aluminum hydride cluster anions and Cp*H and characterized 

by mass spectrometry and photoelectron spectroscopy. The structures, electron affinities (EAs) 

and vertical detachment energies (VDEs) were obtained by density functional theory (DFT) based 

calculations and compared with experimental values. Good agreement was found. The reactions 

open up a new path of synthesizing ligand-protected, low oxidation state Al clusters, which may 

further be utilized as novel energetic materials. 
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Introduction 

In recent years aluminum chemistry has experienced a renaissance as a result of an 

increased interest in the reactivity of its low oxidation state.1, 2 Since Schnöckel first synthesized a 

metastable AlCl solution and its solid more than 30 years ago, 3,4 AlCl has become the basis from 

which a variety of aluminum containing compounds have been synthesized.1-2, 5-13 Among these 

there is a fascinating cluster (Cp*Al)4 (Cp* = pentamethylcyclopentadienyl) which was obtained 

from the reaction of an AlCl solution and Cp*2Mg. 11-13 (Cp*Al)4 has a unique chemistry resulting 

from its +1 oxidation state.14-23 It dissociates into monomeric Cp*Al in both solution and gas 

phase.14 This monomer has a lone pair of electrons on the Al side so it can be used as a ligand in 

transition metal complexes. 16-20 (Cp*Al)4 can also react with main group element compounds to 

form clusters with different structures, such as rings and cages.21-23  

Historically (Cp*Al)4 has been the most studied but not the only cluster that  contains Al-

Cp*. An Al-rich metalloid cluster Al50Cp*12 was prepared using AlBr as precursor. 24 Its energy 

content was calculated by Hooper and his coworkers to estimate its potential as an energetic 

material.25 When (Cp*Al)4 was used in a series of MALDI experiments another Al-rich cluster 

Al8Cp*4 was observed. 26 Additionally, [Cp*AlH2]3 and Cp*2AlH were prepared and used to react 

with Cp*H to form Cp*Al. 27  

In the present work, we extend the Al-Cp* study into the gas phase. We report the 

formation and the anion photoelectron spectroscopy of three new cluster anions: Cp*Al1-3H
- 

resulting from a reaction cell experiment using aluminum hydride cluster anions AlxHy
- and Cp*H. 

Density functional theory (DFT) based calculations were carried out on neutral and negatively 

charged Cp*AlH and  Cp*Al2H  systems to identify their lowest energy structures. The calculated 
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vertical detachment energies (VDE) and adiabatic detachment energies (ADE) were compared to 

the corresponding measured values. 

 

 Methods 

Experimental 

Aluminum hydrides were generated by a pulsed arc cluster ionization source (PACIS), 

which has been described in detail elsewhere.28 In brief, a ~30 μs long 150 V electrical pulse was 

applied between the anode and the sample cathode of the discharging chamber vaporizing the 

aluminum atoms and forming plasma.  In this case, the sample cathode was a 0.5” diameter pure 

aluminum rod. About 200 psi of ultrahigh purity hydrogen gas was then injected into the arc region 

by the first pulsed valve. The flowing hydrogen, dissociated in the plasma, flushed the aluminum, 

H plasma mix into a 3 cm flow tube, where it reacted, formed clusters and cooled.  

Anions generated by this method then passed through a 5 mm-wide gap and entered the 

reaction cell. The reaction cell was a 10 cm long, 1 cm diameter tube. On both ends of the cell, 

there was a small aperture 2 mm in diameter. These apertures were used to contain a higher 

concentration of the reactant and to prevent the back flow of the Cp*H. 50 Psi of ultra high purity 

Cp*H seeded He was injected through an aperture in the side of the reaction cell using a second 

pulsed valve. The side aperture was mounted on the downstream end of the cell in order to reduce 

the probability of black flow. The amount of Cp*H injected  into the cell was controlled by varying 

the valve’s pulse duration from 50 μs to 250 μs The resulting AlxHy
- and the reaction products 

were further identified by time-of-flight mass spectrometry followed by photoelectron 

spectrometry. 
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Anion photoelectron spectroscopy is conducted by crossing a mass-selected, negative ion 

beam with a fixed-energy photon beam and analyzing the energies of the resultant photo-detached 

electrons. This technique is governed by the well-known energy-conserving relationship, 

hν=EBE+EKE, where hν, EBE, and EKE are the photon energy, electron binding energy 

(transition energy), and the electron kinetic energy, respectively.  

Our photoelectron instruments, which have been described elsewhere, 29 consist of an ion 

source, a linear time-of- flight mass spectrometer, a mass gate, a momentum decelerator, a 

neodymium-doped yttrium aluminum garnet (Nd:YAG) laser operated in the third harmonic (355 

nm) for photodetachment, and a magnetic bottle electron energy analyzer with a resolution of 35 

meV at EKE=1 eV. The photoelectron spectra were calibrated against the well-known 

photoelectron spectrum of Cu−. 30 

Theoretical 

The lowest energy structures of neutral and negatively charged Cp*Al1-3H systems were 

obtained by density functional theory (DFT) based electronic structure calculations. The gradient 

corrected Becke’s exchange31 functional combined with Perdew-Wang correlation32 functional 

(BPW91), along with 6-311+G** basis set was used for all the calculations. All of the calculations 

were carried out using the Gaussian 09 software package33. Several structural configurations of 

neutral and anionic Cp*Al1-3H were optimized without any symmetry constraints. In the geometry 

optimization procedure, the convergence criterion for energy was set to 10−9 Hartree, while the 

gradient was converged to 10−4 hartree/Å. The reliability and accuracy of the functional form used 

in this study in predicting the lowest energy structures of metal organic systems has been 

established in our earlier studies on metal-organic complexes 34-38.  
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The vertical detachment energies (VDE) and the higher energy transitions obtained from 

the theoretical calculations were compared with the corresponding measured values. The vertical 

detachment energy (VDE) is the energy between the ground state anion and its corresponding 

neutral at the geometry of the anion. The calculated adiabatic detachment energy (ADE) of the 

lowest energy isomers of anion were also compared to the onset (threshold) region of the lowest 

electron binding energy of the PES spectrum. The ADE is calculated as the energy difference 

between the lowest energy geometry of the anionic cluster and the structurally similar/identical 

isomer (nearest local minimum) of its neutral counterpart. 

Results and Discussion 

 Figure 2.2.1 (a) and (b) present the anion mass spectra before and after a reaction. In Figure 

2.2.1 (a), several homologous aluminum hydride cluster series are observed, i.e., those based on 

2-8 aluminum atoms per cluster. After pulsing the second valve to inject Cp*H seeded He into the 

reaction cell we observed the spectrum presented in Figure 2.2.1 (b); here a small amount of 

unreacted aluminum hydride clusters can still be seen together with three high intensity product 

peaks. After careful mass coincidence examination, we determined the three peaks to be Cp*Al1-

3H
−. Unit mass resolution was attained for all the species we studied. 

In Figure 2.2.2 (a), (b), and (c), we present the photoelectron spectra (PES) of Cp*Al1-3H
− 

respectively taken with a 3.49 eV laser. The EBE value corresponding to the intensity maximum 

in the observed band is its vertical detachment energy, VDE, the transition energy at which the 

Franck Condon overlap between the wave functions of the anion and its neutral counterpart is 

maximal. The electron affinity, EA, is the energy difference between the lowest energy state of the 

anion and the lowest energy state of its neutral counterpart. When significant Franck-Condon 

overlap exists between v = 0 of the anion and v’ = 0 of its corresponding neutral (the origin 
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transition) and when no vibrational hot bands (photoelectrons from vibrationally excited anions) 

are present, the EA value corresponds to the EBE of the intensity threshold. Therefore, we assign 

the EA values by extrapolating the low EBE side of each band to zero. All the experimental and 

theoretical VDE and ADE/EA values are tabulated in Table 2.2.1. 

The spectrum of Cp*AlH− (Figure 2.2.2 (a)) begins with a broad band between 1.0 and 2.0 

eV of EBE, followed by several smaller peaks at higher EBE values. The EA value of Cp*AlH is 

estimated to be 1.0 ± 0.1 eV, while the VDE of Cp*AlH−, the EBE of the intensity maximum in 

the lowest EBE band, is 1.6 ± 0.1 eV. The calculated ground state structure of Cp*AlH− is shown 

in Figure 2.2.3 (a). The Al atom binds to two carbon atoms (η2 coordination) of the Cp* ring with 

an average Al-C bond length of 2.41 Å, while the hydrogen atom bound radially with the Al atom. 

The calculated VDE of this anionic structure is 1.60 eV, which is in agreement with the measured 

value of 1.6  0.1 eV. In the case of the neutral Cp*AlH, the Al atom prefers to bind with a 5 

coordination with the carbon atoms of Cp* ring (see Figure 2.2.3(b)), with an average Al – C bond 

length of 2.33 Å. The η2 coordinated structure, the ground state of anion, was not found to be a 

minimum on for the neutral system. The calculated EA value of Cp*AlH is 0.85 eV, which is in 

agreement with the measured value. The large difference between EA and VDE values of this 

system can be attribute to the differences in the Al atom coordination with the Cp* ring.  

The PES of Cp*Al2H (Figure 2.2.2(b)) has a broad feature between EBE = 0.8 and 1.3 eV, 

followed by a higher EBE broader band between 1.7 and 3.0 eV. The VDE of the Cp*Al2H is 1.2 

 0.1 eV. Our theoretical calculations show that there are three stable and energetically almost 

degenerate structures (Emax= 0.30 eV) for Cp*Al2H system (see Fig 2.2.3(c), (d), and (e)), with 

a spin multiplicity of doublet (2S+1 =2). The common structural feature among these three isomers 

is that the aluminum atoms dimerize, with only one of the metal atoms of the dimer interacting 
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directly with the Cp* ring. In the lowest energy isomer (Figure 2.2.3(a)), the proximal Al atom has 

4 coordination with the Cp* ring, while the next higher energy (E = 0.09 eV) isomer has 5 

coordination (Figure 2.2.3(d)), while the third isomer has 2 coordination (Figure 2.2.3(e)). 

Another notable structural difference between these isomers is the interaction of hydrogen atom 

with the Al2 dimer. In the lowest energy isomer (Figure 2.2.3(c)), the hydrogen atom is bound to 

the terminal aluminum atom with a weak interaction with the proximal aluminum atom as well, 

while in the second isomer (Figure 2.2.3(d)), the hydrogen atom is bound strongly to the terminal 

aluminum atom, whereas in the last isomer (Figure 2.2.3(e)), the hydrogen atom is bound to the 

proximal aluminum atom only. Since, the energy differences between these three isomers are close, 

we have calculated the vertical detachment energies for all three isomers. The calculated VDE 

values of the first isomer (Figure 2.2.3(c)), second isomer (Figure 2.2.3(d)), and the third isomers 

(Figure 2.2.3(e)) of Cp*Al2H are 1.04 eV, 0.85 eV, and 1.20 eV, respectively. Note that all these 

electron detachment energies correspond to transition from anionic doublet to neutral singlet state. 

The first low energy band in the photoelectron spectrum of Cp*Al2H (ranging from 0.8 eV to 1.3 

eV) seems to be a result of an overlap of three peaks centered at 0.85, 1.04, and 1.20 eV. Thus, the 

first broad peak in the photoelectron spectrum of Cp*Al2H is due to the electron detachment from 

all three isomers (Figure 2.2.3(c) – (e)). In addition, the calculated electron detachment energies 

corresponding to transition from anionic doublet to neutral triplet state for the first isomer (2.54 

eV), second isomer (1.78 eV), and the third isomer (1.95 eV) together are contributing towards the 

higher energy peak/band in the photoelectron spectrum (Figure 2.2.2) between 1.9 and 3.0 eV. 

Since all three isomers are contributing towards various features/bands of the photoelectron 

spectrum, it appears that all three isomers (Figure 2.2.3(c), (d), and (e)) are present in the anion 

cluster beam of Cp*Al2H system.  
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In the case of neutral Cp*Al2H, our calculations revealed two distinct structures, which are 

shown in Figure 2.2.3(f) and 3(g). The lowest energy structure of neutral Cp*Al2H (Figure 2.2.3(f)) 

consists of the aluminum dimer, with only one of the aluminum atoms directly interacting with the 

Cp* ring in 5 coordination, while the hydrogen atom is bound to the terminal aluminum atom. 

This isomer is similar to that of the second lowest energy isomer (Figure 2.2.3(d)) of the anion. 

On the other hand, in the higher energy isomer (E = 0.25 eV), both aluminum atoms of the Al-

dimer are interacting with the Cp* ring (Figure 2.2.3(g)), with the hydrogen atom bound to one of 

the aluminum atoms. Interestingly, the lowest energy isomer of the anion (Figure 2.2.3(c)) is not 

a minimum on the potential energy surface of the neutral system. The calculated EA of Cp*Al2H 

is 0.73 eV, which is in good agreement with the measured value of 0.8  0.1 eV. 

 The PES of Cp*Al3H begins with a small peak around 1.4 eV and followed by two major 

EBE bands, the first between 1.7 eV and 2.4 eV, with the next higher EBE band between 2.6 eV 

and 3.5 eV. (Figure 2.2.2(c)). The two lowest energy isomers of Cp*Al3H obtained from our 

calculations are shown in Figure 2.2.4(a) and 2.2.4(b). In both these isoenergetic structural isomers, 

aluminum atoms form an Al3 triangular moiety with only one of the aluminum atoms interacting 

with the Cp* ring (5 coordination). Similar to the Cp*Al2H case, here the two isomers differ only 

in the way the hydrogen atom is bound to the Al3 moiety. In the case of the lowest energy isomer 

(Figure 2.2.4(a)), the hydrogen atom is bound terminally to one of the aluminum atoms, while in 

the second isomer (Figure 2.2.4(b)), the hydrogen atom is bridging between two aluminum atoms. 

The calculated VDE values of the first isomer is 1.40 eV, while the VDE of second isomer is 1.20 

eV. These values are in good agreement with the measured value of 1.4  0.1 eV. In addition, the 

calculated higher transition energies of 2.40 eV and 3.22 eV for the first isomer; 2.71 and 3.72 eV 

for the second isomer seem to be contributing towards the higher EBE bands of the photoelectron 
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spectrum. Thus, we cannot rule out the possibility of the presence of both these isomers in the 

anion cluster beam.  Interestingly, the lowest energy isomer of the neutral Cp*Al3H system (Figure 

2.2.4(c)] is similar to the second (slightly higher energy) isomer of its anionic counterpart, while 

the isomer similar to that of the lowest energy structure of the anion is 0.20 eV higher in energy 

(Figure 2.2.4(d)). Since the lowest energy structures of anion and neutral systems are not identical, 

the threshold of the lowest EBE in the spectrum corresponds to adiabatic detachment energy (ADE) 

of the anion, but not the EA of the neutral system. The calculated adiabatic detachment energies 

(ADE) of Cp*Al3H  are 1.20 eV for the lowest energy isomer (Figure 2.2.4(a)) and 1.0 eV for the 

second (slightly higher energy) isomer (Figure 2.2.4(b)). These ADE values are in decent 

agreement with the measured ADE value of 1.1  0.1 eV. 
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Table 2.2.1. Experimental EA and VDE, theoretical ADE and VDE values. Results from 

different calculated isomers are separated by a slash. All the numbers are in eV, and the 

experimental values are uncertain by ±0.1 eV. 

Species 

ADE/EA  VDE 

Theo. Expt.  Theo. Expt. 

Cp*AlH/Cp*AlH- 0.85 1.0  1.60 1.6 

Cp*Al2H/Cp*Al2H
- 0.73 0.8  1.04/0.85/1.20 1.2 

Cp*Al3H/Cp*Al3H
- 1.20/1.00 1.1  1.40/1.20 1.4 
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Figure Captions 

Figure 2.2.1. The mass spectra of aluminum hydride cluster anions before reaction (a) and 

Cp*Al1-3H
- cluster anions after reaction (b). 

Figure 2.2.2. Photoelectron spectra of Cp*Al1-3H
- taken with 3.49 eV laser. 

Figure 2.2.3. Calculated structures of Cp*Al1,2H
-/0. 

Figure 2.2.4. Calculated structures of Cp*Al3H
-/0. 
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Figure 2.2.1 
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Figure 2.2.2 

 



103 
 

 

Figure 2.2.3 

 



104 
 

 

Figure 2.2.4 
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2.3 The Reactions between Aluminum Hydride Cluster Anions and 

Several Other Ligands 

Xinxing Zhang and Kit Bowen 

Introduction 

 In this section, experimental results of reactions between aluminum hydride cluster anions 

and several other ligands are presented. These ligands, having an acidic H atom in common, 

include bis(trimethylsilyl)amine (HMDS), triisopropylsilane ((i-pr)3SiH),  and 

tris(trimethylsilyl)silane (TTMSS). The deprotonated ligand is denoted as “L”. For HMDS, the 

final products include LAlH-, LAl2H2
- and LAl2,3,4

-. The average OS of aluminum in these five 

products are +1, +1, 0, 0, 0. For (i-pr)3SiH, the products are LAl1,2,3,4
-, and the average OS of 

aluminum in these 4 products are all 0. For TTMSS, the products are LAl1,2,3H2
-, and the average 

OS of aluminum in these 4 clusters are +2, +1 and +2/3. 

For Al, any oxidation states other than +3 are considered to be “low oxidation state” and 

energetic. This gas phase reaction is a novel way of enriching the low oxidation state aluminum 

cluster family. 
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Figure Captions 

Figure 2.3.1. The mass spectrum and photoelectron spectra of the products from the reaction 

between aluminum hydride cluster anions and HMDS. 

Figure 2.3.2. The mass spectrum and photoelectron spectra of the products from the reaction 

between aluminum hydride cluster anions and (i-pr)3SiH. 

Figure 2.3.3. The mass spectrum and photoelectron spectra of the products from the reaction 

between aluminum hydride cluster anions and TTMSS. 
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Figure 2.3.1 
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Figure 2.3.2 
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Figure 2.3.3 
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CHAPTER 3. Sustainability: CO2 Activation and Fixation 

 

Due to environmental considerations, recycling CO2 has been a hot topic for years. 

However, the high stability of CO2 molecule makes its reduction very difficult and energetically 

expensive. Therefore, pre-activation before fixation becomes the key. After activation, fixating 

CO2 into other carbon form becomes easier. 

In this chapter, the activation of CO2 by coinage metal anions is presented in section 3.1. 

In section 3.2, fixation of CO2 into formate by platinum hydride cluster anions into is presented, 

where the mechanism of CO2 inserting into Pt-H bond is discussed in detail. 
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Abstract 

In a combined photoelectron spectroscopic and computational study of (M-CO2)
-, M= Au, 

Ag, Cu, anionic complexes, we show that (Au-CO2)
- forms both the chemisorbed and physisorbed 

isomers, AuCO2
- and Au-(CO2), respectively; that (Ag-CO2)

- forms only the physisorbed isomer, 

Ag-(CO2); and that (Cu-CO2)
- forms only the chemisorbed isomer, CuCO2

-. The two chemisorbed 

complexes, AuCO2
- and CuCO2

- are covalently-bound, formate-like anions, in which their CO2 

moieties are significantly reduced. These two species are examples of electron-induced CO2 

activation. The two physisorbed complexes, Au-(CO2) and Ag-(CO2) are electrostatically and thus 

weakly bound. 
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Introduction 

Interest in carbon dioxide fixation derives both from environmental concerns and the 

prospect of converting CO2 into fuels. Since the carbon in CO2 is already in its highest oxidation 

state, any attempt to activate CO2 must involve its reduction, and that implies adding negative 

charge to it. This, however, is challenging, because CO2
 must deform in order to accept an electron 

and the resulting bent CO2
- anion is metastable, i.e., the electron affinity of CO2 is -0.6 eV.1-3 While 

some studies have dealt with free CO2
- anions, most have focused on gas-phase, anionic complexes 

made up of CO2 and various atoms and molecules.4-33 Of particular interest are studies that found 

significant covalent character in the intermolecular bond between CO2 and pyridine within the gas-

phase (pyridine-CO2)
- anionic complex.6,7 The CO2 moiety in that case exhibited a negative charge 

of -0.5. Other (N-heterocyclic molecule-CO2)
- anionic complexes were also found to be 

analogously bonded.8,9 In all these cases, the carbon dioxide moiety was found to be partially bent 

and to possess significant negative charge, i.e., to be partially reduced. At the macroscopic level, 

analogous reduction processes involving CO2 and pyridine have been explored 

electrochemically.34,35 

More recently, Weber and co-workers have reported gas-phase, infrared photodissociation 

studies of transition metal-CO2 anionic complexes, [M(CO2)n]
-, where M = Cu, Ag, Au, Co, and 

Ni. Both electrostatically-bound, atomic metal anion-CO2 complexes (physisorption) and 

covalently-bound anionic complexes (chemisorption) were found, where in the latter cases the CO2 

moieties were partially bent and had accepted some significant portion of the negative charge.22-29 

The coinage metal-CO2 anionic complexes, (Au-CO2)
-, (Ag-CO2)

-, and (Cu-CO2)
-, are particularly 

interesting, since among those that are covalently-bound, they are formate anion analogs. In those 

cases, their s1 coinage metal atoms substitute for the formate anion’s hydrogen atom.  
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Here, we study the anionic complexes, (Au-CO2)
-, (Ag-CO2)

-, and (Cu-CO2)
-, using anion 

photoelectron spectroscopy and theoretical calculations. Among these, we found differences in 

their physisorption and chemisorption behaviors. While (Cu-CO2)
- exhibited only chemisorption, 

and (Ag-CO2)
- showed only physisorption, (Au-CO2)

- displayed both chemisorption and 

physisorption isomers. These studies provide an additional context in which to view these 

fascinating species. 

 

Methods 

Experimental 

Anion photoelectron spectroscopy is conducted by crossing a mass-selected, negative ion 

beam with a fixed-energy photon beam and analyzing the energies of the resultant photodetached 

electrons. This technique is governed by the well-known energy-conserving relationship, hν = EBE 

+ EKE, where hν, EBE, and EKE are the photon energy, electron binding energy (photodetachment 

transition energy), and the electron kinetic energy, respectively. Our photoelectron instrument, 

which has been described elsewhere,36 consists of an ion source, a linear time-of-flight mass 

spectrometer, a mass gate, a momentum decelerator, a neodymium-doped, yttrium aluminum 

garnet (Nd:YAG) laser, operated in either the third harmonic (355 nm) or the fourth harmonic (266 

nm) for photodetachment, and a magnetic bottle, electron energy analyzer with a resolution of 35 

meV at EKE=1 eV. The photoelectron spectra were calibrated against the well-known 

photoelectron spectrum of Cu−.37 The (M-CO2)
- (M = Au, Ag, Cu) anion complexes were 

generated in a laser vaporization ion source. It consisted of either a rotating, translating gold, silver 

or copper rod, which was being ablated with second harmonic (532 nm) photon pulses from a 
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Nd:YAG laser, while a 50%/50% He/CO2 gas mixture at 100 psi was being expanded from a 

pulsed valve over the rods. 

Theoretical 

The lowest energy structures of (M-CO2)
-1/0 systems were obtained by density functional 

theory (DFT)-based electronic structure calculations with the Becke’s three-parameter hybrid 

functional (B3LYP).38-40 The 6-311G+(3df) basis set41 was used for C and O, while the 

LANL2DZ42-44 and Stuttgart/Dresden (SDD)45,46 effective core potentials were used for Au, Ag 

and Cu. All of the calculations were carried out using the Gaussian 09 software package.47 

The vertical detachment energy (VDE) is the energy difference between the ground state 

anion and its corresponding neutral at the geometry of the anion, i.e., these are vertical 

photodetachment transitions. The adiabatic detachment energy (ADE) is the energy difference 

between the lowest energy, relaxed geometry of the anionic cluster and the relaxed geometry of a 

structurally similar isomer (nearest minimum) of its neutral counterpart. The adiabatic electron 

affinity (EA) is the energy difference between the lowest energy, relaxed geometry of the anionic 

cluster and the relaxed geometry of the lowest energy isomer (the global minimum) of its neutral 

counterpart. When the nearest local minimum and the global minimum are one and the same, ADE 

= EA. The EBE value of the photoelectron spectral onset (threshold), ET, can be compared with 

both the calculated ADE and EA values. 

The potential energy surfaces along the M-C coordinate were computed by scanning the 

M-C bond length with a step width of 0.1 Å, while relaxing the rest of the cluster. Several different 

levels of theory, e.g., B3LYP/SDD, CCSD/SDD, and B3LYP/def2-TZVPP were used and 

compared to one another. In the cases of the first two examples, the 6-311G+(3df) basis set41 was 

used for C and O, while the SDD effective core potential was used for the noble metal atoms. 
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However, in the case of B3LYP/def2-TZVPP, its basis set was applied to all the atoms.  Natural 

population analysis (NPA), as implemented in the Gaussian09 code, was also carried out to 

determine the charge distributions in these clusters. NPA has been found to be satisfactory in 

predicting charge distributions.48,49 

 

Results 

Experimental 

The photoelectron spectra of (M-CO2)
- (M = Au, Ag, Cu) are shown in Figure 3.1.1. For 

comparison, the spectra of Au-, Ag- and Cu- are also presented below each respective spectrum. 

Consider the photoelectron spectrum of (Au-CO2)
-. The lowest EBE peak is relatively narrow and 

is shifted to only slightly higher EBE compared to that of the lowest EBE peak in the photoelectron 

spectrum of Au-. This gold-carbon dioxide anion peak is due to the anion-molecule complex, Au-

(CO2), where the interaction between Au- and CO2 is weak. Au-(CO2) can be considered to be a 

solvated Au- anion or alternatively an example of physisorption in the gas phase. In anion-molecule 

complexes such as these, the core anion, i.e., Au- in this case, acts as the chromophore for 

photodetachment, and the resulting photoelectron spectrum looks like a slightly broadened version 

of the core anion’s photoelectron spectrum, just shifted to slightly higher EBE.  

The higher EBE feature in the photoelectron spectrum of (Au-CO2)
- is relatively broad, 

suggesting a significant structural difference between the anionic complex and its neutral 

counterpart. While this broad band overlaps with a sharp peak that is due to the solvation-induced 

shift of the higher EBE peak in the photoelectron spectrum of Au- to slightly higher EBE, both the 

width and the center of the broad band are slightly lower in EBE than that of the higher EBE Au- 

peak, showing that this band is not primarily due to the solvation of the higher EBE Au- peak. Also, 
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if this band had been due to the solvation of the lowest EBE peak in the Au- spectrum, it would 

have involved a solvation shift (stabilization energy) of an eV or more, this being an unrealistically 

strong physisorption interaction between the Au- atomic anion and a CO2 molecule. Thus, the 

higher EBE feature in the photoelectron spectrum of (Au-CO2)
- is due to a strong, chemical bond-

like interaction between the moieties; it is due to chemisorption. The photoelectron spectrum of 

(Au-CO2)
- provides evidence for the presence of two isomers, one physisorbed, Au-(CO2) and the 

other chemisorbed, AuCO2
-, both of which are labeled as such in Figure 3.1.1. 

Next, consider the photoelectron spectrum of (Ag-CO2)
-. Its single peak is shifted to only 

slightly higher EBE and is slightly broadened compared to the single narrow peak observed in the 

photoelectron spectrum of Ag-. The amount of shift is comparable to that seen for Au-(CO2), the 

lowest EBE peak in the spectrum of (Au-CO2)
-. Thus, this silver-carbon dioxide anion peak is due 

to the anion-molecule complex, Ag-(CO2). Since the interaction between Ag- and CO2 is weak, it 

can be viewed as a solvated anion and as another example of physisorption in the gas phase. Unlike 

the photoelectron spectrum of (Au-CO2)
-, the photoelectron spectrum of (Ag-CO2)

- shows no 

evidence of a chemically-bound (chemisorption) isomer. See Figure 3.1.1. 

Finally, consider the photoelectron spectrum of (Cu-CO2)
-. There is no similarity between 

the single broadened band in its photoelectron spectrum and the photoelectron spectrum of Cu-. 

This band in the photoelectron spectrum of (Cu-CO2)
- is due to the chemically-bound 

(chemisorption) isomer, CuCO2
-.  There is no evidence of a physisorbed/solvated anion Cu-(CO2) 

isomer in the photoelectron spectrum of (Cu-CO2)
-. See Figure 3.1.1. 

Energetic parameters can also be determined from the spectra in Figure 3.1.1. The 

threshold energy (EBE) for each peak/band in the photoelectron spectra of (M-CO2)
- (M = Au, Ag, 

Cu) is denoted as ET. If there is sufficient Franck-Condon overlap between the ground state of the 
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anion and the ground state of the neutral and if there is not significant hot band signal, then ET is 

an estimate of the value of ADE and perhaps of EA. However, if the structural difference is too 

great between the anion and the neutral, one will not be able to observe the origin transition, and 

the EBE of ET will be significantly greater than that of the true EA. The EBE of the intensity 

maximum for each peak is its VDE value. The ET and VDE values of all four of the above species 

are listed in Table 3.1.1 and are compared there to our computed values of EA and VDE. 

Theoretical 

  Four anionic species were observed experimentally in this work. The structures of both 

their anionic and their neutral forms were determined using the B3LYP/SDD computational 

method and are presented in Figure 3.1.2. There, the M-C bond length (Å), the C-O bond length 

(Å) and the O-C-O bond angle (in degrees) are shown for each case. For the physisorption species, 

Au-(CO2) and Ag-(CO2), their M-C bond lengths are both significantly longer than for typical 

chemical (single) bonds, indicating weak interactions between Au-/Ag- and CO2. Also, the C-O 

bond length is 1.16 Å, which is the same as in isolated CO2. The O-C-O moiety, however, is 

slightly bent, indicating that the metal atom does have some influence, albeit weak, on it.   

For the chemisorption species, AuCO2
- and CuCO2

-, the M-C bond length is 2.30 Å and 

2.04 Å, respectively, implying the formation of a single bond between M and C in both cases. A 

natural population analysis showed that in AuCO2
-, the CO2 moiety has a negative charge of -0.45 

e, whereas in CuCO2
-, its charge is -0.64 e. Therefore, the CO2 moiety has been significantly 

reduced in both these complexes.  The CO2 moiety in CuCO2
- has been activated more than it has 

been in AuCO2
-, this being consistent with their relative M-C bond lengths. It is also consistent 

with the difference in their C-O bond lengths, i.e., in CuCO2
-, the C-O bond (1.22 Å) is longer than 

that in AuCO2
- (1.20 Å), both being longer than the C-O bond length in isolated CO2 (1.16 Å).  
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This implies that the more negative charge is on the CO2 moiety, the more the C-O bond is 

weakened. The difference in negative charges is also consistent with the O-C-O bond angles. This 

angle is bent more in CuCO2
- (139.7º) than in AuCO2

- (145.0º), and in CuCO2
-, it is close to that 

of the isolated CO2
- anion (134º). The difference in the amount of negative charge on the CO2 

moiety in CuCO2
- versus in AuCO2

- is likely due to the electronegativity difference between the 

metal atoms, i.e., Au > Cu.  Since, like the hydrogen atom, gold and copper atoms each have only 

one valence electron, both AuCO2
- and CuCO2

- are isostructural and isoelectronic to the formate 

anion; they are metalloformates.22 The highest occupied molecular orbitals (HOMO) of AuCO2
- 

and CuCO2
- accommodate the excess electron, and these are also shown in Figure 3.1.2. Note the 

charge transfer from the metal atoms to the CO2 moieties.   

In all three neutral M(CO2) species, the metal atom is far away from CO2. Also, both the 

O-C-O bond angle and the C-O bond length are the same in these neutral species as in an isolated 

CO2 molecule. Together, these structural parameters show that there is very little interaction 

between M and CO2. Also, notice that the structures of the physisorped anionic complexes, Au-

(CO2) and Ag-(CO2), are similar to those of the neutral species. The structures of the chemisorped 

species, AuCO2
- and CuCO2

-, on the other hand, are quite different from those of the neutral species.  

The calculated EA and VDE values obtained from B3LYP/SDD and B3LYP/LANL2DZ 

computational methods are listed in Table 3.1.1. These two methods gave similar results. The 

theoretical EA and VDE values for the physisorption species, Au-(CO2) and Ag-(CO2) are in very 

good agreement with the experimental ET and VDE results. Thus, the observed ET values are also 

EA values in those cases. While the theoretical VDE values for the chemisorption species, AuCO2
- 

and CuCO2
- are in very good agreement with the experimental VDE values, the theoretical EA 

values for these species are smaller than the spectral ET values; see Table 3.1.1. This is likely due 
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to structural differences between AuCO2
- and CuCO2

- and their neutral counterparts, these leading 

in turn to less Franck-Condon overlap during photodetachment. 

Figure 3.1.3 plots the potential energy (Hartrees), the O-C-O bond angle (º), and the 

negative charge on the CO2 moiety (e) for all three (M-CO2)
- systems as a function of the M-C 

bond length with the remainder of the complex relaxed. All of these computations were performed 

at the B3LYP/SDD level of theory. Along the potential energy surface of (Au-CO2)
-, there are two 

wells, these corresponding to AuCO2
- and Au-(CO2), the chemisorbed and physisorbed isomers, 

respectively.  Note that their energies are very similar to each other, with a calculated barrier 

between of only 0.03 eV. This very low barrier is probably why they co-exist in our experiment. 

Along the potential energy surfaces of (Ag-CO2)
- and (Cu-CO2)

-, there is only one well in each, 

these corresponding to physisorped Ag-(CO2) and to chemisorped CuCO2
-. The feature at ~2.4 Å 

on the potential energy surface of (Ag-CO2)
- is an inflection point and not a well. In all three (M-

CO2)
- systems, the O-C-O bond angle exhibits an asymptote that leads to 180º, while the negative 

charge on the CO2 moiety has an asymptote that trends to zero. 

 

Discussion 

There are a couple of differences between our findings (ultraviolet photoelectron 

spectroscopy and theory) and those of Weber and coworkers (infrared photodissociation 

spectroscopy and theory).24,26 In the photoelectron spectrum of (Ag-CO2)
-, evidence for only the 

physisorbed Ag-(CO2) isomer was seen. By contrast, in the infrared photodissociation work26, 

neither isomer was observed. Nevertheless, calculations at the B3LYP/def2-TZVPP level of theory 

in that study predicted the viability the chemisorbed AgCO2
- isomer. As noted above, our 

calculations at the B3LYP/SDD level of theory, found only the physisorbed Ag-(CO2) isomer. To 
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further investigate this situation, we conducted calculations at both the B3LYP/def2-TZVPP and 

the CCSD/SDD levels of theory. The results are shown in Figure 3.1.4. Using B3LYP/def2-

TZVPP, we saw two potential wells, i.e., one for AgCO2
- and the other for Ag-(CO2). At the 

CCSD/SDD level of theory, however, we observed only one well, it corresponding to physisorbed 

Ag-(CO2). Thus, CCSD/SDD and B3LYP/SDD gave the same qualitative result. To summarize, 

both the anion photoelectron spectrum of (Ag-CO2)
- and these two levels of theory imply that 

physisorbed Ag-(CO2) is the only isomer of (Ag-CO2)
- that is stable.   

In the case of (Au-CO2)
-, calculations both by Weber et al. and by us found nearly iso-

energetic chemisorbed and physisorbed isomers. Yet, while the photoelectron spectrum of (Au-

CO2)
- showed strong evidence for both physisorbed and chemisorped isomers, only the 

chemisorped AuCO2
- isomer was observed in the IR photodissociation work.24 Different source 

conditions likely account for these differing observations.  

Interestingly, there are partial parallels between the physisorbed and chemisorbed isomers 

of (M-CO2)
- and those of (M-O2)

-, M = Au, Ag, Cu.  For gold and copper, both chemisorped, MO2
- 

and physisorped, M-(O2) isomers are known to coexist.50,51 In the case of silver, on the other hand, 

only physisorped Ag-(O2) is known, it having been reported in neon matrices52 and in RF-octopole 

ion trap reactions53 as well as having been revealed through calculations.54 No chemisorped AgO2
- 

has been reported. As in (M-CO2)
- complexes, silver stands apart in (M-O2)

- complexes as well.  
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Table 3.1.1. ET, EA and VDE values obtained from both experiment and theory.a 

Species Expt. ET Theo. EA Expt. VDE Theo. VDE 

Au-(CO2) 2.3 2.44/2.39 2.45 2.51/2.47 

AuCO2
- 3.0 2.51/2.41 3.31 3.28/3.18 

Ag-(CO2) 1.25 1.38/1.53 1.40 1.42/1.57 

CuCO2
- 2.1 1.67/1.73 2.37 2.26/2.43 

aThe theoretical calculations of both EA and VDE values used the 6-311G+(3df) basis set for the 

C and O atoms and the LANL2DZ/SDD basis sets for the noble metal atoms at the B3LYP level 

of theory. 
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Figure Captions 

Figure 3.1.1. Photoelectron spectra of (Au-CO2)
 - and Au- (266 nm), (Ag-CO2)

 - and Ag- (355 nm), 

and (Cu-CO2)
 - and Cu- (355 nm) 

Figure 3.1.2. Calculated structures of Au-(CO2), AuCO2
-, Ag-(CO2), CuCO2

-, AuCO2, AgCO2 and 

CuCO2. HOMOs of AuCO2
- and CuCO2

- are also presented. 

Figure 3.1.3. The curves of potential energy (Hartree), O-C-O bond angle (º) and negative charge 

on CO2 (e) versus the M-C bond length (Å) obtained from B3LYP/SDD level of theory. 

Figure 3.1.4. The potential energy surfaces of (Ag-CO2)
- obtained from B3LYP/def2-TZVPP and 

CCSD/SDD levels of theory. 
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Figure 3.1.1 
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Figure 3.1.2 
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Figure 3.1.3 
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Figure 3.1.4 
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Abstract 

Gas phase reactions between PtHn
- cluster anions and CO2 are investigated by mass 

spectrometry, anion photoelectron spectroscopy and theoretical calculations. Two major products, 

PtCO2H1,3
-, are identified. For PtCO2H

-, its molecular structure can be written as HPtCO2
- where 

CO2 is bonded to the Pt atom in the form of being bent and activated. For PtCO2H3
-, its structure 

can be written as H2Pt(formate)- where CO2 has been hydrogenated to formate. Detailed 

mechanistic studies reveal the reaction pathways and the energy levels, which give evidences that 

the hydrogenation of CO2 by PtH3
- is highly energetically favorable. This study can be appreciated 

in potential catalytic applications. 

mailto:kbowen@jhu.edu
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Introduction 

 Transformation of carbon dioxide into reduced, high value molecules, such as methanol 

and formic acid, is of great interest due to environmental and economic considerations. Ligand 

protected transition metal hydride complexes, written as LnMH, play important roles in these 

processes.1-18 The critical step of the reduction involves the insertion of C=O into the M-H bond 

to produce a formate-metal adduct, LnM-OC(O)H, which can then generate the reduction product 

formate in the solution, or be further reduced to other final products by additional metal hydrides. 

All of these transition metal hydrides, however, are in the form of complexes protected by various 

ligands. Pure metal hydrides, on the other hand, are scarcely reported in CO2 reduction. Andreas 

Züttel et al peformed the methanation of CO2 on the surface of Mg2NiH4.
19 Similar reactions were 

also achieved by the catalysis of the hydrogen storage materials LaNi5 and LaNi4Cr where the 

hydrides played critical roles.20 In the gas phase, reactions between cluster cations, FeD+, CoD+, 

NiD+, and hydrocarbons were reported.21 To the best of our knowledge, there has been no study 

on the hydrogenation of CO2 with gas phase metal hydride clusters yet. 

 The lack of CO2 reduction with gas phase metal hydride clusters is partially due to the 

difficulty in synthesizing them. If accessible, study of this kind, usually with the help of modern 

characterization methods such mass spectrometry and laser spectroscopy as well as theoretical 

calculations, helps to understand the reaction mechanism at the atomic and molecular level. The 

mentioned CO2 hydrogenation reactions,1-18 on the contrary, were mostly performed in much more 

complicated environments such as solutions, which makes the fine control of each molecule and 

thus the investigation of reaction mechanism difficult. Very recently, with our unique pulsed arc 

cluster ionization source, we were able to produce various transition metal hydride cluster anions 

in the gas phase. For example, a recently discovered PtZnH5
- cluster possessed an unprecedented 
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planar pentagonal coordination between the H5
- moiety and Pt, and exhibited special σ-aromatic 

character.22 Afterwards, we extended this work to the isoelectronic and isostructural cluster 

PtMgH5
- in which similar bondings were also found. We also have synthesized a lot of other Pd-

containing hydride cluster anions. Given this ability of ours and the conventional wisdom that 

these transition metals have been widely used as hydrogenation catalyst, we envision that these 

hydride cluster anions can be utilized as excellent hydrogen source for hydrogenation of 

unsaturated molecules such as CO2. 

 In the current paper, we present the experimental results of the reactions between CO2 and 

platinum hydride cluster anions PtHn
-. Two products, PtCO2H1,3

- were identified by mass 

spectrometry and characterized by anion photoelectron spectroscopy. For PtCO2H
-, its molecular 

structure can be written as HPtCO2
- where CO2 is bonded to the Pt atom in the form of being bent 

and activated. For PtCO2H3
-, its structure can be written as H2Pt(formate)- where CO2 has been 

hydrogenated to formate. Ab initio calculations were performed to reveal the reaction mechanism. 

How CO2 was activated and hydrogenated in the current case has been explained in details at the 

atomic level. 

 

Experimental Method 

Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 

negative ions with a fixed-energy photon beam and energy analyzing the resulting photodetached 

electrons. This technique is governed by the energy-conservation relationship, hν = EBE + EKE, 

where hν, EBE, and EKE are the photon energy, electron binding (transition) energy, and the 

electron kinetic energy, respectively. Our photoelectron spectrometer, which has been described 
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previously,23 consists of one of several ion sources, a linear time-of-flight mass spectrometer, a 

mass gate, a momentum decelerator, a neodymium-doped yttrium aluminum garnet (Nd:YAG) 

laser for photodetachment, and a magnetic bottle electron energy analyzer. Photoelectron spectra 

were calibrated against the well-known photoelectron spectrum of Cu-.24 The PtHn
- anions were 

generated using a pulsed arc cluster ionization source (PACIS), which has been described in detail 

elsewhere.25 In brief, a ~30 μs long 150 V electrical pulse applied across anode and sample cathode 

in the discharging chamber vaporizes the Pt atoms. The sample cathode was prepared in a nitrogen 

protected glove box, where fresh Pt powder was firmly pressed onto a copper rod. Almost 

simultaneously, 220 psi of ultrahigh purity hydrogen gas was injected into the discharge region, 

where it was dissociated into hydrogen atoms. The resulting mixture of atoms, ions, and electrons 

then reacted and cooled as it flowed along a 15 cm tube before exiting into high vacuum. To 

perform the reaction between CO2 and PtHn
-, pure CO2 was injected into the downstream of the 

15 cm tube using a second pulsed valve. The resultant anions were then extracted and mass-

selected prior to photodetachment. Due to the isotopes of Pt, photoelectron spectra were taken 

from all of the isotopic peaks for analysis and to avoid mutual contamination of the photoelectron 

spectra. 

 

Computational Method 

Theoretical studies on the reaction between carbon dioxide and platinum hydrides and the 

resultant product were performed using the Orca program package.26 Geometry optimizations and 

frequency calculations were carried out using the hybrid density functional theory (DFT) 

PBE0.27,28 The electron affinity (EA) and vertical detachment energy (VDE) of the optimized 

structures were calculated using PBE0 and B3LYP29 DFT functionals with the unrestricted Kohn-



135 
 

Sham solution, and then improved by single point energy calculations at the CCSD and CCSD(T) 

level of theory.30 Natural Population Analysis (NPA) was conducted to examine the charge 

distribution at the PBE0 level. 31 NPA has been found to be satisfactory in predicting charge 

distributions within a cluster.32,33 The initial estimated structures of transition states were obtained 

by selecting appropriate coordinates from relaxed potential energy surface scans. Vibrational 

frequencies were calculated to verify if the stationary points are local minima or transition states. 

The Stuttgart effective core potential SDD (for Pt) and aug-def2-tzvpp basis sets (for C, H, O) 

were used throughout our computations.34 

 

Results and discussion 

Experimental results 

The mass spectra with or without CO2 pulsed into the PACIS reactor tube are shown in 

Figure 3.2.1. When CO2 was not added, only PtHn
- were observed in the mass spectrum (Figure 

3.2.1A). The species of PtHn
- were characterized by taking the photoelectron spectra (PES) of 

every mass peak that was observed in this PtHn
- series. By comparing the obtained spectra, PtHn

- 

where n = 0, 1, 2, 3 and 5 are identified. PtCO2Hm
- cluster series showed up in the mass spectrum 

when CO2 was added (Figure 3.2.1B). The lowest mass peak for PtCO2H
- is 239 while the highest 

mass peak for PtCO2H3
- is 245, hence, PtCO2H

- and PtCO2H3
- exist. PtH2CO2

- is not formed 

because of the absence of ion intensity at mass = 244. Noteworthy, PtCO2H1,3
- both have close-

shell electron configuration. 

Figure 3.2.2 presents the photoelectron spectrum of PtCO2H3
- with 3rd harmonic Nd:YAG 

laser (355nm, 3.496 eV). It was taken at mass = 245 to make sure that the photoelectron signal 



136 
 

was mostly from PtCO2H3
- and there was the least PtCO2H

- contribution to it. A major electron 

binding energy (EBE) band ranging from 3.1 to 3.3 eV and peaking at 3.24 eV is observed. The 

intensity maximum in the EBE band is its vertical detachment energy (VDE), the transition energy 

where the Franck-Condon overlap is maximal between the anion wave functions and its neutral 

counterpart. The adiabatic electron affinity (EA) is the energy difference between the ground state 

of the anion and the ground state of its neutral counterpart. The EA of PtCO2H3
- is estimated to be 

~3.1 eV by extrapolating of the lower EBE side. Please note that the small peak at EBE = 3.08 eV 

and other very weak features at low EBE side are from the much less abundant isotope of PtCO2H
- 

at mass = 245. 

The photoelectron spectrum of PtCO2H
- is much more complicated than that of PtCO2H3

-, 

with at least four EBE bands identified (Figure 3.2.3C). Such a complexity can be accounted by 

the process of photodissociation of PtCO2H
- into PtH- and CO2 followed by photodetachment of 

the resultant anion PtH- as well as the parent anion PtCO2H
-. In order to confirm this idea, it is 

necessary to compare the spectrum with that of PtH-. Taking a pure photoelectron spectrum of 

PtH- is impossible because every isotopic mass peak of PtH- is at least overlapped with one of three 

other anions: Pt-, PtH2
- and PtH3

-
. However one can still acquire its photodetachment features by 

comparing the photoelectron spectra at mass 194, which is pure Pt-, and mass 195, which is a mix 

of Pt- and PtH-
 (Figure 3.2.3A and 3B). For mass at 195, in addition to the Pt- peaks at 2.1, 2.9 and 

3.4 eV (marked by green dots), three new peaks appear at 1.60, 1.85 and 3.08 eV (marked by red 

dots) and thus these three peaks are attributed to PtH-. Noticeably, these three peaks reappear in 

the photoelectron spectrum of PtCO2H
- not only at the same positions but also with almost identical 

relative intensities. Therefore it is reasonable to conclude that the peaks denoted by red dots in the 

spectrum of PtCO2H
-
 are from PtH-, which is a photodissociation product of PtHCO2

-. The peak at 
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high EBE side (blue dots) should be the EBE bands of the parent PtHCO2
- cluster anion. It has a 

step at 3.3 eV and peaks at around 3.5 eV. Therefore its VDE is determined to be 3.5 eV and its 

EA is determined to be 3.2 eV by extrapolating the step. A computational study will be presented 

to further illustrate the photoelectron spectroscopic results. 

 

Theoretical study 

Figure 3.2.4 presents the optimized structures of PtCO2H1,3
-. For PtH3CO2

-, the global 

minimum is found to be a C2v structure. It is in the form of a formate adduct of Pt hydride, namely 

H2Pt(formate)-, with the Pt atom planar tetracoordinated (PTC) by two H atoms and the two O 

atoms of the formate moiety. A PTC structure is commonly seen for Pt. We assume that the 

reaction starts with PtH3
- anion and neutral CO2, and the formation of such a formate-type product 

is the result of the CO2 molecule insertion into the Pt-H bond. Natural Population Analysis (NPA) 

shows that, along with the CO2 insertion and H atom migration, charge is also transferred from Pt 

hydride anion to CO2, making the formate moiety negatively charged by -0.77 e. Unlike PtCO2H3
-, 

in the optimized structure of PtCO2H
-, the H atom is still bonded to Pt. The Pt atom also bounds 

to the C atom of the CO2 moiety, which is bent from its original linear structure, indicating that 

CO2 is activated by PtH-. NPA shows that the negative charge is also partially transferred from 

PtH- to CO2, with a total charge of -0.66 e on the CO2 part. The angle of the O-C-O bond is 

determined to be 139.5º, very close to the bond angle of free CO2
- at its global minimum (134º).35-

37 This indicates that even though hydrogenation is not occurred, CO2 still gets highly activated 

through the interaction with PtH-. This behavior is similar to Au-, which is shown to be able to 

activate CO2 through charge transfer.38 Since PtH- and Au- are isoelectronic, it is reasonable that 

they have similar behavior in CO2 activation. 
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Table 3.2.1 presents the electron affinity (EA) values and vertical detachment energy (VDE) 

values of PtHCO2
- and PtH3CO2

- calculated at different theory levels. The agreement across 

different theory levels obvious. The calculated values are in good agreement with experimental 

results as well.  

DFT calculations were carried out to investigate the mechanism of CO2 activation and 

hydrogenation. The reaction pathways were calculated for the reactions of PtH- and PtH3
- with 

CO2, respectively. The pathway of CO2 hydrogenation by PtH3
- is presented in Figure 3.2.5. Before 

reaction PtH3
- has a C2v symmetry. The first step of the reaction is the CO2 activation through 

charge transfer from PtH3
-. CO2 activation is completed by its interaction with the Pt atom, since 

the Pt atom possesses almost all the negative charge of PtH3
- according to the NPA result. After 

being activated, CO2 is ready to accept an H atom from PtH3
-. The insertion of CO2 into the Pt-H 

bond needs to overcome an energy barrier of 0.42 eV. After the hydrogen transfer the CO2 the 

hydrogenation process is completed, and this local minima has a structure as formic acid. However, 

this structure has a VDE of 3.88 eV and was not observed in the photoelectron spectrum. In order 

to reach the global minimum structure as shown in Figure 3.2.4A, this formic acid type structure 

needs to overcome a small rotational barrier (0.09 eV) so that the other O atom can coordinate 

with the Pt atom, and this bonding further stabilizes the whole cluster. 

Figure 3.2.6 presents the reaction between CO2 and PtH-. Similar to the first step of the 

reaction between PtH3
- and CO2, here CO2 is also activated through charge transfer from Pt atom 

and a bond between Pt atom and C atom is formed. The reaction stops at the stage of activation, 

however, rather than move on to CO2 hydrogenation. Also, the CO2 activation provides a 

stabilization energy as large as 1.70 eV for PtCO2H
-, which is much larger than that of PtCO2H3

-. 

Though not seen in experiment, further calculation is still performed to explore the possibility of 
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CO2 hydrogenation by PtH-. The energy barrier for H atom transfer is calculated to be as high as 

2.84 eV, which is much higher than the 0.42 eV when PtH3
- reacts with CO2. Such a high activation 

energy is almost impossible to acquire in gas phase reactions where collisions between molecules 

and clusters dominate the whole process. Therefore, the high energy barrier for H transfer is 

accounted as the reason why PtH- is unable to hydrogenate CO2. 

CO2 activation and hydrogenation occur when it interacts with PtH1,3
-, and calculation 

shows for both cases it is achieved by firstly interacting with the Pt atom. For PtH5
-, it has a D5h 

structure, and the Pt atom is surrounded by H atoms making CO2 difficult to access the Pt 

(Supporting Information). PtH5
- is a very stable cluster which processes σ-aromaticity. This may 

be the reason why PtCO2H5
- was not observed in the mass spectrum. 

 

Conclusion 

In summary, CO2 activation and hydrogenation by PtHn
- cluster anions were achieved using 

our unique PACIS source and the reactor tube attached to it. With a combined study of 

photoelectron spectroscopy and theoretical investigation, the mechanisms of these reactions were 

revealed. While PtH- could remarkably activate CO2, PtH3
- went further to hydrogenate it into 

formate. The low energy barrier for H atom transfer from PtH3
- to CO2 made PtH3

- a good H source 

for CO2 hydrogenation. All of the calculated results have great agreement with experiment. We 

believe these results can shed light designing proper materials for efficient CO2 hydrogenation. 
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Table 3.2.1. Experimental and calculated VDE/EA values for PtCO2H1,3
-. All numbers are in eV. 

Anion Expt. UPBE0 

VDE/EA 

VDE/EA 

VDE/EA 

CCSD CCSD(T) 

VDE/EA PtCO2H3
- 3.24/3.1 3.37/3.21 3.10/2.94 3.19/2.94 

PtCO2H- 3.48/3.25 3.55/3.23 3.38/3.28 3.46/3.44 
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Figure Captions 

Figure 3.2.1. The mass spectra of PtHn
- cluster anions without (A) and with (B) CO2 injected into 

the reactor. 

Figure 3.2.2. Photoelectron spectrum of PtCO2H3
- taken at mass 245 with 355 nm (3.496 eV) 

photons. 

Figure 3.2.3. Photoelectron spectra of Pt- (taken at mass = 194, A), Pt- and PtH- (taken at mass = 

195, B) and PtCO2H
- (taken at mass = 239, C). Peaks from Pt-, PtH-

 and PtCO2H
- are denoted by 

green, red and blue dots, respectively. 

Figure 3.2.4. Optimized structures of PtCO2H3
- (A) and PtCO2H

- (B). 

Figure 3.2.5. Calculated reaction pathway for the CO2 hydrogenation by PtH3
-. 

Figure 3.2.6. Calculated reaction pathway for the CO2 activation and possible hydrogenation by 

PtH-. The photodisscociation process of PtCO2H
- is also presented. 

 

 

 



146 
 

 

 

Figure 3.2.1 
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Figure 3.2.2 
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Figure 3.2.3 
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Figure 3.2.4 
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Figure 3.2.5 
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Figure 3.2.6 
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CHAPTER 4. The Revelry of Aluminum Hydride Related Clusters 

 

Our group discovered more than 200 new aluminum hydride cluster anions, AlxHy
-, 

afterwards, my work focused on the discovery of new clusters that are related to them. All of them 

are mutually linked in different manners. 

In Section 4.1, a mass spectrometric study of aluminum hydride cluster cations are 

presented, where the stability of several stable clusters are interpreted by theory. All of the stable 

clusters, as revealed by mass spectrum, can be viewed as the assembly of smaller stable units. 

In Section 4.2, the derivative of AlH4
-, AlH2Cp*Cl-, is discussed. Its special structure and 

stability are pointing towards the direction of being used as a building block for ionic liquid or salt. 

In Section 4.3, a novel cluster anion Li2Al3H8
- shows an unprecedented homocatenated 

chain, Al-Al-Al. By obtaining electron from Li, Al transmutates into C, and the Al3H8
3- kernel 

mimics propane, C3H8. This discovery sheds light on the synthesis of a new salt, Li3Al3H8, an 

extension of an existing salt, LiAlH4. 

In Section 4.4, I designed a new precursor, Al+Ph2CO-, for synthesizing low oxidation state 

Al containing compounds. Al+Ph2CO- is similar to the famous monovalent AlCl, but the synthesis 

should be much simpler. Our inorganic chemistry collaborator will start the synthesis shortly. 

In Section 4.5, the photoelectron spectroscopy of o-carborane, C2B10H12
-, is presented. 

Different from published work in which people thought this molecule had a negative EA, our 

experiment gave evidences of its very high electrophilicity. 

In Section 4.6, series data of carbon aluminum hydride cluster anions, CxAlyHz
-, is 

displayed. These clusters, viewed as derivatives of AlxHy
-, promise potential energetic materials. 
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Abstract 

A combined study using mass spectrometry and density functional theory (DFT) was 

conducted to investigate aluminum hydride cluster cations, AlnHm
+ (1 ≤ n ≤ 5, 0 ≤ m ≤ 12). 

The mass spectra revealed about 20 undiscovered aluminum hydride cluster cations. Among these 

new species, several of them showed unusual stability. Density Functional Theory calculation was 

conducted to investigate the structures of these clusters. All of these stable clusters can be viewed 

as assemblies of smaller, stable units, such as Al+, AlH3, Al2
+/0, H+ and H2. 
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Introduction 

Though boron can form many hydrides, known as boranes, its sister element, aluminum, 

only has a few. The chemistry of aluminum hydrides had long been limited to AlH3 and Al2H6 

seen in cryogenic matrices and perhaps the gas phase;1 alane, (AlH3)n, a polymeric solid; and AlH4
- 

along with its alkali metal salts.2 Such aluminum hydride species are thought to be stable. Ever 

since the groundbreaking work of Li et al. on the unusual stability of gas-phase Al4H6 cluster 

anions, 3 the chemistry of aluminum hydride has been largely expanded. Over the past few years, 

many aluminum hydride cluster anions were discovered in gas-phase molecular beams. 3-12 Most 

of these were prepared in a unique ion beam source, identified by mass spectrometry, and in some 

cases studied by a combination of photoelectron spectroscopy and theoretical computations.   

Despite the fast growing family of aluminum hydride cluster anions, the research on its 

cations has been surprisingly scarce. The first report on the cations of probably the most well-

known aluminum hydrides, AlH3
+ and Al2H6

+, appeared half a century ago, in which the cations 

were prepared by slow evaporation of aluminum into hydrogen gas.13 Ever since then there hasn’t 

been much breakthrough in finding aluminum hydride cations. Only limited species, such as 

AlH1,2,4
+ and AlH2

+, were discovered.14, 15 In a theoretical study of the analogues of aromatic 

cyclopropenyl cation (C3H3
+), Sirnivas. G. et al. indicated the presence of Al3H6

+. Unlike C3H3
+, 

they pointed out that the π-delocalization stabilizing effect was largely diminished for Al3H6
+, thus 

rather than the planar Al3 ring geometry, Al3H6
+ preferred to form other stable nonplanar isomers.16 

Aluminum is electron deficient in nature, which may be the reason why aluminum hydride 

clusters tend to capture an electron and form such a large variety of anions in gas phase. Its cation 

chemistry, however, is not well understood. With this interest, we investigated aluminum hydride 

cluster cations using a combined study of mass spectrometry and theoretical computation. Around 
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20 previously unobserved AlnHm
+ clusters were revealed in the mass spectrum. A density 

functional theory (DFT) study was carried out to investigate the species with relatively higher 

intensities in the mass spectrum, such as Al3H4
+, Al3H6

+, Al4H3
+, Al4H6

+, Al4H9
+, Al5H6

+, Al5H12
+. 

 

Experimental 

In the present work, the aluminum hydride cations were generated using a pulsed arc cluster 

ionization source (PACIS), which has been described in detail elsewhere.17 In brief, a ~30 μs long 

150 V electrical pulse applied across anode and sample cathode of the discharging chamber 

vaporizes the Al atoms. The sample cathode was an aluminum rod. Almost simultaneously, 200 

psi of ultra-high purity hydrogen gas was injected into the discharge region, where it was 

dissociated into hydrogen atoms. The resulting mixture of atoms, ions, and electrons then reacted 

and cooled as it flowed along a 20 cm tube before exiting into high vacuum. The resulting canions 

were then extracted and analyzed by mass spectrometer. 

 

Computational method 

Electronic structure calculations based on density functional theory (DFT) were carried out 

on positively charged Al3H4
+, Al3H6

+, Al4H3
+, Al4H6

+, Al4H9
+, Al5H6

+ and Al5H12
+ clusters using 

the Gaussian 09 program.18 The Becke’s three parameter hybrid exchange functional with Lee, 

Yang, and Parr correlation functional36 (B3LYP)19-21 form, along with 6-311+G** basis set22 was 

used for all calculations. In the geometry optimization, the convergence criterion for energy was 

set to 10−9 hartree, while the gradient was converged to 10−4 hartree/Å.  

 

Results and discussion 
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The whole mass spectrum showing AlnHm
+ species observed in this study is presented in 

Figure 4.1.1. Figure 4.1.2(a)-(e) present the magnified, separated versions of these mass spectra 

for n=1-5. The mass spectra revealed around 20 new aluminum hydride cluster cations, and a very 

distinct hydride formation trend for different Al atom number per cluster. For n=1, no hydride was 

formed; only Al atom cation was observed in the mass spectra. The peak was intense, indicating 

Al+ was relatively stable in gas phase. Aluminum hydride cations started to come into existence 

when n = 2. However, the peak of Al2H
+ was rather weak comparing to Al2+ (Figure 4.1.2(b)). 

The tendency of the formation of aluminum hydrides changed dramatically when n went from 2 

to 3, 4 and 5. For Al3Hm
+ species, the number of bonded hydrogen atom increased stepwise from 

1 to 7, though some of them have relatively weak signals (Figure 4.1.2(c)). Al4Hm
+ and Al5Hm

+ 

clusters followed the same pattern as Al3Hm
+, with the hydrogen atom number as high as 9 for 

Al4Hm
+ and 12 for Al5Hm

+ (Figure 4.1.2(d, e)). 

Among all these newly discovered aluminum hydride cluster cations, Al3H6
+ showed the 

highest intensity in the whole mass spectrum (Figure 4.1.1), which demonstrates that this cluster 

cation is unusually stable. The DFT study was performed in order to gain an understanding of its 

special stability. Figure 4.1.3 presents the lowest-energy structure of Al3H6
+. This global minima 

is a four H-bridged C2v structure with a lone pair and can be interpreted as stable Al2H6 interacting 

with stable Al+. This structure is different from that of its borane cation analog, in which every 

borane atom is bonded to three hydrogen atoms.16 Our calculation on the structure of Al3H6
+ is in 

consistency with the work of Sirnivas. G. et al.,16 in which they pointed out that the π delocalization 

stabilizing effect was weak for Al3H6
+ cluster, and this would result in the co-existence of several 

nonplanar isomers as stable species. 
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Also, we observed that Al3H4
+ is also relatively strong in n = 3 series, the peaks of Al4H3

+, 

Al4H6
+ and Al4H9

+ clusters were strongest in Al4Hm
+ species, while Al5H6,12

+ clusters were local 

maxima among Al5Hm
+ species, indicating that they were stable as well. The structure of the global 

minimum of Al3H4
+ has three bridge H atoms connecting two of the Al atoms, and the other H and 

Al connect with the Al atoms from both ends. In all it makes a C3v structure. The global minimum 

structure of Al4H3
+ can be viewed as one of the H atom in Al3H4

+ is replaced by an Al atom, and 

the symmetry becomes D3h in this case. The strucuture of Al4H6
+ cluster forms a cage, where two 

Al atoms are tetra-coordinated. The phenomenon of the stability of Al4H9
+ and Al5H12

+ is very 

interesting. They have the formula of Al(AlH3)3, 4
+, and their calculated structures showed that all 

the Al atoms were tetrahedral bonded to either H atoms or its neighboring Al atoms. For Al4H9
+, 

the four Al atoms and five bridged H atoms form a C2v cage structure, while the rest four H atoms 

are radially bonded to each Al atom. For Al5H12
+, the five Al atoms and seven bridged H atoms 

form a bigger Cs cage, while the rest five H atoms are radially bonded to each Al atom. Al atoms 

in tetrahedral environment fulfills the octet rule and thus are stable. This is in agreement with our 

previous research on AlH4
- anion, in which we showed the unusual stability and very high vertical 

detachment energy of the tetrahedral AlH4
-.23 Al5H6

+ on the other hand, has a C2v cage structure in 

which four Al atoms are connected by four bridge H atoms, and the rest two H atoms radially bond 

to the cage. 

Figure 4.1.4 presents the structural evolution diagram of the cluster cations. All of these 

stale cations as described above, can be viewed as the assemblies of smaller and much more stable 

units, such as Al+, Al2
+/0, AlH3, H

+ and H2.  

 

Conclusion 
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In summary, this report extends our knowledge about the chemistry of aluminum hydride 

cluster. Around 20 previously undiscovered aluminum hydride cluster cations were generated in 

the PACIS source and identified by mass spectrometer. Stable AlnHm
+ clusters, Al3H4

+, Al3H6
+, 

Al4H3
+, Al4H6

+, Al4H9
+, Al5H6

+ and Al5H12
+ revealed by mass spectrum were calculated by DFT, 

and they can be viewed as the assemblies of Al+, Al2
+/0, AlH3, H

+ and H2.  
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Figure Captions 

Figure 4.1.1. The whole mass spectrum of AlnHm+ clusters. 

Figure 4.1.2. The separated mass spectra of AlnHm+ clusters, where n ranges from 1 to 5. The ion 

intensities are not normalized. 

Figure 4.1.3. Calculated structures of Al3H4
+, Al3H6

+, Al4H3
+, Al4H6

+, Al4H9
+, Al5H6

+ and Al5H12
+. 

Al atoms are presented by pink balls while H atoms are in white. 

Figure 4.1.4. Structural evolution of AlnHm
+. 
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Figure 4.1.1 
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Figure 4.1.2 
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Figure 4.1.3 
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Figure 4.1.4 
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Abstract 

A combined photoelectron spectroscopy and density functional theory study has been 

performed for a newly found cluster, AlCp*H2Cl-. The experimental electron affinity (EA) and 

vertical detachment energy (VDE) are 2.7 eV and 3.13 eV, respectively, both of which are in good 

agreement with theoretical values. In this cluster, Al is tetra-coordinated and located at the 

tetrahedron center. The excess electron of the anion is mainly delocalized in the ligand, Cp*, 

resulting a lower EA comparing to other tetrahedral clusters such as AlH4
- and AlCl4

-. 
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Introduction 

Tetracoordinated aluminum anions, such as AlH4
-, have been widely used due to their high 

stability. The formal valence of an aluminum atom with the electronic configuration of [Ne]3s23p1 

is three, and an excess electron serves as the fourth valence electron of aluminum, together with 

the four coordinations makes Al fulfill the octet rule. Owing to the high stability, tetracoordinated 

aluminum anions have been used as anionic building blocks of salts and ionic liquids. The famous 

reducing agents, such as LiAlH4 and NaAlH4, have AlH4
− anion as the anionic moiety.1 AlCl4

- is 

the anionic moiety of many kinds of ionic liquids 2-5, and so is AlBr4
-. 6 AlCl3Et- and AlCl2Et2

- 

were also found in molten salts, 7, 8 which implies that in order to make tetracoordinated aluminum 

a good building block, the ligand, such as ethyl, does not necessarily to be inorganic. 

The study of tetracoordinated aluminum anions as isolated and intact clusters is relatively 

scarce. Experimentally, gas phase photoelectron spectroscopy9 and cryogenic matrices10 studies 

were performed for AlH4
- and revealed a very high vertical detachment energy (VDE) and 

relatively low reactivity. Theoretically, ab inito study11 and Green’s function method12 were also 

employed to study the stability of AlH4
-. Density functional theory study13 was performed for 

AlCl4
- and Al(CN)4

-, and DVM Xα calculation method14 was performed for AlCl4
-. 

In the current paper, we utilize photoelectron spectroscopy and density functional theory 

to study a newly found cluster anion, AlCp*H2Cl-. The electrophilicity of this tetracoordinated Al 

cluster is remarkable even though not as high as those of AlH4
- or AlCl4

-. Comparing to AlH4
- and 

AlCl4
-, this cluster anion is bigger in size, and could be a potential building block of new ionic 

compounds. 

 

Methods 
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Experimental Methods 

Anion photoelectron spectroscopy is conducted by crossing a mass-selected, negative ion 

beam with a fixed-energy photon beam and analyzing the energies of the resultant photo-detached 

electrons. This technique is governed by the well-known energy-conserving relationship, hν = 

EBE+EKE, where hν, EBE, and EKE are the photon energy, electron binding energy (transition 

energy), and the electron kinetic energy, respectively.  

Our photoelectron instruments, which have been described elsewhere, 15 consist of an ion 

source, a linear time-of-flight mass spectrometer, a mass gate, a momentum decelerator, a 

neodymium-doped yttrium aluminum garnet (Nd:YAG) laser operated in the third harmonic (355 

nm) for photodetachment, and a magnetic bottle electron energy analyzer with a resolution of 35 

meV at EKE=1 eV. The photoelectron spectra were calibrated against the well-known 

photoelectron spectrum of Cu−. 16 

AlCp*H2Cl- cluster anions were generated by a pulsed arc cluster ionization source 

(PACIS), which has been described in detail elsewhere.17 In brief, a ~30 μs long 150 V electrical 

pulse was applied between the anode and the sample cathode of the discharging chamber 

vaporizing the aluminum atoms and forming plasma.  In this case, the sample cathode was a 0.5” 

diameter pure aluminum rod. About 200 psi of ultrahigh purity He gas was then injected into the 

arc region by the first pulsed valve, in which a drop of Cp*H was added. He diluted HCl gas was 

injected by a second pulsed valve. The flowing gases, dissociated in the plasma, flushed the plasma 

mix into a 10 cm flow tube, where it reacted, formed clusters and cooled.  

Theoretical Methods 

The lowest energy structures of neutral and negatively charged AlCp*H2Cl- clusters were 

obtained by density functional theory (DFT) based electronic structure calculations. The Becke’s 
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three-parameter hybrid functional (B3LYP)18-20, along with 6-311++G(d,p)21 basis set was used 

for all the calculations. All of the calculations were carried out using the Gaussian 09 software 

package22. Structures were optimized without any symmetry constraints. Natural population 

analysis (NPA), as implemented in the Gaussian09 code, was also carried out to determine the 

charge distribution of the anion. The NPA method has been found to be satisfactory in calculating 

the charge distribution within a cluster. 23, 24 

The vertical detachment energy (VDE) obtained from the theoretical calculations was 

compared with the corresponding measured values. The vertical detachment energy (VDE) is the 

energy between the ground state anion and its corresponding neutral at the geometry of the anion. 

The calculated adiabatic detachment energy (ADE) of the lowest energy isomers of anion were 

also compared to the onset (threshold) region of the lowest electron binding energy of the PES 

spectrum. The ADE is calculated as the energy difference between the lowest energy geometry of 

the anionic cluster and the structurally similar/identical isomer (nearest local minimum) of its 

neutral counterpart. 

 

Results 

Experimental results 

The resulted photoelectron spectrum of AlCp*H2Cl- taken from 355 nm laser is presented 

in Figure 4.2.1. An EBE band starts from around 2.7 eV and peaks at 3.13 eV. If there is sufficient 

Franck-Condon overlap between the ground state of the anion and the ground state of the neutral 

and there is not much hot band signal, the threshold of the first EBE peak, ~2.7 eV, should be the 

electron affinity (EA). The experimental vertical detachment energy (VDE), corresponding to the 

peak position, is 3.13 eV. Besides the information of electronic structures, some vibrational 



170 
 

features are also observed. As shown in Figure 4.2.1, the spacings between the three vibrational-

resolved peaks are both 0.10 eV, and they are assigned to be the H-Al-H bending mode. The 0.10 

eV number is very close to the calculated values 748 cm-1 (0.093 eV) in this work and also in 

consistency with the H-Al-H bending frequency in the calculated and experimental photoelectron 

spectrum of AlH2
-. 25, 26 

Theoretical results 

The optimized structures of AlCp*H2Cl- and AlCp*H2Cl are shown in Figure 4.2.2. H 

atoms are in white, C in gray, Al in pink and Cl in green. The lengths of the four bonds that connect 

to tetrahedral Al center are marked in Å. In the anion, Al is located at the distorted tetrahedron 

center. Only one C atom of the five in the Cp* ring coordinates to Al. Due to the coordination, this 

Cp* ring is no longer planar. The neutral structure is similar to the anion in general, however, the 

Al-C bond is longer than that in the anion, while Al-H and Al-Cl bonds are shorter. The AlH2Cl 

moiety is more planar in the neutral than in the anion, which is due to the weaker interaction 

between the AlH2Cl moiety and Cp* (longer Al-C bond). The highest occupied molecular orbital 

(HOMO) of AlCp*H2Cl- is presented in Figure 4.2.3. One can observe that the excess electron is 

delocalized and occupies the π* anti-bonding orbital of the Cp* ring. The charge distributions of 

each atom of the AlH2Cl moiety and the whole Cp* ring obtained from NPA analysis are also 

shown in Figure 4.2.2. For the anion, the Cp* ring moiety is highly negatively charged (-0.73 e), 

indicating that the ring has strong trend to maintain its aromaticity. For the the neutral, the ring is 

almost neutral (0.05 e). 

The calculated ADE and VDE values are tabulated in Table 4.2.1 and compared to those 

obtained from experiment. The zero point energy corrected ADE value, 2.83 eV, is in good 

agreement with the experimental EA value, 2.7 eV, indicating that the calculated ADE is actually 
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the EA in this case. The calculated VDE, 3.27 eV, also agrees well with the experimental value, 

3.13 eV. 

 

Discussion 

The structures of anionic AlH4
- 9 and AlCp*H2Cl- are both tetrahedral, however, the 

structures of their neutral counterparts are very different. The neutral AlH4 can be viewed as AlH2-

H2, an H2 molecule attaches to a V-shaped AlH2 moiety. This is because Al atom cannot maintain 

its octet electronic structure without the excess electron, therefore, the molecule falls apart into 

two relatively stable fragments, AlH2 and H2. In neutral AlCp*H2Cl, on the other hand, due to the 

electron-richness of the Cp* ring, Al atom can still form a bond with the ring and maintain its 

tetrahedral structure, even though the Al-C bond is weaker than that in the anion. Therefore, during 

the photodetachment process, the structural change from the anion to the neutral is not very large. 

Therefore, there is sufficient Frank-Condon overlap between the ground state of the anion and 

ground state of the neutral, and we were able to observe the origin transition (EA) in the 

experiments. On the contrary, for AlH4
-, one was unable to observe the EA experimentally due to 

too large structural difference between the anion and the neutral.9 

Next we will discuss the electrophilicity difference of several tetracoordinated Al systems. 

Previous studies reported that the VDE of AlCl4
- is 6.17 eV 10, AlH4

- is 4.14 eV 9, AlCp*H2Cl- in 

current study is 3.13 eV. The VDE values follow the trend: AlCl4
- > AlH4

- > AlCp*H2Cl-. Both 

AlCl4
- and AlH4

- anions satisfy the superhalogen 27, 28 formula, MXk+1 for monovalent ligands, X, 

where k is the maximal formal valence of the central atom, M. In AlCl4
- and AlH4

-, the excess 

electron occupies a bonding molecular orbital spread over each of its Al−X bond and helps Al 

atom fulfill the octet rule, making it isoelectronic to methane and very difficult to be photodetached. 
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The VDE of AlCl4
- is higher than AlH4

-, owing to the large electronegativity difference between 

Cl and H. The molecular orbitals HOMO and HOMO-1 of AlH4
- obtained from same level of 

theory as AlCp*H2Cl- are shown in Figure 4.2.4. One can clearly see that the excess electron 

participates in forming the Al-H single bonds, in good consistency with existing studies.11,12 

However, the scenario is different in the AlCp*H2Cl- case (Figure 4.2.3). The excess electron in 

HOMO is mainly delocalized within the Cp* ring and does not participate in forming any Al-X 

bond, which is in consistency with the NPA analysis. In the anion, the Cp* ring is heavily 

negatively charged, but after photodetachment, the ring is almost neutral, indicating that it is 

indeed the electron delocalized in the ring that is photodetached. Thus, the HOMO where the 

excess electron resides is not part of Al’s octet, and the excess electron is easier to be 

photodetached in AlCp*H2Cl- than in AlCl4
- and AlH4

-, which makes AlCp*H2Cl- non-

superhalogen. However, its EA, 2.7 eV, still indicates a very high electrophilicity and makes it a 

potential building block of new ionic compounds, such as ionic liquid. 

 

Conclusion 

A new tetra-coordinated Al cluster, AlCp*H2Cl-, is produced via a PACIS source and 

characterized by photoelectron spectroscopy. Its electron affinity is reported to be 2.7 eV and VDE 

3.13 eV. The experimental values agree well with theoretical predictions. The anion has a 

tetrahedral structure, and only one C atom out of five from the Cp* ring participates in coordinating 

with the Al center. Unlike AlH4 (AlH2-H2), neutral AlCp*H2Cl still maintains a tetrahedral 

structure, owing to the electron-richness of the Cp* ring. The excess electron of AlCp*H2Cl- is 

delocalized in the Cp* ring and is not part of Al atom’s octet electronic structure, which is different 
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from other tetracoordinated Al clusters, such as AlH4
- and AlCl4

-, making it easier to be 

photodetached and non-superhalogen. 
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Table 4.2.1. Theoretical and experimental ADE/EA values for AlCp*H2Cl and VDE values for 

AlCp*H2Cl-. All numbers are in eV. 

Species 

ADE/EA  VDE 

Theo. Expt.  Theo. Expt. 

AlCp*H2Cl/AlCp*H2Cl- 2.83 2.7  3.27 3.13 
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Figure Captions 

Figure 4.2.1. Photoelectron spectroscopy of AlCp*H2Cl-. 

Figure 4.2.2. Calculated structures of anionic and neutral AlCp*H2Cl. The bond lengths are in Å. 

Figure 4.2.3. The highest occupied molecular orbital (HOMO) of AlCp*H2Cl-. 

Figure 4.2.4. The molecular orbitrals of AlH4
-. 
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Figure 4.2.1 
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Figure 4.2.2 
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Figure 4.2.3 
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Figure 4.2.4 
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Abstract 

Group 13 elements are very rarely observed to catenate into linear chains and experimental 

observation of such species is challenging. Herein we report unique results obtained via combined 

photoelectron spectroscopy and ab initio studies of the Li2Al3H8
– cluster that confirm the formation 

of Al chain surrounded by hydrogen atoms in a very particular manner. Comprehensive searches 

for the most stable structure of the Li2Al3H8
– cluster have shown that the global minimum isomer 

I possesses a geometric structure, which resembles the structure of propane, similar to the 

experimentally known Zintl-phase Cs10H[Ga3H8]3 compound featuring the propane-like [Ga3H8]
3- 

polyanions. Theoretical simulations of the photoelectron spectrum have demonstrated the presence 

of only one isomer (isomer I) in the molecular beam. Chemical bonding analysis of the Li2Al3H8
– 

cluster has revealed two classical Al-Al σ bonds constituting the propane-like kernel. 
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Introduction 

Scarce examples of compounds featuring Group 13 metal–metal (M-M) single bonds 

represent unique cases deserving much attention. The chance for the experimental verification of 

the extended species featuring M-M bonding in a chain-like fashion is even smaller and hence 

fundamentally important. In contrast to Group 14 elements, which are quite frequently observed 

to form long and stable homonuclear chains,1 Group 13 elements tend to form cluster-like species 

instead.2 Homocatenated boron chains and rings of up to only eight boron atoms are known up to 

date.3 Catenation of boron by a metal and catenation of borylene subunits without the use of strong 

alkali metals as reducing agents has been recently made by Braunschweig et al. thus representing 

a unique example known for boron.4 Recent efforts to provide new, mild, functional-group-tolerant, 

and convenient synthetic methods for the formation of electron-precise B-B single bonds have 

been summarized elsewhere.5 The use of the electronic transmutation principle6 and similar Zintl-

Klemm concept7 have enabled designing novel materials, which are isoelectronic and  isostructural 

to existing compounds. Wörle and Nesper demonstrated the existence of pure-phase LiBx samples 

(with the approximate range 0.82<x<1.0) possessing chains of boron atoms surrounded by a 

lithium shell that illustrate the structural analogy between borynide chains in LiBx and 

isoelectronic polyyne and polycumulene chains.8 Fahlquist et al. have shown the viability of this 

concept for gallium containing species: a hydrogenous Zintl-phase Cs10H[Ga3H8]3 featuring the 

propane-like polyanions9 [Ga3H8]
3- and (KxRb1-x)n[GaH2]n (0≤x≤1) composed of [GaH2]n

n– 

anionic chains with a polyethylene structure.10 Remarkably, six indium atoms were previously 

found to arrange into one line upon the treatment of indium(I) iodide with a protonated N-xylyl β-

diketiminate and a strong potassium base in tetrahydrofuran.11 Examples of the main-group 

homocatenated compounds are reported elsewhere.12 Noteworthy, thus far there have been no 
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experimental reports on the Al homocatenated compounds. The first remarkable example of a 

stable molecule with an Al-Al bond to be structurally characterized was R2AlAlR2 

(R=CH(SiMe3)2).
13 Later, a cyclic structure of the Al3Cl3 featuring direct Al–Al bonds was 

reported by matrix isolation tech technique using IR and Raman spectroscopies.14 The first 

“dialuminyne” (Na2[Ar’AlAlAr’]) synthesized has been shown to have Al-Al bond with the bond 

order of 1.13.15 It was also found that “cycloaluminene” (Na2[(AlAr’’)3]) features somewhat 

weakened Al-Al σ  bonding, which is due the lone-pair character at the metal centers.15 Very 

recently, Gish et al.16 have theoretically predicted the existence of a new “Al homocatenated alkane” 

family LinAlnH
2n+2, featuring striking similarities of the AlnH2n+2 kernel with their respective 

alkanes based on the electronic transmutation concept. In this communication we report a first 

experimental example of “Al homocatenated propane” Li2Al3H8
– species possessing direct Al-Al 

bonds arranged in a chain-like fashion. 

Conceptually,6 a donation of one electron to Al atom might “transmute” it into Group 14 

atoms. Thus, the theoretically proposed Li3Al3H8 molecule was recently shown to be isostructural 

analogue of propane.16 Here we utilized anion photoelectron spectroscopy (PES) to test the 

viability of this hypothesis using the Li2Al3H8
– anion species, which is isoelectronic to the neutral 

Li3Al3H8 cluster.  

 

Experimental and Computational Methods  

Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 

negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 

photodetached electrons. It is governed by the energy-conserving relationship, hν = EBE + EKE, 

where hν is the photon energy, EBE is the electron binding (transition) energy, and EKE is the 

electron kinetic energy. Our anion photoelectron spectrometer, which has been described 
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previously,17 consists of one of many kinds of ion sources, a linear time-of-flight mass 

spectrometer, a mass gate, a momentum decelerator, a pulsed Nd:YAG photodetachment laser, 

and a magnetic bottle electron energy analyzer. Photoelectron spectra were taken with both 355 

nm (3.49 eV) and 266 nm (4.66 eV) photon energies and calibrated against the well-known 

photoelectron spectrum of Cu-.18 Li2Al3H8
- cluster anions were generated in a laser vaporization 

source. Briefly, an aluminum rod was coated by a very thin layer of LiAlH4 powder, and then 

ablated by a pulsed Nd:YAG laser beam operating at a wavelength of 532 nm. The resulting plasma 

was cooled by supersonically expanding a plume of helium gas from a pulsed gas valve (backing 

pressure of ~100 psi). Negatively charged anions were then extracted into the spectrometer prior 

to mass selection and photodetachment. 

In order to find the most energetically favorable arrangement of atoms for the Li2Al3H8
− 

stoichiometry, we have utilized an unbiased search for the global minimum (GM) and low-energy 

isomers using the Coalescence Kick (CK) program19 to follow the geometry optimization 

procedure with the Gaussian 09 program.20 Exhaustive searches (30 thousand trial structures) for 

each multiplicity (singlet and triplet) were performed at the PBE021/LanL2DZ22 to initially explore 

the potential energy surface of Li2Al3H8
–. Afterwards, the low-lying isomers (Δ=20 kcal/mol) were 

recalculated using the more expansive 6-311++G(d, p) basis set23 (geometry optimization and 

follow-up frequency analyses to ensure that each structure is a minimum on the potential energy 

surface). Single-point coupled cluster calculations (CCSD(T)24/aug-cc-pVTZ25) at the DFT-

optimized geometry were subsequently performed to give more precise relative energy ordering. 

VDEs of isomer I of Li2Al3H8
– were calculated at three different levels of theory: TD-DFT,26 

OVGF,27 and CCSD(T)24 (Table S3) and compared with experimental results. The chemical 

bonding analysis of the isomer I via Natural Bond Orbital (NBO)28 method at the PBE0/6-
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311++G(d, p) level of theory are also presented. Molekel 5.4.0.829 program was used for structural 

and molecular orbitals visualization. 

 

Results and discussion 

The photoelectron spectra of Li2Al3H8
– taken with 3.49 eV and 4.66 eV photon energies 

are presented in Figure 4.3.1. Both spectra have an electron binding energy (EBE) band (X) starting 

from ~2.20 eV and peaking at 2.70 eV. In case of a sufficient Franck-Condon overlap between the 

ground state of the anion and the ground state of the neutral, and given there is not much hot band 

signal, the threshold of the first EBE band (~2.20 eV) should be the electron affinity (EA). The 

first experimental vertical detachment energy (VDE), corresponding to the peak position, is 2.70 

eV. The width of the band X suggests an appreciable geometry change between the ground state 

of Li2Al3H8
− and that of its neutral. In Figure 4.3.1b, one can observe a second band (A) at the 

higher EBE end, which peaks at 4.32 eV that corresponds to the transition from the ground state 

of the anion to the first excited state of the neutral molecule. 

Theoretically, twenty eight isomers were found within 20 kcal/mol range at PBE0/6-

311++G(d, p) (Figure S1). One can see that all of them are in singlet state; the lowest energy 

isomer in triplet state appears to be 28.4 kcal/mol higher in energy than GM at CCSD(T). 

Interestingly, several low-lying isomers were found to have chiral enantiomers. As we expected, 

the GM isomer I (Cs, 1A') was found to possess a propane-like geometry with the R(Al-Al)=2.68 

Å, similar to the corresponding bond length (2.67 Å)16 in its neutral isoelectronic analogue 

Li3Al3H8. Noteworthy, two closest in energy isomers (II and III in Figure 4.3.2) adopt similar 

AlnH2n+2 kernels with somewhat different arrangement of Li atoms. Akin to the neutral Li3Al3H8 

molecule,16 the GM structure of Li2Al3H8
– maintains the structural features of propane better than 
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any other isomers (Table S1). Apparently, higher Al-H perturbation caused by Li cations (the 

weaker the lithium–hydrogen interaction, the shorter the Al-H σ bond) evokes some deviation from 

the propane-like framework, and, probably, overall system destabilization. Thus, isomers II and 

III are 7.2 kcal/mol and 12.2 kcal/mol higher in energy than isomer I at CCSD(T). It should be 

noted that the valence Al-Al-Al angle in Li2Al3H8
– (100.0°) is almost the same as in propane 

molecule (112.8°). Relative to the experimentally synthesized (Cs10H[Ga3H8]3)
9 and theoretically 

predicted (Li3B3H8)
6 X-homocatenated (X=B, Ga) propane-like species, Li2Al3H8

– cluster shows 

the smallest deviation in the valence angle from that of C3H8 molecule (Table S2). 

To facilitate comparisons between the experimental and theoretical results, we calculated 

VDEs of isomer I of Li2Al3H8
– at three different levels of theory: TD-DFT,26 OVGF,27 and 

CCSD(T)24 (Table S3). We found that the VDEs computed using all these methodologies are in 

excellent agreement with the first two detachment channels observed in the experiment (Figure 

4.3.1). The electron detachment from 4a''-HOMO of the anion leads to a doublet final state for the 

neutral, thus giving rise to the first VDE of 2.78 eV (at CCSD(T)), compared with the experimental 

VDE of 2.70 eV (peak X). The next electron detachment from the 6a'-HOMO-1 produces the 

second theoretically calculated VDE of 4.21 eV, in excellent agreement with the experimental 

value of 4.32 eV corresponding to the peak A. Furthermore, the calculated adiabatic detachment 

energy (ADE) of isomer I (2.28 eV at CCSD(T)/aug-cc-pVTZ//PBE0/6-311++G(d, p)) is also in 

excellent agreement with the experimentally measured ADE value of 2.20 eV. As expected, 

appreciable geometry changes upon the electron detachment from Li2Al3H8
– were observed for the 

neutral Li2Al3H8 cluster (Table S4), consistent with the broad X band observed in the PES spectra 

(Figure 4.3.1). We have also checked the VDEs of the second in energy isomer II (Table S3). 

However, the high relative energy of isomer II (Figure 4.3.2), as well as its somewhat higher 
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theoretical first VDE of 2.94 eV, makes this isomer unlikely to be populated in the molecular beam 

in any appreciable amount. Thus, we believe that the propane-like structure I is the only one 

contributing to the PES. 

Results of the chemical bonding analysis of the isomer I via Natural Bond Orbital (NBO)28 

method at the PBE0/6-311++G(d, p) level of theory are summarized in Figure 4.3.3. According to 

the NBO results, the Li2Al3H8– cluster has two direct two-center two-electron (2c-2e) Al-Al σ 

bonds with ON=1.79 |e| and eight 2c-2e Al-H σ bonds with ON=1.85-1.99 |e|. Li atoms are 

involved into the bonding primarily ionically, bearing charges of +0.49 and +0.56 (Table S5). 

These numbers are comparable to the existing studies on charge transfer from alkali metals to 

Al.30 Al-H σ bonding is highly polarized towards hydrogen. On average, 70% of the electron 

density comes from hydrogen to form Al-H σ bonds. It should be pointed out that the obtained 

chemical bonding picture for Li2Al3H8
– confirms the fact of Al homocatenation and is in perfect 

agreement with the NBO pattern revealed for propane molecule (Figure S2). Although the positive 

charges on Li atoms are smaller than the ideal value of +1 according to the electronic transmutation 

principle,6 Al atoms gain enough electron density from lithium atoms to be able to transmute into 

Group 14 atoms and mimic the structural features of Group 14 hydrides. 

 

Conclusions 

In conclusion, thorough ab initio and PES studies of the Li2Al3H8
– cluster have reliably 

established the structure as well as deciphered the chemical bonding pattern of this unique species, 

thus introducing the first experimental example of Al homocatenation, yet unknown in chemistry. 

We hope that the current work will be of broad interest to scientists who are involved in synthesis 
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of homocatenated chemical species across the Periodic Table as well as that our work will extend 

the view of chemical community on Al chemistry in particular. 
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Figure Captions 

Figure 4.3.1. Photoelectron spectra of Li2Al3H8
−.  a) at 355 nm (3.496 eV) and b) at 266 nm (4.661 

eV). 

Figure 4.3.2. Lowest energy isomers of Li2Al3H8
–, their point group symmetries, ground electronic 

states, and ZPE corrected relative energies (in kcal/mol) at the PBE0/6-311++G(d, p) and 

CCSD(T)/aug-cc-pVTZ//PBE0/6-311++G(d, p) (in square brackets) levels of theory. The solid 

rods between atoms help visualization and do not necessarily represent 2c-2e σ bonds here and 

elsewhere. H is blue, Al is yellow, and Li is magenta. 

Figure 4.3.3. Visualization of the NBO results for the Li2Al3H8
– cluster. a) Two aluminum-

aluminum 2c-2e σ bonds (shown superimposed, left) b) Eight aluminum-hydrogen 2c-2e σ bonds 

(shown superimposed, right). ON denotes occupation number. 
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Figure 4.3.1 
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Figure 4.3.2 
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Figure 4.3.3 
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Abstract 

A combined study of anion photoelectron spectroscopy (PES) and density functional theory 

(DFT) has been utilized to study neutral and anionic Ph2CO-Al+. The comparisons between the 

experimental and theoretical vertical detachment energies (VDE) of both the anion isomers are 

made, and excellent agreement is found. Natural population analysis (NPA) show that in Ph2CO-

Al+, Al is positively charged by +0.81 e, indicating a highly ionic bond between Al and Ph2CO, 

which is comparable to the case of AlCl. This Al(I) containing molecule Ph2CO-Al+ could further 

be utilized as precursor of low oxidation state Al chemistry. 
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Introduction 

 Aluminum chemistry has drawn much attention these years as a result of increased interests 

in the reactivity of its low oxidation state.1, 2 Since Schnöckel synthesized monovalent aluminum 

halides AlX (X = Cl, Br, I), 3-5 they have become the precursors from which a large variety of low 

oxidation state aluminum compounds were synthesized.1-2, 6-15 Particularly, from the reaction 

between AlCl solution and Cp*2Mg (Cp* = pentamethylcyclopentadienyl), 12-14 another interesting 

molecule, (Cp*Al)4 was obtained, which itself is also an excellent precursor to a lot of other Al 

compounds. 15-25 The plentiful chemistry of low oxidation state Al is owing to its lower stability 

comparing to Al(III) compounds, therefore, designing new Al(I) compounds and utilizing them as 

reaction precursors could largely enrich Al chemistry. Undoubtedly, the first step of designing 

such a compound is to find the electron acceptor, a counterpart of the X in AlX, and the Cp* in 

(Cp*Al)4. 

In solution, benzophenone (Ph2CO) can readily react with alkali metals to form a stable 

dark-colored Ph2CO-M+ (M = Li, Na, and K) solution. 26 The anion photoelectron spectroscopy 

study of intact (Ph2CO)- radical anion in the gas phase revealed that its electrophilicity was rather 

high and its vertical detachment energy (eV) was measured to be 1.11 eV. 27 The stability of the 

anion largely comes from the delocalization of the excess electron in the π* anti-bonding orbital. 

Therefore, as a reactive metal, Al might also react with Ph2CO and give up one electron to form a 

monovalent Al compound, Ph2CO-Al+, which might further be utilized as a precursor towards other 

low oxidation state Al compounds. To the best of our knowledge, none of this kind of studies exist 

yet. 

In the present work, we explore the viability of producing monovalent Al compound 

Ph2COAl via gas phase anion photoelectron spectroscopy and density functional theory (DFT) 
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calculations. We produced the parent anion of Ph2COAl, measured its electronic structure both 

experimentally and theoretically. More importantly, we also calculated the charge distribution 

within this compound and confirmed that Al is indeed in its +1 oxidation state in this compound.  

 

Experimental and Theoretical Methods 

Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 

negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 

photodetached electrons. It is governed by the energy-conserving relationship, h = EBE + EKE, 

where h is the photon energy, EBE is the electron binding (transition) energy, and EKE is the 

electron kinetic energy. Our anion photoelectron spectrometer, which has been described 

previously,28 consists of a laser vaporization anion source, a linear time-of-flight mass 

analyzer/selector, a pulsed Nd:YAG photodetachment laser operating at 355 nm (3.49 eV), and a 

magnetic bottle electron energy analyzer. Photoelectron spectra were calibrated against the well-

known photoelectron spectrum of Cu-.29 Parent anions of Ph2COAl were generated in a laser 

vaporization source. Briefly, an aluminum rod was coated by a thin layer of Ph2CO powder and 

then ablated by a pulsed Nd:YAG laser beam operating at a wavelength of 532 nm. The resulting 

plasma was cooled by supersonically expanding a plume of helium gas from a pulsed gas valve 

(backing pressure of ~60 psi). Negatively charged anions were then extracted into the spectrometer 

prior to mass selection and photodetachment.  

Density functional theory calculations were conducted by applying Becke’s three-

parameter hybrid functional (B3LYP)30-32 using the Gaussian09 software package33 to determine 

the geometries of both neutral and anionic Ph2COAl, the vertical detachment energy (VDE) values, 
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the neutral excited states, the charge distribution and the potential energy surface. All geometries, 

including that of the anion and its corresponding neutral molecule, were fully optimized without 

any geometrical constraints. The VDE is the energy difference between the ground state of the 

anion and the neutral with the same structure as the anion. The energies for the excited states of 

the neutral molecule were calculated with time-dependent DFT (TDDFT) methods. 34-36 Natural 

population analysis (NPA), as implemented in the Gaussian09 code, was also carried out to 

determine the charge distributions. As a comparison, the NPA charge distribution of AlCl was also 

calculated. The NPA method has been found to be satisfactory in calculating the charge 

distribution within a cluster. 37, 38 The potential energy surface was scanned along the Al-O 

coordinate with a step width of 0.05 Å. All the above calculations were performed with the the 6-

311++G (3df, 3pd) basis set 

 

Results 

Before confirming the charge distribution, we write the molecule of interest in the form of 

“Ph2COAl” other than “Ph2CO-Al+”. The resultant photoelectron spectrum of (Ph2COAl)- is 

presented in Figure 4.4.1. Two broad EBE bands can be observed. The first EBE band, which 

peaks at 1.43 eV, corresponds to the photodetachment of the first isomer of the anion (Iso 1). The 

second EBE band, which peaks at 2.14 eV, corresponds to the second isomer of the anion (Iso 2). 

The relative intensity of these two EBE bands varied during different days’ experiments, 

confirming that they belonged to different isomers. The calculated VDE values of these two 

isoerms are 1.39 eV and 2.00 eV, respectively. Experimental and theoretical VDEs are tabulated 

in Table 4.4.1, and very good agreement can be found there. Our TDDFT calculations reveal that 

the vertical transition energies from the ground state of the anion Iso 1 to the excited states of the 
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neutral are at least 3.8 eV, which is beyond the laser energy used in the experiments. Therefore, 

this information further confirms that the two EBE bands belong to the two different isomers but 

not different transitions of the same isomer. 

The calculated structures of the anion isomers and the neutral are presented in Figure 4.4.2. 

Both of the anion isomers relaxed to the same neutral during the optimization, therefore, we use 

green arrows to connect the anions and the neutral. In Figure 4.4.2, the characteristic bond lengths 

are marked in black numbers (Å), bond angles are marked in red numbers (º) and the charge of Al 

are marked in blue numbers (e). The energy difference between the two anion isomers is only 0.05 

eV, which explains their coexistence in the ion beam. In anion Iso 1, the Al atom bonds with O 

from the end and the Al-O-C moiety forms a linear structure. In anion Iso 2, the Al-O-C moiety 

shows an angle of 83.7º. Both the Al-O bond and the C-O bond are longer in Iso 2 than in Iso 1. 

The neutral molecule keeps the linear Al-O-C structure as in anion Iso 1, but the Al-O and C-O 

bond lengths are slightly longer. The Al-O bond length in the neutral, 1.72 Å, is similar to a normal 

Al-O single bond, indicating that there might be only single charge transfer from Al to Ph2CO. 

Due to steric hindrance, the two benzene rings are slightly off the plane in all of these structures. 

The NPA charge distributions of both anionic and neutral Ph2COAl are tabulated in Table 

4.4.2. In both of the anion isomers, the Al atom has a positive charge of around +0.6 e, and Ph2CO 

is negatively charged by around -1.6 e. But in neutral Ph2COAl, the Al atom has a positive charge 

of +0.81 e, which means that the bond between Al and Ph2CO is highly ionic. Therefore, we 

formally write Ph2COAl as Ph2CO-Al+ at this stage. Even though Ph2CO could very slowly form 

dianion, Ph2CO2-M2, when reacting with excess alkali metals, 26 Al2+ and Ph2CO2- are not observed 

in the present study.  From the comparison of the anion and the neutral, we can observe that the 

excess electron is partially delocalized on Al (-0.2 e) and partially delocalized on Ph2CO (-0.8 e), 
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this is due to the high electron accommodating ability of the π conjugate system of Ph2CO. As a 

comparison, the charge of Al in the widely used precursor AlCl was calculated to be +0.69 e at the 

same level of theory, which is also very ionic, but lower than that of Ph2CO-Al+, hence, the electron 

transfer from Al to the anion part is more thorough in Ph2CO-Al+ than in AlCl. 

 

Discussion 

Now we discuss the viability of synthesizing Ph2CO-Al+. The potential energy surface 

along the Al-O bond in neutral Ph2CO-Al+ is shown in Figure 4.4.3. It is obvious that when Al is 

approaching Ph2CO, the Al-O bond can readily form without an energy barrier. More than 2 eV 

(190 kJ/mol) heat can be released during this gas phase reaction. Therefore, this reaction is 

thermodynamically favorable. However, in solution, one would expect more complications, such 

as solvent effect, reaction temperature, etc. More importantly, it is critical to keep Al at its +1 

oxidation state and prevent it from being further oxidized to +3. To achieve this, two precautions 

need to be taken. The first one is keeping a low temperature environment. For example, AlCl can 

only be kept for a long time under 77K. 3 The second one is stoichiometrically starving Al, i.e. 

adding excess Al and limited Ph2CO to the reaction system, so that there are not enough oxidants 

to drag Al down to the +3 state. Other conditions such as rigorous absence of oxygen and water 

also need to be taken care of. We look forward to the work from the experts in synthetic chemistry. 

 

Conclusion 

The parent anion of Ph2CO-Al+ was produced in the gas phase. The combination of 

photoelectron spectroscopy and DFT calculations found two isomers for the parent anion but only 

one isomer for the neutral. The experimental VDE values of these two anion isomers, 1.43 eV and 
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2.13 eV had very good agreement with the calculated ones. The NPA analysis revealed that the 

bond between Al and Ph2CO was quite ionic, and Al was indeed in its +1 oxidation state. The 

comparison between Ph2CO-Al+ and AlCl indicated that their charge distributions were 

comparable, which gave us confidence in this designer precursor. The gas phase potential energy 

surface along the Al-O bond showed no barrier, therefore, this reaction could readily occur in an 

energetically favorable way. However, in solution, more precautions should be taken in order to 

achieve this reaction, such as the reaction temperature and the reactant ratio. 
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Table 4.4.1. Experimental and theoretical VDE values of the two anion isomers.  

 Expt. VDE (eV) Theo. VDE (eV) 

Iso 1 1.43 1.39 

Iso 2 2.13 2.00 

 

 

Table 4.4.2. The charge distribution on Al and on the rest of the molecule. 

 Charge on Al (e) Charge on the rest of the molecule (e) 

Ph2COAl anion Iso 1 +0.60 -1.60 

Ph2COAl anion Iso 2 +0.61 -1.61 

Ph2COAl neutral +0.81 -0.81 

AlCl +0.69 -0.69 
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Figure Captions 

Figure 4.4.1. Photoelectron spectrum of (Ph2CO-Al+)- taken with 3.49 eV laser. 

Figure 4.4.2. Calculated structures of the anion isomers and the neutral. 

Figure 4.4.3. Potential energy surface of neutral Ph2CO-Al+ when Al atom is approaching Ph2CO. 
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Figure 4.4.1 
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Figure 4.4.2 
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Figure 4.4.3 
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Abstract 

A combined study of anion photoelectron spectroscopy (PES) and density functional theory 

(DFT) has been utilized to study the o-dicarbadodecaborane (o-carborane) parent anion. Different 

from some published work in which o-carborane shows a negative electron affinity, in the present 

work, we report a remarkable electrophilicity of o-carborane. Two isomers were found for o-

carborane anion, and one of them, with the C-C bond broken, shows an unusual stability. 

According to its potential energy surface, we cannot observe the electron affinity experimentally 

due to the lack of Franck-Condon overlap, thus, we report a theoretical electron affinity value of 

1.19 eV. The experimental vertical detachment value (2.33 eV) has satisfactory agreement with 

the theoretical value (2.26 eV).  
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Introduction 

O-dicarbadodecaborane (o-C2B10H12), or simply known as o-carborane, was firstly 

synthesized and reported in 1963. 1-9 Its slightly distorted icosahedral structure, unusual stability, 

chemical properties and isomerization among its o-, m-, p- isomers were recorded at the same time. 

1-9 The hydrogen atoms attached the C atoms are found to be acidic. By reacting with n-butyllitium 

in tetrahydrofuran, the doubly-deprotonated dianion C2B10H10
2- was synthesized. 10-12 The 

C2B10H12 cage itself can accommodate as many as two electrons. On the experimental front, the 

dianion (C2B10H12)
2- can be obtained by mixing o-carborane and Na/K alloy in tetrahydrofuran. 13 

On the theoretical front, ab initio calculations found that it has a nido-structure. 14,15 Despite the 

stability of the dianion, the study on the monoanion is relatively scarce. Experimentally, only [(15-

crown-5)3Na2]
2+ [(C2B10H11)2]

2- and [(P(C6H5)3CH3]2 
2+[(C2B10H11)2]

2- salts were synthesized,16,17 

in which the anion part, [(C2B10H11)2]
2-, is a connected double cage with one negative charge on 

each cage. (C2B10H12)
- was also observed in a chemical equilibrium, in which one electron 

transferred from (C2B10H12)
2- to C2B10H10RR’, resulting in (C2B10H12)

 - and (C2B10H10RR’)-.13 

Theoretically, Hermansson et al 18 found that o-carborane has an electron affinity (EA) of -212 

KJ/mol (-2.20 eV) with Hartree-Fock/6-31g* level of theory. To the best of our knowledge, there 

is no gas phase study of isolated (C2B10H12)
 - monoanion yet.  

From the above knowledge, it seems that (C2B10H12)
 - can only exist in metastable state or 

stabilized by counter ions in salts. However, in this work, we present evidences of remarkable 

electrophilicity of o-carborane by synthesizing its intact, isolated parent anion in the gas phase, 

characterizing it with anion photoelectron spectroscopy (PES) and reporting positive electron 

affinity and vertical detachment energy values. Density functional theory (DFT) is also utilized to 

validate and interpret the experimental results.  
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Experimental and Theoretical Methods 

Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 

negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 

photodetached electrons. It is governed by the energy-conserving relationship, h = EBE + EKE, 

where h is the photon energy, EBE is the electron binding (transition) energy, and EKE is the 

electron kinetic energy. Our anion photoelectron spectrometer, which has been described 

previously,19 consists of a laser vaporization anion source, a linear time-of-flight mass 

analyzer/selector, a pulsed Nd:YAG photodetachment laser, and a magnetic bottle electron energy 

analyzer. Photoelectron spectra were calibrated against the well-known photoelectron spectrum of 

Cu-.20 Parent anions of o-carborane were generated in a laser vaporization source. Briefly, a silver 

rod was coated by a layer of o-carborane powder (Alfa Aesar, 98%), and then ablated by a pulsed 

Nd:YAG laser beam operating at a wavelength of 532 nm. The resulting plasma was cooled by 

supersonically expanding a plume of helium gas from a pulsed gas valve (backing pressure of ~100 

psi). Negatively charged anions were then extracted into the spectrometer prior to mass selection 

and photodetachment.  

Density functional theory calculations were conducted by applying Becke’s three-

parameter hybrid functional (B3LYP)21-23 using the Gaussian09 software package24 to determine 

the geometries of both neutral and anionic o-carborane, the electron affinity (EA) and vertical 

detachment energy (VDE) values, the potential energy surface, and the charge distribution. All 

geometries, including that of the anion and its corresponding neutral molecule, were fully 

optimized without any geometrical constraints using the 6-311++G (d, p) basis set. The EA value 

is the energy difference between the ground state of the neutral and the ground state of the anion 

with zero point energy correction. The VDE is the energy difference between the ground state of 

the anion and the neutral with the same structure as the anion. The potential energy surface was 
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scanned along the C-C coordinate with a step width of 0.05 Å by relaxing the rest of the molecule 

to its ground state. Natural population analysis (NPA), as implemented in the Gaussian09 code, 

was also carried out to determine the charge distribution of the anion. The NPA method has been 

found to be satisfactory in calculating the charge distribution within a cluster. 25, 26 

 

Results and Discussion 

Experimental results 

The resulted mass spectrum is presented in Figure 4.5.1(a). One can observe mass peaks 

ranging from 135 to 146. Figure 4.5.1(b) is the simulated isotopic distribution of C2B10H12
-. By 

comparing Figure 4.5.1(a) and 1(b), we conclude that the parent anion, C2B10H12
- was indeed the 

major component of the ion signal. However, there were other C2B10Hn
- (n < 12) ions existing in 

the ion beam at the same time. Thus, we took photoelectron spectrum from the mass = 146 peak 

in order to avoid the contamination from those fragments. The photoelectron spectrum taken with 

3.49 eV laser is presented in Figure 4.5.2. One observes that the first EBE band starts from ~1.8 

eV and peaks at 2.33 eV. If there is sufficient Franck-Condon overlap between the ground state of 

the anion and the ground state of the neutral and there is not much hot band signal, the threshold 

of the first EBE peak, ~1.8 eV, should be the electron affinity (EA). However, it might not be this 

case if the structural displacement is too large between the anion and the neutral. Therefore, the 

potential energy surface discussed later in this article will be utilized to determine the EA value. 

The experimental vertical detachment energy (VDE), corresponding to the peak position, is 2.33 

eV. 

 

Theoretical Results and Discussion 
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The optimized structures of C2B10H12
0/- are embedded in Figure 4.5.3. The C atoms are in 

grey, H atoms in white, and B atoms in pink. The neutral cluster has a well-known C2v, slightly 

distorted icosahedral structure. Two isomers were found for the anion: isomer 1, on the one hand, 

was found to have a very similar structure as the neutral. Isomer 2, on the other, showed that the 

C-C bond was broken, while the whole molecule maintains a C2V structure. The coordinates of the 

neutral and anion isomers are provided in the supporting information. The energy of anion isomer 

1 is 1.07 eV higher than that of anion isomer 2, and 0.06 eV higher than that of the neutral, which 

eliminates the possibility of anion isomer 1’s existence in the ion beam. The calculated EA, 

obtained by subtracting the zero point energy corrected energies of the neutral and anion isomer 2, 

is 1.19 eV, which is very different from the experimental EBE threshold value, 1.8 eV, indicating 

that the Franck-Condon overlap might be too small to observe the origin transitions. The calculated 

VDE, 2.26 eV, has a very good agreement with the experimental value, 2.33 eV. 

The NPA analysis shows that the charge on each of the carbon atom of anion isomer 2 is -

0.75 e, which means the excess electron of the anion mainly attaches to the carbon atoms. This is 

due to its higher electronegativity comparing to B and H atoms. Hence, the heavily charged C-C 

coordinate is essential in determining the Franck-Condon overlap of the electron detachment 

process. Figure 4.5.3 presents the potential energy surface of both the anion and the neutral along 

the C-C coordinate, in which red line is for the neutral and black for the anion. For the neutral, 

only one potential well is observed at 1.624 Å, in great consistency with reported C-C bond length, 

1.622 Å.11 For the anion, two wells are observed at 1.614 Å and 2.389 Å, corresponding to isomer 

1 and isomer 2 respectively. Between the two wells, there is a barrier of 0.78 eV from isomer 1 to 

isomer 2. We suggest that it is the laser power used to vaporize the molecules that overcomes this 

barrier and break the C-C bond. The C-C bond displacement between anion isomer 2 and the 
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neutral is as large as 0.77 Å, and there is clearly no Franck-Condon overlap between anion isomer 

2 and the neutral, which explains why we did not observe the origin transition experimentally, and 

confirms that the observed threshold, 1.8 eV, is not the electron affinity. From the great agreement 

between the experimental and theoretical VDE values, we gain confidence that the real electron 

affinity value should be the calculated value, 1.19 eV. 

In Figure 4.5.3, next to the structures of anion isomer 1 and isomer 2, we present their 

highest occupied molecular orbitals (HOMO) where the excess electron dwells. For isomer 1, the 

electron cloud is mainly localized on the two C-H groups, while in isomer 2, it is delocalized within 

the whole molecule. Therefore, isomer 2 is able to better accommodate the excess electron and is 

much more stable. 
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Figure Captions 

Figure 4.5.1. Experimental mass spectrum and simulated isotopic distribution of C2B10H12
-. 

Figure 4.5.2. The photoelectron spectrum of C2B10H12
- taken with 3.49 eV laser. 

Figure 4.5.3. Potential energy surfaces of neutral (red) and anionic (black) o-carborane along the 

C-C coordinate. Their structures and HOMOs are embedded as well. 
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Figure 4.5.1 
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Figure 4.5.2 
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Figure 4.5.3 
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4.6 Photoelectron Spectroscopy of Carbon Aluminum Hydride 

Cluster Anions, CxAlyHz
- 

Introduction 

In this section, I report the experimental discovery of a series of carbon aluminum hydride 

cluster anions, CxAlyHz
 - (x = 1-3; y = 1-8; z = 0-3), generated by a pulsed arc cluster ionization 

source (PACIS), identified by time-of-flight mass spectrometer, and characterized by 

photoelectron spectroscopy. Some of the structures were also calculated and presented. Ultra-high 

coordination numbers for carbon were observed. The study of carbon aluminum hydride is an 

extension of aluminum hydride cluster and boron aluminum hydride cluster studies. 

Further interpretations are needed. 
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Figure Captions 

Figure 4.6.1. Mass spectrum of CxAlyHz
- 

Figure 4.6.2. Photoelectron spectra of CxAlyHz
- 

Figure 4.6.3. Some calculated structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



224 
 

 

Figure 4.6.1 
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Figure 4.6.2 
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Figure 4.6.3 
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Abstract 

For years researchers have been exploring the double Rydberg anion (DRA), H3O
-, 

however, no positive results have been reported other than theoretical predictions. By substituting 

one H atom in H3O
- with Li atom, we successfully designed and obtained a DRA LiOH2

- via anion 

photoelectron spectroscopy and theoretical calculations. The photoelectron spectrum of LiOH2
- 

strikingly showed a red shift comparing to that of Li-, which is different from a lot of other cases 

where an anion interacts with water molecule and solvation occurs. Our calculations have a great 

agreement with measured values, confirming that the DRA is the only isomer existed in the 

experiments. NBO analysis also exhibits a doubly occupied, very diffuse, Rydberg type highest 

occupied molecular orbital. 

mailto:kbowen@jhu.edu
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Introduction 

 The nature of Double-Rydberg Anions (DRA) is a stable, closed-shell cation core around 

which there are a pair of electrons delocalized in a very diffuse orbital.1 Such cation cores can be 

H3
+, H3O

+, NH4
+, Na+, etc. In 1988, Bowen announced the first experimental observation of the 

DRA NH4
- and reported its vertical detachment energy (VDE) to be 0.472 eV.2 Afterwards, Oritz3 

and Gutowski4 carried out geometry and energy calculations of DRA NH4
- and reported the VDE 

to be 0.42 eV and 0.45 eV, respectively, both of which are in excellent agreement with experiments. 

Later on, anion photoelectron spectroscopy and interpretations of DRAs NnH3n+1
- (n = 2-7) were 

reported.5, 6 Ortiz’s calculation7 on N2H7
- was consistent with the experiment. Another intriguing 

DRA, H3O
-, was also predicted by theory,4,8 and the VDE of DRA H3O

- was calculated to be 0.46 

eV, geometry to be pyramidal C3v.
4 However, to the best of our knowledge, there has been no 

experimental evidence of the existence of DRA H3O
-, and only its isomer, H-(H2O), was reported.9 

H-(H2O) can be viewed as an H- anion solvated by one water molecule via hydrogen bond. In our 

group, numerous experimental efforts have been made to discover DRA H3O
- but no success has 

been achieved yet. On the other hand, the metastable Rydberg neutral molecule, D3O, was 

discovered by neutralized ion beam spectroscopy,10 but the experimental observation of H3O via 

neutralization-reionization spectroscopy has met controversy.11,12 Therefore, neither the Rydberg 

molecule H3O nor the DRA H3O
- has solid experimental evidences yet. 

 To design a DRA that is similar to H3O
-, we draw our attention to lithium. Lithium is in 

the same group as H, and LiOH2
- is isoelectronic to H3O

-, therefore, LiOH2
- has a chance to be a 

DRA, a sister cluster of H3O
-. However, when Li forms anion and interacts with water molecule, 

one would expect a water solvated cluster anion, Li-(H2O), which is similar to H-(H2O). Therefore, 

identifying the right isomer is one of the major tasks of the current paper. Noteworthy, the ground 



229 
 

state of Li3O
-, which is also isoelectronic to H3O

-, has been reported to be a triplet state with a C2v 

structure, which is not a DRA.13,14 In this work, we utilized anion photoelectron spectroscopy and 

theoretical calculations to explore the existence of designer DRA LiOH2
- and its corresponding 

neutral. We have found that the DRA isomer LiOH2
- has lower energy than the solvation isomer 

Li-(H2O), and the agreement between theory and experiment confirmed that LiOH2
- was the only 

isomer present in experiment. The molecular orbital analysis revealed that LiOH2
- was indeed a 

DRA. Its VDE and geometry are also similar to those of H3O
-. Its neutral counterpart, LiOH2, was 

confirmed to be a Rydberg molecule. 

 

Experimental and theoretical methods 

Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 

negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 

photodetached electrons. It is governed by the energy-conserving relationship, hν = EBE + EKE, 

where hν is the photon energy, EBE is the electron binding (transition) energy, and EKE is the 

electron kinetic energy. The anion photoelectron spectrometer, which has been described 

previously,15 consists of an ion source, a linear time-of-flight mass spectrometer, a mass gate, a 

momentum decelerator, a pulsed Nd:YAG photodetachment laser, and a magnetic bottle electron 

energy analyzer. Photoelectron spectra were taken with 1064 nm photon energy. Li- and Li(H2O)- 

cluster anions were generated in a laser vaporization source. Briefly, a rotating and translating 

pressed LiI disk is ablated by a pulsed Nd:YAG laser beam operating at a wavelength of 532 nm. 

The resulting plasma was cooled by supersonically expanding a plume of helium gas from a pulsed 

gas valve (backing pressure of ~60 psi). Negatively charged anions were then extracted into the 

spectrometer prior to mass selection and photodetachment. 
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All of the calculations were carried out using the Gaussian 09 software package.16 The 

structures of neutral and anionic Li(H2O)- were obtained by density functional theory (DFT) based 

electronic structure calculations. The M06-2X functional17 along with 6-311++G (3df, 3pd) basis 

set18 was used for all the calculations. Structures were optimized without any symmetry constraints. 

The chemical bonding analysis via Natural Bond Orbital (NBO)19,20 method is also presented. 

The vertical detachment energy (VDE) obtained from the theoretical calculations was 

compared with the corresponding measured values. VDE is the energy between the ground state 

anion and its corresponding neutral at the geometry of the anion. The calculated adiabatic 

detachment energy (ADE) of the lowest energy isomers of anion were also compared to the onset 

(threshold) region of the lowest electron binding energy of the PES spectrum. The ADE is 

calculated as the energy difference between the lowest energy geometry of the anionic cluster and 

the structurally similar/identical isomer (nearest local minimum) of its neutral counterpart. If the 

local minimum is also the global minimum, then the ADE is also the electron affinity (EA), defined 

to be the energy difference between the ground state of the anion and the ground state of the neutral. 

 

Results and discussion 

Two Li(H2O)- isomers might co-exist, the DRA isomer is written as LiOH2
-, and the 

solvation isomer is written as Li-(H2O). Before confirming the structure, we generally write it in 

the form of Li(H2O)-. The resultant photoelectron spectra of Li- and Li(H2O)- are presented in 

Figure 5.1.1. The spectrum of Li- peaks at EBE = 0.62 eV, which is corresponding to the EA, 

perfectly reproduces the published work.21 Comparing to Li-, the spectrum of Li(H2O)- red shifts 

to the low EBE side, starts from EBE = 0.52 eV (EA) and peaks at EBE = 0.56 eV (VDE). This 
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red shift itself is striking enough because when an anion interacts with water molecule, solvation 

effect takes place and the spectrum always shifts to the high EBE side.22-31, Appendix A. XIII 

Calculated information obtained from M06-2X/6-311++G (3df, 3pd) level of theory is 

presented in Figure 5.1.2. Two anionic isomers, LiOH2
- and Li-(H2O) and the neutral LiOH2, 

together with the relative energies (eV), VDE of the anions (eV), bond lengths (Å, in black) and 

bond angles (º, in red) are displayed. LiOH2
- and LiOH2 both have Cs symmetry, their structures 

are very similar, and only the bond lengths in the anion are slightly shorter than in the neutral, 

indicating the bond order is higher in the anion. If they are indeed Rydberg anion and neutral, the 

very diffuse HOMO will have two electrons in the anion and one electron in the neutral, 

respectively, therefore, the bond order of the anion should be higher than the neutral by 0.5, which 

is consistent with the calculated bond lengths. Such a small structural difference also promises 

very high Frank-Condon overlap, very close ADE and VDE values and sharp experimental EBE 

peak. The calculated ADE (0.54 eV) and VDE (0.55 eV) have excellent agreement with the 

experimental results (0.52 eV and 0.56 eV), hence, we are confident that the calculated ADE is 

actually the measured EA in this case. The solvation anion isomer, Li-(H2O) has a C2v structure, 

and is 0.27 eV higher in energy comparing to LiOH2
-. The calculated VDE of Li-(H2O) is 0.85 eV, 

much higher than the experimental value. Therefore, we conclude that Li-(H2O) does not exist in 

our experiment, and at this stage, we can formally write the cluster anion as LiOH2
- as it appears 

in the title. Please note that the calculated VDE of Li-(H2O) is higher than the EA of Li, which 

makes sense when solvation occurs. 

As a matter of fact, a few experimental and theoretical investigations on LiOH2
- have been 

reported previously,32-35 and those results are consistent with the current paper, but none of them 

realized the DRA nature of LiOH2
-. As the major goal of the present study, next we discuss the 
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chemical bonding within this cluster. Figure 5.1.3 exhibits all the molecular orbitals (MOs) of 

LiOH2
- obtained from the NBO analysis. Figure 5.1.4 is the correlation diagram describing how 

these MOs in Figure 5.1.3 are formed from the combinations of the atomic orbitals of each atom. 

HOMO – 6 is the nonbonding 1s orbital of O, HOMO – 5 is the nonbonding 1s orbital of Li, and 

HOMO – 4 is the nonbonding 2s orbital of O. HOMO – 3, HOMO – 2 and HOMO – 1 are the 

three MOs that describe the three single bonds between O-H and O-Li, and they are obtained from 

the combinations of the s orbitals of H and Li and the three 2p orbitals of O. HOMO, highlighted 

by a red box, is the Rydberg MO. It is the combination of the s orbitals of H and Li and the 2s 

orbital of O. From Figure 5.1.3, one can clearly observe that the HOMO is highly delocalized 

around the whole cluster, which is very similar to the calculated HOMO of DRA H3O
-, 8 confirming 

that LiOH2
-
 is indeed a DRA. The observed VDE (0.56 eV) is similar to the calculated VDE of 

DRA H3O
- (0.46 eV)4, which further confirms that our design is feasible. Please note that the MOs 

of neutral LiOH2 are very similar to those of LiOH2
-, and the singly occupied HOMO is also a very 

diffuse molecular orbital, confirming that the neutral is a Rydberg molecule. 

 

Concluding Remarks 

 The DRA nature of LiOH2
- is an excellent example of the electron counting rule. By 

substituting the H atom with Li in DRA H3O
-, we successfully designed and obtained DRA LiOH2

- 

via anion photoelectron spectroscopy and calculations. To extend the current results, we noticed 

that the published works36,37 on LiNH3
- have already proved its DRA nature which is similar to 

NH4
- 2 even though the authors did not claim it was. The existence of DRA LiOH2

- in turn gives 

us courage continuing to explore DRA H3O
-. 
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Figure Captions 

Figure 5.1.1. Photoelectron spectra of Li- and Li(H2O)-. 

Figure 5.1.2. Calculated structures of LiOH2
-/0 and Li-(H2O). The bond lengths, bond angles, 

relative energies, VDEs are also presented. 

Figure 5.1.3. MOs of LiOH2
-. The Rydberg orbital is highlighted with red box. 

Figure 5.1.4. Correlation diagram depicting the MOs of LiOH2
-. 
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Figure 5.1.1 
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Figure 5.1.2 

 

 

 

 

 

 



239 
 

 

Figure 5.1.3 
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Figure 5.1.4 
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Appendix A. Photoelectron Spectroscopy of Various Systems: A 
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XVII. Miscellaneous 

In this section, all the spectra that were taken by me and have not been published during 

my PhD career will be presented in figures. Details of experiments and interpretations will be 

briefly discussed. This section is the most important one in Appendix. 

I. Photoelectron spectra of several neurotransmitters: laser induced tautomerization and low 

barrier hydrogen bond model 

 The parent anion of five different neurotransmitters, including dopamine, adrenaline, 

tyrosine, phenylalanine and DOPA were made by coating the sample powders onto a Cu or Ag rod 

and then ablating the rod with 532 nm laser. The anions of intact neutrals have negative EA. What 

we have observed here are actually laser induced tautomer, in which active H atoms migrate to 

benzene rings and open up the C=C double bond. Different tautomers may coexist because there 

are several C=C double bonds in the benzene ring and there are several active H atoms in a certain 

neurotransmitter molecule. Different H atoms may migrate to different C=C bonds. One or more 

H atoms may migrate. The energy of the laser compensates the energy needed for the H atom 

migration. Due to unavoidable isotopic contamination, the spectra of the parent anion will always 

have some feature from the deprotonated anion. These features are identified and marked by X. 

The spectra of deprotonated anions and the deprotonated dimer anions are also compared and show 

a low barrier hydrogen bond (LBHB) pattern. Some preliminary theoretical calculations for 

tyrosine have been done by our collaborator M. Gutowski, and I did some calculations on 

dopamine. 
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Figure A.1. The photoelectron spectra of dopamine parent anion taken on different days, the 

relative intensities of peak marked by X change day by day, which is from the deprotonated 

anion (a). The comparison between deprotonated dopamine anion and the parent anion confirms 

that peak X is from deprotonated anion (b). The comparison between deprotonated dopamine 

anion and deprotonated dopamine dimer anion shows an EA shift of ~1.2 eV, which is definitely 

a LBHB pattern. 
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Figure A.2. The photoelectron spectra of deprotonated adrenaline anion and adrenaline parent 

anion taken on different days, the relative intensities of peak marked by X change day by day, 

which is from the deprotonated anion (a). The comparison between deprotonated adrenaline and 

deprotonated adrenaline dimer shows an EA shift of ~1.1 eV, which is definitely a LBHB pattern 

(b). Please note that due to similar structures, the spectra of dopamine and adrenaline are similar. 
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Figure A.3. Again, peak X belongs to deprotonated tyrosine anion, and peaks A, B and C may 

belong to different tautomers of tyrosine anion (a). The comparison between deprotonated 

tyrosine anion and deprotonated tyrosine dimer anion shows an EA shift of ~0.7 eV, which is 

also a LBHB pattern (b). 
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Figure A.4. The relative intensities of peaks A and B vary due to different laser powder, they 

may belong to different tautomers of phenylalanine anion (a). Please note that there is another 

small feature labeled by C. The PES of the deprotonated phenylalanine is shown in (b). 
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Figure A.5. PES of DOPA parent anion (a) and the deprotonated DOPA anion (b). 
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II. When anion PES meets solid state physics 

Solid state physics has intriguing research areas such as semiconductor, superconductor, 

topological Kondo insulator etc. These properties of the materials can only appear when the size 

of the clusters/particles reaches certain regime. For example, when cluster gets big enough, it 

begins to show some macroscopic properties, and then this cluster can be called “baby crystal”.1,2 

However, the embarrassing dilemma that PES study has encountered is that we can hardly make 

clusters as big as baby crystal. Therefore, what is the meaning of making very small clusters that 

are the single unit of systems that are of solid state physics’ interest?  

Next I will present two of these examples. SmB6 as bulk material has amazing property 

called topological Kondo insulation.3 The Sm element also has mixed valence in the material, i.e. 

it could have +2 and +3 oxidation state.4 What occurs in a single SmB6
- cluster? The photoelectron 

spectra of SmB5,6
- are presented in Figure A.6. Further calculations might help to solve the +2/+3 

mixed valence enigma out of this single unit of the bulk material.  

Bi3Co as bulk material shows superconductivity at Tc = 0.48 K,5,6 and it is the first binary 

superconductor. Figure A.7 shows the PES of Bi2-4Co-. 
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Figure A.6. PES of SmB5
- (a) and SmB6

- (b) taken on different days’ experiments. Please note 

that SmB6 has a HOMO-LUMO gap as high as C60. 
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Figure A.7. PES of Bi2-4Co-. 
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III. Rare earth elements related sytems 

 In this section, I will present all the PES spectra that involve rare earth elements. There are 

PES of pure rare earth clusters as well as their oxides. Study on rare earth clusters is always 

interesting, however, the existence of f-electrons makes theoretical calculations very difficult. 

Further studies, especially theory collaborations are needed to study these systems. 

 Four systems, including La, Ce, Ho and Gd, will be shown in this section. 

 

Figure A.8 PES of LaxOy
- (x = 1-7, y = 1-3). 
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Figure A.9 PES of HoH1,2
- and HoxOy

- (x = 1-3, y = 1,2). 
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Figure A.10. PES of CexOy
- (x = 1-3, y = 0-6). Please note that Ce- and Ce3

- might be interesting 

to a lot of theorists. (CeO2)1-3
- might be interesting to experts in catalysis since CeO2 as bulk 

material is widely used as redox catalyst. CeO2
0/- have oxidation state of +3 and +4, which are 

the two oxidation states involved in CeO2 catalysis. 
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Figure A.11. PES of GdO- 
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IV. Ligated cluster anions (for MURI) 

Metal/semimetal clusters can be widely utilized as energetic materials and catalysts, 

however, due to the high activity, these clusters sometimes need to be protected by certain ligands. 

In this section, I will present the PES of the metal, mixed metal, semimetal clusters protected by 

different ligands. 

The works in this section are sponsored by the MURI funding. 

 

Figure A.12. Mass spectrum of (Cp*H)nCom
- (n = 1,2, m = 1-7) and corresponding photoelectron 

spectra. The structure of Cp*HCo- is embedded in the mass spectrum, please note that all the 

methyl groups are omitted for concision. The calculations were performed at B3LYP/6-31+ G (d, 

p) (C, H) and SDD (Co) level of theory. All calculated values match experiment very well. 
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Figure A.13. PES of LSinH
- (L = ttmss, n = 1-10) and their calculated structures. All the 

calculations were performed at B3LYP/6-31+ G (d, p) level of theory. Only the lowest energy 

isomers are shown here. All the calculated VDEs matches the experiment very well. 
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Figure A.14 PES of ligated mixed metal cluster anions. 
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V. PES of bimetallic AlxMy
- cluster anions 

In our group we have collected numerous spectra that contain aluminum. In Figure A.15, I 

summarized all the bi-elemental, Al-containing cluster anions that have been recorded by our 

group. The spectra of Al-Mo, Al-Pt, Al-Ni, Al-Sn and Al-Au systems that were collected by me 

are presented next. Please note that a lot of other Al-containing, bi-elemental system can be done 

with our unique PACIS source. Understanding the electronic structure of bimetallic clusters helps 

designing new catalysts. 

 

Figure A.15. All the Al-containing, bi-elemental systems that have been recorded by our group. 
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Figure A.16. PES of AlxMo- (x = 3-7). 
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Figure A.17. PES of AlxPt- (x = 1-7). 
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Figure A.18. PES of AlxNi- (x = 6-13). 
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Figure A.19. Mass spectrum of Al-Sn system and PES of AlxSn- (x = 1-12). 
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Figure A.20. PES of AlxAu- (x = 1-13). 
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VI. The concept of sub-nano thermite clusters 

We are exploring the properties of sub-nano (cluster) thermites. The ingredients of these 

metastable species are not separate as is usually the case, but are intimately bound together within 

clusters. Since they are quasi-atomic, their eventual reaction to form bulk products, viz., lattice 

energy, should result in an energy release that is enhanced beyond the exothermicity of normal 

thermite. In all of the cases, Al element is not fully oxidized, indicating that it has potential to act 

as reductant. Figure A.21 presents the basic ideas behind this project. The PES and some 

calculation results of Al-Mn-O, Al-Cu-O and Al-Mo-O systems are presented next. 

 

Figure A.21. The schematic relative energy diagram of the sub-nano thermite concept. 
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Figure A.22. PES of the Al-Mn-O system. Calculated structures are embedded in corresponding 

spectra. One can observe that Al is not fully oxidized in all of these calculated structures. 
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Figure A.23. PES of the Al-Cu-O system. Calculated structures are embedded in corresponding 

spectra. One can observe that Al is not fully oxidized in the calculated structure. 
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Figure A.24. PES of the Al-Mo-O system. Calculated structures extracted from references 7 and 

8 are embedded in corresponding spectra. One can observe that Al is not fully oxidized in the 

calculated structures. 
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VII. Water solvation of unstable molecular radical anions 

The parent anions of certain closed-shell molecules are not stable by itself. Their EAs are 

negative. However, by using water molecule, these radical anions can be stabilized by solvation. 

In this section, the solvation of formaldehyde, acetaldehyde, acetone, phenol and ethylene 

carbonate will be presented. Due to large structural difference of the neutral and the anion, it is 

very common that the EA cannot be observed experimentally for these systems, therefore, some 

extrapolation methods need to be utilized to estimate the negative EAs of these molecules. 

 

Figure A.25. PES of formaldehyde, acetaldehyde and acetone radical anions solvated by water. 
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Figure A.26. PES of phenol radical anion solvated by water. 
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Figure A.27. PES of ethylene carbonate radical anion solvated by water. 
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VIII. Clusters mimic precious elements 

Some elements are very expensive such as noble metals and rare earth elements. There is 

great need for replacing these high-cost elements with other relative cheap materials. If a certain 

cluster is isoelectronic to an expensive element, and they share similar electronic structures 

(similar PES), this cluster might well be the replacement of this expensive element. In this section, 

I will present the comparison between HMoO- and Rh-, LaNa2O
- and PrO-. For HMoO-, my 

calculations confirms that its structure is HMoO- but not MoOH-. O-Mo bond can be viewed as a 

covalent bond, hence O provides two electrons. 

 

Figure A.28. PES of Rh- and HMoO-. The structure of HMoO- was obtained at B3LYP/SDD 

(Mo) and 6-311++ G (3df, 3pd) (O, H) level of theory. EA and VDE match experiment very 

well. 
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Figure A.29. PES of PrO- and LaNa2O
-. 
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IX. Bimetallic transition metal cluster anions 

Bimetallic transition metal clusters are good candidates to study mixed metal catalysts, 

which could be much better than single-metal catalysts. In this section, Ag-Mn, Pd-Cu, Pd-Mg, 

Pd-Zn, Pt-Mo, Pt-Ni, and Pt-Si systems will be presented. 

 

Figure A.30. PES of AgMn1-3
-. Please note that these cluster might have very interesting 

magnetic properties. 
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Figure A.31. PES of PdMg1,2
-, PdZn1,2

- and PdCu-. 

 

 

Figure A.32. PES of Pt1-3Ni-, Pt1-3Si- and PtMo-. 
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X. Transition metal hydrides 

Certain transition metals are very good catalysts for hydrogenation and dehydrogenation. 

Understanding the electronic structure of these hydrides will facilitate the understanding of 

catalysis mechanism and further help designing good catalysts. In this section, some hydrides of 

Ag, Cu, Fe and Pd will be presented. 

 

Figure A.33. PES of FeH-. 
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Figure A.34. PES of Ag- and AgH-. Please note that some features in the spectrum of AgH- 

belong to Ag-. 
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Figure A.35. Mass spectra and PES of PdH1,3
-. Calculated structure of PdH3

- and the molecular 

orbital of the bonding between H2 molecules and PdH- moiety is also presented. PdH3
- is an 

interesting cluster due to this unique structure. Calculations were performed at PBEPBE/SDD 

(Pd) and 6-311+ G (3pd) (H) level of theory. 
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Figure A.36. PES of Cu2H1,2
-. Details about Cu2H

- can be found in reference 9. Unlike the 

published work in which they only found one isomer, 9 we observed two isomers. Cu2H2
- was 

observed by us for the first time. The structure was calculated at CCSD(t)/SDD (Cu) and 6-311+ 

G (3pd) (H) level of theory. 
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XI. Electron induced proton transfer in formic acid trimer 

Electron induced proton transfer occurs in formic acid dimer anion,10 (the reported VDE 

of formic acid dimer anion in reference 10 might be wrong due to insufficient photon energy.) and 

in the trimer anion, the third formic acid molecule serves as a solvation molecule. Mass spectrum 

and photoelectron spectrum are presented in Figure A.37 and calculation results are shown in 

Figure A.38. Calculations were performed at wb97xd/6-31+ G(d, p) level of theory. Rigid scan 

means only the O-H coordinate is changing while the rest of the cluster remains unchanged. 

 

Figure A.37. Mass spectrum and PES of formic acid trimer. 
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Figure A.38. Rigid scan potential energy surfaces, neutral structure, anion structure and anion 

HOMO are presented. Calculated VDE matches experiment perfectly, and one can observe that 

there is no Frank-Cotton overlap between the ground state of the anion and ground state of the 

neutral, therefore EA cannot be observed experimentally. 
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XII. Anionic resonance of azobenzene parent anion 

Azobenzene anion has resonance from 2.2 eV to 2.8 eV, so we expect special peaks when 

photodetachment photon energy falls into that region. Figure A.39 shows the photoelectron spectra 

of azobenzene anion taken at different photon energies. The 3.49 eV and 4.66 eV spectra are 

normal photodetachment spectra since there is no resonance. The vibrational progression is due to 

the C-N stretch mode, which is consistent with my calculations. The 2.54 eV, 2.41 eV and 2.33 

eV spectra are mixtures of normal photodetachment and autodetachment after anionic resonance. 

Hence, the left three peaks are still the C-N vibrational progression, and the peak marked by R is 

due to the anionic resonance and it changes with photon energy. The right side of Figure A.39 

shows the schematic energy diagram of the resonance absorption --- autodetachment process. This 

is a shape resonance, which is ultrafast. No Feshbach resonance is observed because Feshbach 

resonance involves two electrons but our spectra are relative simple. For detailed knowledge please 

refer to references 11 and 12. Since the shape resonance and autodetachment are ultrafast, the 

positions of peak Rs should be corresponding to the vertical autodetachment, therefore, their 

positions are determined by their own Frank-Condon overlap. Apparently 2.54 eV photon energy 

makes the Frank-Condon overlap the worst in the three cases, therefore its R peak is the widest. 

Besides, one would expect that the structural difference between T-* and T0 is smaller than that 

between T- and T0, because the excess electron in T-* should have less influence to the T0 core. 

Therefore, due to the similar slope of T-* and T0 on their potential energy surfaces, one would also 

expect similar kinetic energies caused by autodetachment in these three cases. When our machine 

recorded the kinetic energies, it still took them as normal photoelectrons and recorded the 

corresponding EBE, therefore, EBEs will be different when photon energies are different and 

kinetic energies are similar. 
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Figure A.39. Photoelectron spectra of azobenzene anions taken from different photon energies. 

The schematic energy diagram showing the anionic resonance and autodetachment is also 

presented on the right. 

 

 

 

 

 



283 
 

XIII. Transition metal anions solvated by water 

When transition metal anions are solvated by one or more water molecules, all the peaks 

gradually shift to the high EBE end, but the spacing between peaks, the number of peaks, the nature 

of the transition of each peak do not change. Besides the shift, the major changes could only be 

peak width caused by Frank-Condon overlap change and sometimes, one might observe some 

vibrational features caused by water O-H stretch and bending. Next I will present the spectra of 

M(H2O)n
- where M = Au, Ag, Cu, Co, V, Fe. All of them follow the above protocol. This is a 

boring section, however, all of these systems are just to emphasize that how special Li-, Ni-, Pd- 

and Pt- are, because when they interact with water, they don’t follow the above protocol. 

 

Figure A.40. PES of Au(H2O)n
- (n = 0-2). 
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Figure A.41. PES of Ag(H2O)n
- (n = 0-3). 
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Figure A.42. PES of Cu(D2O)n
- (n = 0-2). 
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Figure A.43. PES of Co(H2O)n
- (n = 0-4). 
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Figure A.44. PES of V(H2O)n
- (n = 0-1). 
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Figure A.45. PES of Fe(D2O)n
- (n = 0-6).  
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XIV. Microsolvation of HCl 

When acids, bases and salts dissolve in water, what is the mechanism of ionic dissociation? 

How many water molecules are needed to pull apart the cation and anion parts? As for the anions, 

after dissociation, where does the electron dwells? Is there a H3O Rydberg molecule? Could this 

be a model of studying the nature of solvated electron (is it possible that the nature of solvated 

electron is H3O---OH- but not the electron occupying a cavity surrounded by a lot of water 

molecules)? How much can we stretch the electron induced proton transfer (EIPT) theory? This 

simple system is so interesting that we can look at it from so many perspectives. Anion 

photoelectron spectroscopy is a powerful tool for studying this kind of problems. In this section, I 

observed that the smallest HCl(H2O)n
- cluster has 6 water molecules. Calculations are needed to 

reveal the actual structures of HCl(H2O)n
- and to confirm that there is H3O Rydberg molecule 

involved, but one can imagine that the calculation could be tedious because water molecules could 

have many different orientations. The way I did the experiment is using HCl solution, in which 

HCl is already dissociated. Hence, the onset of mass spectrum is smallest cluster with HCl 

dissociated, in other words, the H---Cl dissociated isomer of HCl(H2O)n
- (n<6) cluster anions 

might have negative EAs. Vitaly’s neutral molecule dipole moment experiment shows that six 

water molecules are needed to dissociate DCl.13 Martina Havenith’s work shows that only four 

water molecules are needed to dissociate HCl. 14 This difference might be another example of 

isotope kinetic effect. Then, why our system needs six water molecules to dissociate HCl? Is it 

because anion needs more water molecules to be stabilized than the neutral? Is it simply because 

our system has higher temperature? 
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Figure A.46. Mass spectrum and PES of HCl(H2O)n
- (n = 6-13). 
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XV. PES of organic anions 

Electron delocalization, electron-withdrawing functional group, radical anion, etc. are very 

basic concepts in organic chemistry. Study of organic (radical) anions in the gas phase to obtain 

the electronic structure information help understanding the behaviors of certain organic 

compounds/functional groups/radicals in the bulk. Some of these works have been published by 

us.15,16 In this section, the PES of radical anion of benzophenone, closed shell triphenylmethyl 

carbanion and its monoxide, nitrobenzene radical anion, and CH3COCH=C=O radical anion are 

presented. Benzophenone’s very high electrophilicity explains its reaction with sodium to form a 

radical anion in solution. Triphenylmethyl anion on the other hand, is stable due to the electron 

delocalization in the three benzene rings. This stable carbanion is a good candidate for fixating 

CO2: Ph3C
- + CO2 = Ph3CCO2

-. The high electrophilicity of nitrobenzene explains its role as 

electron scavenger. 

 

Figure A.47. PES of benzophenone radical anion, Ph2CO-. 
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Figure A.48. PES of triphenylmethyl carbanion and its monoxide. Their calculated structures and 

HOMO are also presented. One can observe that in Ph3C
- the excess electron is highly 

delocalized. Please note that the structure of Ph3C
- is spiral but not planar due to steric hindrance. 

The CO2 fixation product of Ph3C
- is shown on the right. More experiments are needed to 

explore the CO2 fixation feasibility. All the calculated results match experiments very well. 
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Figure A.49. PES of nitrobenzene radical anion. 
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Figure A.50. PES of CH3COCH=C=O radical anion. 
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XVI. Water activation by a single atom 

In this section, the interaction between water molecule and Ni-, Pd- and Pt- are presented. 

Calculations give evidence that M(H2O)- and HMOH- coexist in the photoelectron spectra. Figure 

A.51 shows the PES of M(H2O)- and HMOH-. The peaks in red circles belong to HMOH-. Figure 

A.52 presents the calculated structures of M(H2O)- (a) and HMOH- (b) and the transition state (c) 

in between M(H2O)- and HMOH-. Figure A.53 displays the energy levels of these three systems, 

one can observe that HMOH- has lower energy than M(H2O)-. 

To confirm that the following reactions: M(H2O)- → HMOH- indeed happen, but not the 

ion source simply makes HMOH-, an isotopic kinetics experiment was performed and presented 

in Figure A.54. One can observe that the peak of HPtOH- is three times of the peak of DPtOD-, 

and the peak of HPtOD-/DPtOH- is in between, which is due to the activation energy difference 

caused by zero-point energy difference. By calculating the activation energy (with zero point 

energy correction) and with the help of Arrhenius Equation, one can estimate the reaction rate. The 

calculation is as follows: 

The reaction rate constant is k, and kH is the reaction rate constant using H2O, kD is the 

reaction rate constant using D2O. EH is the activation energy using H2O and ED is the activation 

energy using D2O. [A] is the concentration of reactant, [B] is the concentration of product. The 

reaction is as follows: A → B. This is a first order reaction, because no other reactant is involved. 

Then d[B]/dt = -d[A]/dt, d[A]/dt = -k[A], therefore, [A] = [A]0 e
-kt. Since [B] = [A]0 – [A], [B] = 

[A]0 (1 - e-kt). 

Then assume that for the H2O and D2O experiments the reaction time is the same, because 

the source conditions are the same. The final concentrations of the reactant [A] is also the same, 
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because their PES intensities are similar. Therefore, [BH]/[BD] = (1 - e-kHt)/(1 - e-kDt). According 

to the relative intensities of BH and BD in the PES, [BH]/[BD] = 3, so (1 - e-kHt)/(1 - e-kDt) = 3. 

Accroding to Taylor Series, ex = 1 + x + x2/2 + x3/6…, hence, 1 - e(-kt) = kt - (kt)2/2 + (kt)3/6...., 

omit the second and higher order terms, we get 1-e(-kt) = kt. Therefore, kH/kD = 3. 

According to Arrnius Equation, k = Ae-E/kT, where A is the total number of collisions and 

e-E/kT is the probability that any given collision will result in a reaction. Hence, kH/kD = e(ED-EH)/kT, 

where EH and ED are the activation energies, k is the Boltzmann constant and T is the reaction 

temperature. Calculation reveals that ED = 0.837 eV and EH = 0.768 eV. Therefore, kH/kD = 

e800/T. 

Finally, we have kH/kD = 3 and kH/kD = e800/T. Therefore, the reaction temperature T is 

728 K. Put these numbers into the Arrnius Equation, the probability that any given collision will 

result in a reaction, e-E/kT, is 4.88×10-6 for H2O and 1.63×10-6 for D2O. In this case, the total 

collision number, A, is actually the number of Pt(H2O)- or Pt(D2O)- clusters, which can easily vary 

a lot by changing source conditions, but the probability, e-E/kT, is a much more essential and 

important factor in this study. A is in the order of 109-1013 per laser shot.17 
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Figure A.51. PES of M(H2O)- and HMOH-. The peaks in red circles belong to HMOH-. M = Ni, 

Pd and Pt. 
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Figure A.52. Calculated structures of M(H2O)- (a) and HMOH- (b) and the transition state in 

between (c) 

 

 

Figure A.53. Energy levels of these three systems. 
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Figure A.54. PES of (Pt-H2O)-, (Pt-HDO)- and (Pt-D2O)-. The peaks in red circle belong to the 

water-activated cluster. 
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XVII. Miscellaneous 

In this section, all the spectra are not categorized in any of the above sections. They are 

mainly “byproducts” of other experiments. Hopefully they can find their own use in the future. 

 

Figure A.55. PES of solvated Fe-Mg systems 
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Figure A.56. PES of Fe(OH)1,2
-, Fe2(H2O)- and FeH- 
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Figure A.57. PES of ZnO-, ZnOH-, ZnO(OH)-. 
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Figure A.58. PES of NaAl2H2
-. Please note that Al2H2

2- kernel might mimic C2H2, 

therefore there could be Al-Al triple bond involved. 
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Figure A.59. PES of LiAl2H4
-. Please note that Al2H4

2- kernel might mimic C2H4, 

therefore there could be Al-Al double bond involved. 
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Appendix B. The Development of Theoretical Calculation 

Capabilities in the Bowen Research Lab 

In our lab, a computer cluster, as shown in Figure B.1, has been built by Evan Collins. 

Currently this cluster has 6 nodes. On each node, there are 8 processors and 1 TB hard drive space. 

Two computational software, Gaussian09 and Gamess are currently installed. The JHU Chemistry 

Department has the Gaussian09 license, and Gamess is free for everyone to use. Simple 

calculations are performed on this system, but complicated systems as well as very high level of 

theory calculations can be very time consuming. 

In this section, I will present how to be a user, but not an administrator, of this system. 

 

Login 

We use WinSCP ftp software as the login media. The Host name is bowen.chm.jhu.edu. 

Please ask our group members for username and password. After login, our commanding tool is 

PuTTY. PuTTY is an SSH and telnet client, developed originally by Simon Tatham for the 

Windows platform. PuTTY is an open source software that is available with source code and is 

developed and supported by a group of volunteers. One can download PuTTY freely on the internet. 

After downloading, one needs to place it in the local Program Files. PuTTY can be activated by 

clicking the PuTTY button on WinSCP. If you are a MAC user, the Terminal App on MAC can 

also be used. Two files, for Gamess and Gaussian, respectively, are created for all the users. A 

Bowen Group Wiki is also built, one can login with the same user name and password as WinSCP. 
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The address is http://bowenlab.chm.jhu.edu/index.php/Main_Page. Some basic information about 

our group can be found there. 

 

Software information 

Gaussian09 and GaussView 5.0 can be downloaded from our group FTP, whose IP address 

is 128.220.169.11. Please ask a group member for the username and password. Gaussian09 is 

needed in your personal computer if you want to read the molecular orbitals with GaussView, even 

though you don’t use it to run a real job. GaussView is the visualization software of Gaussian. One 

can generate input file (*.com), read the output file (*.log), view molecular orbitals (*.fchk) with 

GaussView. 

Gamess software for different operating systems can be downloaded for free from 

http://www.msg.ameslab.gov/gamess/. Its corresponding visualization software, MacMolPlt, can 

be downloaded from http://wiki.wxmacmolplt.googlecode.com/git/MacMolPlt_Manual.html. The 

operation of MacMolPlt is similar to GaussView. 

 

Basic command lines in PuTTY 

 After login to PuTTY, one can use the following command lines to perform basic 

operations. 

cd file name: Change directory to a certain file. 

qstat: to view all the running jobs. 

watch qstat: to view all the running jobs with a refreshing rate of 2 seconds. 
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tail –f file name.filetype: to view the end of a certain file at the real time. One can read the 

output file of a certain job with this command. 

bash gaussrun Gaussian input file name n: to run a certain job with Gaussian with n 

processors. With Gaussian, one can only use one node for each job, therefore the maximum n is 8. 

Please note that “.com” is not needed to specify the Gaussian input file name. 

bash gmsrun Gamess input file name m n: to run a certain job with Gamess with m nodes 

and n processors. Different from Gaussian, one can use several nodes to run Gamess at the same 

time. “.inp” is not needed to specify the Gamess input file name. 

Ctrl + z: to terminate reading and come back to command mode. 

qdel job number: to terminate a job when it is running or queued. 

formchk scratch file name.chk scratch file name.fchk: the molecular orbital information 

is stored in .chk file in Gaussian. To convert a .chk file into a GaussView readable .fchk file, one 

need to perform the above command. 

 

Input examples for Gaussian 

Please refer to Gaussian official website for detailed examples. Here I only present our 

frequently used operations. Please note that the Italic font in parentheses are my explanations.  

1. To optimize a structure: 

%chk=SF6neutral.chk (The directory of saving the scratch file) 

%mem=4GB (The memory given to this job) 

%nprocshared=4 (The number of processors given to this job) 

# opt b3lyp/6-311++g(3df,3pd) geom=connectivity (opt means optimization, method/basis set) 

                                                                                   (An empty line here) 
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Title (the tile of this job) 

         (An empty line here) 

0 1    (Charge and multiplicity) 

 S                  0.30195383    1.26998222    0.00000000   (Cartesian coordinates) 

 F                  0.30195383    2.85998222    0.00000000 

 F                  1.89195383    1.26998222    0.00000000 

 F                  0.30195383    1.26998222   -1.59000000 

 F                  0.30195383   -0.32001778    0.00000000 

 F                 -1.28804617    1.26998222    0.00000000 

 F                  0.30195383    1.26998222    1.59000000 

                                                                                         (An empty line here) 

 1 2 1.0 3 1.0 4 1.0 5 1.0 6 1.0 7 1.0(Bond orders between each atom. 1 2 1.0 means there is a 

single bond between atom 1 and 2) 

 2 

 3 

 4 

 5 

 6 

 7 

(A space and an empty line here) 
 

2. To optimize a structure with CCSD(T). With Gaussian, if one wants to use the very high 

level of theory, CCSD(T), to optimize a structure, one has to do it with the Z-matrix coordinates 

system and use the opt=z-matrix command line. Z-matrix coordinate system is to only use bond 

length, bond angle and dihedral angle to specify a 3-d geometry. Z-matrix coordinates can be 

generated by GaussView. 

%chk=Cu2H-2neutral.chk 

%mem=4GB 

%nprocshared=4 

# opt=z-matrix ccsd(t)/def2tzvpp geom=connectivity (opt=z-matrix is requied) 

 

Title 

 

0 2 

 H                                                                        (This is the Z-matrix coordinate system) 

 Cu                 1            B1 

 Cu                 1            B2    2            A1 

 

   B1             1.56262655                                   (B is the bond length) 

   B2             1.70528709 

   A1           101.61589315                                 (A is the bond angle) 
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 1 

 2 

 3  

 

3. To scan a potential energy surface. Potential energy surface can be scanned along a 

certain bond length, or a bond angle, or a dihedral angle. To scan a potential energy surface, Z-

matrix coordinate system is needed. One can scan the potential energy surface with rigid scan or 

relaxed scan. Rigid scan means only that coordinate is scanned while the rest of the molecule does 

not change. Relaxed scan means while scanning a certain coordinate, the rest of the molecule is 

relaxed to reach the lowest energy geometry. 

Rigid scan:  

%chk=ph2COAlscan.chk 

%mem=4GB 

%nprocshared=4 

# scan ub3lyp/6-31+g(d,p) geom=connectivity (scan means rigid scan) 

 

Title Card Required                                             

 

0 2                                                                      (Z-matrix coordinate system) 

 C                                                                         

 C                  1    1.44725195 

 C                  2    1.41192265    1  122.51187926 

 C                  2    1.41131601    1  120.25254977    3 -177.03614718    0 

 C                  3    1.38438999    2  121.14038139    1 -178.41996675    0 

 H                  3    1.07920938    2  119.63899827    1   -0.99616893    0 

 C                  4    1.38429353    2  121.33244768    1  178.84658775    0 

 H                  4    1.08005245    2  119.23177212    1   -2.34905243    0 

 C                  7    1.39246246    4  120.53417131    2   -0.81087087    0 

 H                  5    1.08204212    3  119.33235554    2  179.12816147    0 

 H                  7    1.08207466    4  119.48753526    2  179.08910073    0 

 H                  9    1.08129513    7  120.45052786    4 -179.75333447    0 

 C                  1    1.44723033    2  126.29951838    4  158.11893483    0 

 C                 13    1.41192978    1  122.51239501    2  -24.82501818    0 

 C                 13    1.41132360    1  120.25253231    2  158.13816440    0 

 C                 14    1.38438571   13  121.14054629    1 -178.42106631    0 

 H                 14    1.07920875   13  119.63919504    1   -0.99749891    0 

 C                 15    1.38429116   13  121.33250531    1  178.84716504    0 

 H                 15    1.08005056   13  119.23158435    1   -2.34712999    0 

 C                 18    1.39246361   15  120.53441082   13   -0.81035899    0 
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 H                 16    1.08204211   14  119.33225997   13  179.12857259    0 

 H                 18    1.08207450   15  119.48740503   13  179.08973852    0 

 H                 20    1.08129464   18  120.45059850   15 -179.75375197    0 

 O                  1    1.33685900   13  116.85069538   15  -21.86283762    0 

 Al                24    B1           1  179.98850786   13  144.37434166    0    (The coordinate that is 

scanned is specified with a variable, B1 means bond length here.) 

 

 B1 3.00 40 -0.05   (B1 is scanned from 3.00 Å, for 40 steps, with a -0.05 Å step width.) 

 

 1 2 1.5 13 1.5 24 1.5 

 2 3 1.5 4 1.5 

 3 5 2.0 6 1.0 

 4 7 2.0 8 1.0 

 5 9 1.5 10 1.0 

 6 

 7 9 1.5 11 1.0 

 8 

 9 12 1.0 

 10 

 11 

 12 

 13 14 1.5 15 1.5 

 14 16 2.0 17 1.0 

 15 18 2.0 19 1.0 

 16 20 1.5 21 1.0 

 17 

 18 20 1.5 22 1.0 

 19 

 20 23 1.0 

 21 

 22 

 23 

 24 25 1.0 

 25 

 

 

Relaxed scan:  

%chk=AgCO2scan5-1.chk 

%mem=2GB 

%nprocshared=2 

# opt=ModRedundant rccsd/def2tzvpp geom=connectivity  (opt=ModRedundant is needed) 

 

title 

 

-1 1 

 Ag                                                                   (Z-matrix coordinate system) 
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 C   1    B1                                        (B1, the bond between Ag and C, is the coordinate scanned) 

 O   2    1.20253  1 107.8832 

 O   2    1.20253  1 107.8832  3 180.00 

 

 B1 1.7                                               (B1 starts from 1.7 Å)   

 

 1 

 2 3 2.0 4 2.0 

 3 

 4 

 

 1 2 S 40 0.1    (The bond between 1 and 2, which is B1, is scanned with the S method, for 40 

steps, with a 0.1 Å step width. Method S means relaxed scan. Other methods can be found here: 

http://www.gaussian.com/g_tech/g_ur/k_opt.htm) 

 

 4. To use effective core potential for transition metals. Core electrons of transition metals 

have strong relativistic effect. Models called effective core potential (ECP) have been built for 

these transition metals, and relativistic effect is included in the ECP. Los Alamos National 

Laboratory 2 Double Zeta (LANL2DZ) and Stuttgart/Dresden (SDD) are both very good ECPs. 

%chk=HMoOsddneutraloptiso2.chk 

%mem=2GB 

%nproc=4 

# opt b3lyp/Gen Pseudo=Read         (Gen Pseudo=Read is the language to use ECP) 

 

HMoOsddneutraloptiso2 

 

0 2 

 Mo                 0.01785300   -0.34486200    0.00000000 

 O                  0.01785300    1.57044200    0.00000000 

 H                 -0.89264400    1.92065400    0.00000000 

 

 1 2 1.0 

 2 3 1.0 

 3 

 

O H 0                                           (O and H use 6-311++g(3df,3pd) basis set) 

6-311++g(3df,3pd) 

**** 

Mo  0                                            (Mo uses SDD ECP) 

SDD 

**** 
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Mo  0 

SDD 

5. To calculate charge distribution. Mulliken charge distribution is the default method built 

in Gaussian, however, this method is very sensitive to method and basis set, and sometimes it 

might give highly wrong results. Natural population analysis (NPA), on the other hand, is very 

trustworthy. To perform NPA calculation, one just needs to add pop=npa in the method line. 

6. To read the atomic orbital composition of a molecular orbital. MO is the linear 

combination of AOs. It is important to know that how a certain MO is obtained, especially when 

special chemical bonding is formed, such as those in Chapter 1 in this thesis. Sometimes by simply 

looking at the visualized MOs, one still can hardly tell how a MO is formed. Therefore, 

calculations are needed to reveal the compositions of a certain MO. 

%chk=LiOH2ccsdnbo.chk 

%mem=4GB 

%nprocshared=4 

# ccsd(t)/6-311++g(3df,3pd) geom=connectivity pop=nboread  (Nbo is short for natural bond 

orbital) 

 

Title 

 

-1 1 

 H                  0.76368700   -0.77128700    0.34711900 

 H                  0.77324600    0.76570000    0.34987700 

 Li                -1.52755300    0.00090500    0.04721100 

 O                  0.38071600    0.00035900   -0.10482900 

 

 1 4 1.0 

 2 4 1.0 

 3 4 1.0 

 4 

 

 $NBO NAOMO $END          (NAOMO means output AO to MO transformations) 

 

 After the calculation, one needs to open the *.log file and find the “MOs in the NAO 

basis” section. For example, in the data below, the column marked by 1 means the first MO has 
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the composition of the below AOs. At column 1, row 76, the s orbital of O atom has a number of 

0.9944, which means (0.9944)2 of this MO is from the s orbital of O. 

         NAO           1           2            3          4           5            6           7           8 

      ----------      -------    -------    -------   -------    -------    -------    -------    ------- 

   1.  H 1 (S)    0.0257  0.0149  0.2764  0.3421 -0.1817  0.0174  0.1462 -0.1136 

   2.  H 1 (S)   -0.0055 -0.0032 -0.0049  0.0158 -0.0245  0.0036 -0.0571  0.2192 

   3.  H 1 (S)    0.0001  0.0002 -0.0129  0.0049 -0.0057  0.0052  0.0052  0.0410 

   4.  H 1 (S)   -0.0026 -0.0014 -0.0003  0.0002 -0.0005 -0.0018  0.0005 -0.0457 

   5.  H 1 (px)   0.0000  0.0000 -0.0062 -0.0100  0.0031  0.0000 -0.0065  0.0193 

   6.  H 1 (px)   0.0000 -0.0001  0.0013  0.0051  0.0084  0.0139 -0.0021 -0.0013 

   7.  H 1 (px)   0.0000  0.0001  0.0009  0.0007 -0.0011 -0.0002 -0.0024  0.0089 

   8.  H 1 (py)  -0.0001  0.0000  0.0138  0.0184 -0.0075 -0.0032  0.0162 -0.0094 

   9.  H 1 (py)   0.0001  0.0000 -0.0018 -0.0026  0.0082 -0.0016  0.0105  0.0278 

  10.  H 1 (py)  -0.0001  0.0000 -0.0022 -0.0003  0.0014 -0.0012  0.0028 -0.0186 

  11.  H 1 (pz)   0.0000  0.0000  0.0071  0.0120 -0.0064 -0.0013  0.0088 -0.0139 

  12.  H 1 (pz)   0.0000  0.0000 -0.0029 -0.0048 -0.0097  0.0174  0.0018  0.0038 

  13.  H 1 (pz)   0.0000  0.0000 -0.0004 -0.0016  0.0022 -0.0023  0.0034 -0.0080 

  14.  H 1 (d1)   0.0000  0.0001 -0.0009 -0.0004 -0.0012 -0.0020 -0.0043  0.0091 

  15.  H 1 (d2)   0.0000  0.0000 -0.0026  0.0027  0.0022  0.0010 -0.0032  0.0021 

  16.  H 1 (d3)   0.0000  0.0001  0.0019 -0.0001  0.0030 -0.0035  0.0062 -0.0107 

  17.  H 1 (d4)   0.0000  0.0000 -0.0016  0.0000  0.0037  0.0004 -0.0027  0.0018 

  18.  H 1 (d5)   0.0000  0.0000 -0.0005 -0.0018  0.0021 -0.0004 -0.0007  0.0007 

  19.  H 2 (S)    0.0257  0.0148  0.2764 -0.3428 -0.1814  0.0177  0.1448 -0.1133 

  20.  H 2 (S)   -0.0054 -0.0032 -0.0050 -0.0155 -0.0242  0.0036 -0.0565  0.2189 

  21.  H 2 (S)    0.0001  0.0002 -0.0128 -0.0048 -0.0057  0.0052  0.0052  0.0407 

  22.  H 2 (S)   -0.0026 -0.0014 -0.0003 -0.0002 -0.0004 -0.0018  0.0005 -0.0464 

  23.  H 2 (px)   0.0000  0.0000 -0.0064  0.0103  0.0031  0.0000 -0.0067  0.0195 

  24.  H 2 (px)   0.0000 -0.0001  0.0013 -0.0051  0.0083  0.0139 -0.0023 -0.0015 

  25.  H 2 (px)   0.0000  0.0001  0.0009 -0.0007 -0.0011 -0.0001 -0.0024  0.0091 

  26.  H 2 (py)   0.0001  0.0000 -0.0137  0.0183  0.0074  0.0031 -0.0160  0.0094 

  27.  H 2 (py)  -0.0001  0.0000  0.0017 -0.0025 -0.0083  0.0015 -0.0105 -0.0276 

  28.  H 2 (py)   0.0001  0.0000  0.0022 -0.0002 -0.0014  0.0012 -0.0028  0.0184 

  29.  H 2 (pz)   0.0000  0.0000  0.0072 -0.0121 -0.0064 -0.0013  0.0088 -0.0141 

  30.  H 2 (pz)   0.0000  0.0000 -0.0029  0.0047 -0.0097  0.0174  0.0018  0.0038 

  31.  H 2 (pz)   0.0000  0.0000 -0.0004  0.0016  0.0022 -0.0023  0.0034 -0.0081 

  32.  H 2 (d1)   0.0000 -0.0001  0.0009 -0.0004  0.0011  0.0020  0.0044 -0.0091 

  33.  H 2 (d2)   0.0000  0.0000 -0.0026 -0.0027  0.0021  0.0010 -0.0033  0.0023 

  34.  H 2 (d3)   0.0000 -0.0001 -0.0019 -0.0001 -0.0030  0.0035 -0.0061  0.0107 

  35.  H 2 (d4)   0.0000  0.0000 -0.0016  0.0001  0.0037  0.0005 -0.0025  0.0016 

  36.  H 2 (d5)   0.0000  0.0000 -0.0005  0.0018  0.0021 -0.0004 -0.0007  0.0007 

  37. Li 3 (S)   -0.0006  0.9960 -0.0245 -0.0003 -0.0336 -0.0328 -0.0716 -0.0035 

  38. Li 3 (S)    0.0057  0.0722  0.0564 -0.0001  0.0555  0.0174  0.9505  0.1183 

  39. Li 3 (S)    0.0000  0.0007  0.0030  0.0000  0.0116  0.0102 -0.0011  0.0902 

  40. Li 3 (S)    0.0000  0.0000  0.0014  0.0000  0.0012 -0.0018 -0.0001  0.0766 

  41. Li 3 (S)   -0.0001  0.0000 -0.0013  0.0000  0.0008 -0.0005  0.0000 -0.0620 

  42. Li 3 (px)  -0.0043  0.0025 -0.0256 -0.0001 -0.0218 -0.0235  0.0976 -0.1114 

  43. Li 3 (px)  -0.0001  0.0000 -0.0013  0.0000 -0.0084  0.0009 -0.0296  0.7238 

  44. Li 3 (px)   0.0002  0.0012  0.0019  0.0000 -0.0135 -0.0074 -0.0032  0.1927 
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  45. Li 3 (px)   0.0014 -0.0004  0.0055  0.0000 -0.0022  0.0052  0.0022 -0.4413 

  46. Li 3 (py)   0.0000  0.0000  0.0000 -0.0079 -0.0001  0.0000  0.0006  0.0003 

  47. Li 3 (py)   0.0000  0.0000  0.0000 -0.0068  0.0000  0.0000  0.0004  0.0005 

  48. Li 3 (py)   0.0000  0.0000  0.0000  0.0032  0.0000  0.0000  0.0000 -0.0002 

  49. Li 3 (py)   0.0000  0.0000  0.0000  0.0008  0.0000  0.0000  0.0000  0.0002 

  50. Li 3 (pz)  -0.0005  0.0000 -0.0099  0.0001 -0.0050  0.0221  0.0441  0.0082 

  51. Li 3 (pz)   0.0000  0.0000 -0.0008  0.0000 -0.0016  0.0053  0.0570 -0.1823 

  52. Li 3 (pz)   0.0000 -0.0001 -0.0001  0.0000 -0.0030  0.0021 -0.0034 -0.0389 

  53. Li 3 (pz)   0.0002  0.0000  0.0025  0.0000 -0.0024 -0.0008  0.0010  0.0834 

  54. Li 3 (d1)   0.0000  0.0000  0.0000 -0.0074  0.0001  0.0000 -0.0002 -0.0001 

  55. Li 3 (d1)   0.0000  0.0000  0.0000  0.0003  0.0000  0.0001  0.0001  0.0000 

  56. Li 3 (d1)   0.0000  0.0000  0.0000 -0.0007  0.0000  0.0000  0.0000  0.0001 

  57. Li 3 (d2)   0.0000  0.0000  0.0009  0.0000  0.0033 -0.0099 -0.0173  0.0039 

  58. Li 3 (d2)   0.0000  0.0001 -0.0023  0.0001  0.0080  0.0031 -0.0062 -0.0154 

  59. Li 3 (d2)   0.0000 -0.0001  0.0004  0.0000  0.0008 -0.0010  0.0005  0.0031 

  60. Li 3 (d3)   0.0000  0.0000  0.0000  0.0045  0.0000  0.0000  0.0000  0.0001 

  61. Li 3 (d3)   0.0000  0.0000  0.0000 -0.0042  0.0000  0.0000  0.0000  0.0000 

  62. Li 3 (d3)   0.0000  0.0000  0.0000  0.0001  0.0000  0.0000  0.0000  0.0000 

  63. Li 3 (d4)   0.0000 -0.0003 -0.0022  0.0000 -0.0048  0.0017 -0.0116  0.0286 

  64. Li 3 (d4)   0.0000  0.0002  0.0059  0.0000  0.0040  0.0005  0.0045  0.0102 

  65. Li 3 (d4)   0.0000 -0.0003 -0.0008  0.0000  0.0022  0.0007 -0.0005 -0.0031 

  66. Li 3 (d5)   0.0000  0.0001  0.0010  0.0000  0.0031 -0.0002 -0.0094 -0.0211 

  67. Li 3 (d5)   0.0000 -0.0001 -0.0032  0.0000 -0.0015  0.0004 -0.0012 -0.0083 

  68. Li 3 (d5)   0.0000  0.0001  0.0006  0.0000 -0.0010 -0.0007  0.0005  0.0028 

  69. Li 3 (f1)   0.0000  0.0000  0.0004  0.0000 -0.0031 -0.0007  0.0015  0.0017 

  70. Li 3 (f2)   0.0000  0.0000 -0.0013  0.0001  0.0016 -0.0004  0.0040  0.0033 

  71. Li 3 (f3)   0.0000  0.0000  0.0000 -0.0011  0.0000  0.0000  0.0000 -0.0001 

  72. Li 3 (f4)   0.0000  0.0000 -0.0015  0.0000  0.0051 -0.0017 -0.0045 -0.0057 

  73. Li 3 (f5)   0.0000  0.0000  0.0000 -0.0086  0.0001  0.0000  0.0000 -0.0001 

  74. Li 3 (f6)   0.0000  0.0001  0.0035  0.0001  0.0006 -0.0017  0.0022  0.0004 

  75. Li 3 (f7)   0.0000  0.0000  0.0000 -0.0015  0.0000  0.0000  0.0000  0.0001 

  76.  O 4 (S)    0.9944 -0.0023 -0.1041  0.0000 -0.0178  0.0043  0.0009  0.0018 

  77.  O 4 (S)    0.0990  0.0167  0.9008  0.0000  0.2405 -0.0516 -0.1422  0.0589 

  78.  O 4 (S)    0.0004 -0.0003  0.0041  0.0000 -0.0004 -0.0061  0.0279 -0.0681 

  79.  O 4 (S)    0.0000 -0.0001  0.0009  0.0000 -0.0043 -0.0022 -0.0007  0.0085 

  80.  O 4 (S)    0.0000  0.0000 -0.0001  0.0000  0.0002 -0.0005 -0.0001  0.0007 

  81.  O 4 (px)   0.0018  0.0454 -0.0750  0.0059  0.7063  0.6622  0.0064 -0.0340 

  82.  O 4 (px)   0.0002  0.0008  0.0047 -0.0001  0.0050  0.0076 -0.0059  0.0022 

  83.  O 4 (px)  -0.0003 -0.0017 -0.0068  0.0001 -0.0136 -0.0058  0.0008  0.0664 

  84.  O 4 (px)  -0.0005 -0.0007  0.0027  0.0000 -0.0003  0.0008 -0.0015 -0.0012 

  85.  O 4 (py)   0.0000  0.0000  0.0009  0.8724 -0.0059 -0.0030 -0.0004  0.0003 

  86.  O 4 (py)   0.0000  0.0000  0.0000 -0.0167  0.0000  0.0000  0.0001  0.0006 

  87.  O 4 (py)   0.0000  0.0000  0.0000  0.0192  0.0000  0.0000  0.0001 -0.0004 

  88.  O 4 (py)   0.0000  0.0000  0.0000  0.0005  0.0000  0.0000  0.0000 -0.0001 

  89.  O 4 (pz)  -0.0020  0.0023  0.1147 -0.0016 -0.6066  0.7438 -0.0458  0.0345 

  90.  O 4 (pz)  -0.0003 -0.0001 -0.0026  0.0000 -0.0099  0.0034  0.0423  0.0391 

  91.  O 4 (pz)   0.0004 -0.0001 -0.0041 -0.0001  0.0003 -0.0034  0.0112 -0.0602 

  92.  O 4 (pz)   0.0007 -0.0001 -0.0043  0.0000  0.0003  0.0002 -0.0006 -0.0053 

  93.  O 4 (d1)   0.0000  0.0000  0.0001 -0.0178  0.0001  0.0001  0.0000  0.0003 

  94.  O 4 (d1)   0.0000  0.0000  0.0000 -0.0101  0.0000  0.0000 -0.0001 -0.0002 

  95.  O 4 (d1)   0.0000  0.0000  0.0000 -0.0004  0.0000  0.0000  0.0000  0.0000 
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  96.  O 4 (d2)   0.0000  0.0002 -0.0129  0.0002  0.0321  0.0110 -0.0014 -0.0216 

  97.  O 4 (d2)   0.0000  0.0000 -0.0008  0.0001 -0.0037 -0.0050  0.0034  0.0176 

  98.  O 4 (d2)   0.0000  0.0000  0.0006  0.0000  0.0000 -0.0001 -0.0004 -0.0023 

  99.  O 4 (d3)   0.0000  0.0000  0.0001  0.0320 -0.0003  0.0001 -0.0001  0.0001 

 100.  O 4 (d3)   0.0000  0.0000  0.0000  0.0070  0.0000  0.0000  0.0000 -0.0001 

 101.  O 4 (d3)   0.0000  0.0000  0.0000  0.0004  0.0000  0.0000  0.0000  0.0000 

 102.  O 4 (d4)   0.0000  0.0006 -0.0081 -0.0003  0.0104 -0.0045 -0.0049 -0.0302 

 103.  O 4 (d4)   0.0000  0.0001 -0.0031 -0.0001 -0.0047 -0.0027  0.0057  0.0269 

 104.  O 4 (d4)   0.0000 -0.0001  0.0005  0.0000  0.0008  0.0002 -0.0005 -0.0037 

 105.  O 4 (d5)   0.0000 -0.0004 -0.0076 -0.0001 -0.0143  0.0250  0.0005 -0.0086 

 106.  O 4 (d5)   0.0000 -0.0001  0.0010  0.0000  0.0068 -0.0037  0.0005  0.0070 

 107.  O 4 (d5)   0.0000  0.0000  0.0002  0.0000  0.0003 -0.0004 -0.0003 -0.0010 

 108.  O 4 (f1)  -0.0001 -0.0001 -0.0037  0.0000  0.0034 -0.0012 -0.0008  0.0073 

 109.  O 4 (f2)   0.0000 -0.0002 -0.0011  0.0000  0.0011 -0.0057  0.0004  0.0005 

 110.  O 4 (f3)   0.0000  0.0000  0.0000 -0.0040  0.0000  0.0000  0.0000  0.0000 

 111.  O 4 (f4)  -0.0001  0.0000 -0.0028  0.0000 -0.0016 -0.0060 -0.0009  0.0069 

 112.  O 4 (f5)   0.0000  0.0000  0.0000 -0.0014  0.0000  0.0001  0.0000 -0.0001 

 113.  O 4 (f6)   0.0001  0.0002  0.0045 -0.0001 -0.0017 -0.0031  0.0007 -0.0093 

 114.  O 4 (f7)   0.0000  0.0000 -0.0001 -0.0037  0.0001  0.0001  0.0000  0.0002 

 

 7. To perform Franck-Condon analysis with Gaussian. FC analysis is useful to simulate 

experimental spectra, to obtain hot band and vibrational progression information, and to calculate 

the temperature of a certain system. In order to perform FC analysis, one needs to have the *.chk 

files of both the anion and the neutral with frequency calculations in them. To perform frequency 

calculation, just add “freq” in the command line. Then, perform the following calculation: 

%chk=AuOHa.chk  (the .chk file of the anion) 

#P Geom=AllCheck Freq=(ReadFC,FC,SaveNM) NoSymm  

                                 (An empty line here) 

AuOHn.chk              (the .chk file of the neutral) 

 Figure B.2 presents the simulated spectrum of AuOH-. 

8. To perform excited states calculations. Sometimes our photoelectron spectra have the 

information of the excited states of the neutral. To calculate these transitions, one needs to use the 

structure of the anion to obtain vertical transitions, and then calculate the excited states. Different 

multiplicities need to be included. TDDFT, EOM-CCSD are all very good methods. 

9. To calculate a transition state. A transition state can be generated between two structures. 



318 
 

%chk=CoCO2ts.chk 

# opt=QST2 b3lyp/def2tzvpp geom=connectivity (opt=QST2 is the TS calculation method) 

 

Title 

 

-1 1               (The coordinates of the first structure) 

 C                  0.00000000    0.87904000    0.00000000 

 O                  1.17737900    0.32596400    0.00000000 

 O                 -0.39785600    2.02369200    0.00000000 

 Co                -0.23097000   -0.89153700    0.00000000 

 

 1 2 1.5 3 2.0 4 1.0 

 2 4 1.0 

 3 

 4 

 

Title 

 

-1 1                (The coordinates of the second structure) 

 C                  0.00235800   -1.34818200    0.00000000 

 O                 -0.00390100    2.10128800    0.00000000 

 O                  0.00213300   -2.52021800    0.00000000 

 Co                 0.00000000    0.42372300    0.00000000 

 

 1 3 2.0 4 1.0 

 2 4 1.0 

 3 

 4 

 

Commonly used theoretical methods and basis sets 

Density functional theory is widely used. It has many functionals, and they all have 

different advantages. B3PW91 and B3LYP are good for general use. CAM-B3LYP, M06-2X, 

WB97XD, LC-WPBE are good in describing long distance interactions, such as hydrogen bond. 

PBEPBE or PBE0 is good for transition metals. 

Hartree-Fock method is a low level of theory, but sometimes using it will give very good 

results, such as description of the pyridine-CO2 anionic complex. 

CCSD or CCSD(T) can be very time consuming, but they are more reliable than DFT.  
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Complete Active Space Self-Consistent Field (CASSCF) can be used for multi-reference 

systems, such as heavy metals. 

I personally don’t like MP2/4, but they are better than DFT sometimes. 

For the information of basis sets, please refer to https://bse.pnl.gov/bse/portal.  
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Figure B.1. The computer cluster in Bowen Research Lab 
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Figure B.2. Simulated PES of AuOH-. 
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Appendix C. Cryopump Regeneration Log 

Regeneration of the cryopump on PIPES is a routine maintenance, scheduled every six 

months even though the manual suggests every three months.  After absorbing too much gas in the 

pump, the pump temperature might begin to rise, and Chamber 4 pressure might be higher than 3 

× 10-8 torr. Should one observes the above phenomenon, a regeneration needs to be performed. 

 

Day 1 

 On the first day of regeneration, begin with pumping CH1 and CH2 to a very good pressure. 

Typically 1 × 10-6 torr should be good enough to start the regeneration. During the whole cryopump 

warming up time (usually 6 hours), all the gas released from the cryopump will be pumped by, and 

only by the diffusion pumps and turbo pumps attached to CH1 and CH2. 

 When CH2 pressure reaches 1 × 10-6 torr, open the VAT valve between CH2 and CH3, and 

then turn off the ion pump on CH3 and the cryopump on CH4 at the same time. From this moment, 

several waves of gases will be released from the cryopump during the warming up. Monitor the 

pressure on CH2 all the time. Figure C.1 shows the pressure change on CH2 when the cryopump 

is warming up. One can observe that as soon as turning off the cryopump, a sharp wave of gas is 

released (A), which is He. The second wave (B), occurring between 10 to 60 minutes, is a wave 

of H2. The third wave (C), which takes the longest time and reaches the highest pressure, is N2. 

The fourth wave (D), which is also very wide, is speculated to be H2O vapor. After 6-7 hours, the 

pressure of CH2 will go back to 1 × 10-6 torr. 
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 Please note that the pattern in Figure C.1 is highly reproducible at every regeneration. Even 

though the highest pressure each wave reaches might be different, the pattern and the time taken 

have been repeatedly recorded on PIPES. 

 At the end of day 1, turn off the diffusion pumps on CH2, but leave the turbo pumps on, 

and leave the green VAT valve open. During the night, the whole system is only pumped by turbo 

pumps. 

 

Day 2 

 On the second day, the first thing is still turning the diffusion pumps on CH2 back on. 

Monitor the pressure on CH2. Figure C.2 presents the pressure on CH2 on day 2. When pressure 

of CH2 reaches 5 × 10-6 torr, one can attempt to turn on the ion pump on CH3. However, the ion 

pump might not be turned on due to its high current protection. One can try several times to turn 

it on. The sudden pressure drop marked by A in Figure C.2 is due to the turning on of the ion pump. 

Figure C.3 shows the pressure change on CH4. Point 1 is the starting point, and from point 

1 to the end of this figure, the total time is about 16.4 hours. Between point 1 and point 2, Ch3 and 

Ch4 are only pumped by CH1 and CH2, and one can observe a very slow pressure drop from 2 × 

10-5 to about 8 × 10-6. The several spikes are due to the attempts of turning on the ion pump, 

because when turning on the ion pump, there is always gas release. However, due to the self-

protection of the ion pump, if the current is too high, it will shut off by itself. 

At point 2, after successfully turning on the ion pump, one can observe a sudden pressure 

rise due to the gas release from the pump, instantly after which the pressure quickly drops to 10-6 

region. Shortly after turning on the ion pump, turn on the cryopump. Please note that at the moment 
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cryopump is turned on, it is not working yet, because it needs some time to cool down and begin 

to absorb gas. Between point 2 and point 3, Ch4 pressure drops from 8 × 10-6 to 4.5 × 10-7, which 

is due to the working of both ion pump and cryopump. The pumping speed from point 2 to point 

3 is getting lower and lower. At point 3, there is a sudden boost of pumping speed, which is because, 

I reckon, the temperature of the CP is lower than 77 K, and it begins to absorb nitrogen, which is 

the main gas from the air. Therefore, from point 3 to point 4, the pressure quickly drops from 4.5 

× 10-7 to 4.8 × 10-8. At point 4, degas the system for 5 minutes, and this makes the pressure drop 

to 3 × 10-8. At point 5, which is the second day already, degas the system for another 5 minutes, 

and the pressure drops to 2.5 × 10-8. In the next few months, the pressure can gradually drop to 

around 1 × 10-8, or it just stays around 2~3 × 10-8. Over history, the lowest pressure that I have 

observed is 8.1 × 10-9 on 02/13/2012. 

Figure C.4 shows a typical pressure change when a degassing is performed. Point 1 is the 

start of the degassing, point 3 is the end. 
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Figure C.1. CH2 pressure on day 1. 
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Figure C.2. CH2 pressure on day 2. 
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Figure C.3. CH4 pressure on day 2. 
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Figure C.4. A typical pressure change during degassing. 
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