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Abstract 

Three series of acetylide complexes have been examined by gas phase ultraviolet 

photoelectron spectroscopy to elucidate the electronic structure and bonding of the 

acetylide to the metal. The electronic properties of ±e metal fragments and the acetylides 

were varied in these systems to understand how the acetylide o and it systems bond to a 

metal center. 

The first series of complexes probes the extent of metal-metal electronic 

communication through the conjugated, acetylide bridged ruthenium dimer compound 

[(ti^-C5H5)Ru(CO)2]2(M-C=C). The broad envelope of overlapping metal ionizations seen 

in the dimer compound compared to the "monomer" (t]^-C5H5)Ru(CO)2C=C-CH3 

revealed extensive metal-metal communication through the acetylide bridge. Also 

observed was a stabilization of metal ionizations in the ruthenium compounds compared 

to analogous iron compounds. 

The second series of acetylide complexes probes the bonding effects of increasing 

the electron richness at the metal center coupled with increasing electron withdrawing 

capability on the acetylide. The complexes under examination were of ±e general 

formula (t]^-C5H5)ML2C=C-R [M = Fe, Ru, L = CO, R = p-C^H^-NOj; M = Ru, L = 

P(CH3)3, R = QHj, P-C6H4-NOJ. Ancillary ligand substitution of trimethylphosphine for 

carbonyl increased the electron richness at the metal center, and the electron withdrawing 

capability of the acetylide was increased by para substitution of a nitro group on the 

phenylacetylide. The filled/filled interaction between the metal-dji/acetylide-:c orbitals 
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dominates the metal-acetylide bonding picture in all of the compounds. Nitro substitution 

on the phenylacetylide resulted in a substantial inductive charge shift, but minimal tt 

effects were observed. Nitro substituted phenyl derivitives showed similar bonding to the 

acetylides. 

The third series of complexes probes acetylide bonding with the M2R4P4 core [M 

= Mo, P = PMej, and R = C=C-Si(CH3)3, CsC-CCCHj),]. A different bonding picture 

was revealed in the molybdenum series, with the metal-metal-5 orbital having a 

filled/filled interaction with the acetylide tc orbital, as well as donating electron density 

into the empty acetylide n* orbital. The effects of silicon substitution on the acetylide is 

probed by comparing 'Butylacetylene with trimethylsilylacetylene. 
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Chapter 1 

Introduction 

Since the synthesis of the first r|'-acetylide organometailic complex in 1968,'*^ 

acetylides have been under intense investigation.^ '* Potential applications of acetylides 

vary from use as intermediates and precursors in reactions^ to use as non-linear optical 

materials, molecular wires, and other special materials.® In order to understand the 

functionality of acetylides, an accurate description of the bonding interactions of the 

acetylide with the metal needs to be achieved. This is critical especially in the 

development non-linear optical materials and other special materials, with the 

metal/acetylide couple envisioned as a tunable donor/acceptor pair with a delocalized tc 

system yielding significant and values.® An accurate bonding description 

including CT, JT, and TC* interactions will enable an evaluation of the acetylide complexes as 

non-linear optical materials, and if favorable, the future rational design of new acetylide 

complexes whose molecular polarizabilities (P, y) can be translated to the bulk medium. 

Considerable interest has been focused on elucidating the specific bonding 

interactions of the acetylide a and idn* systems with a metal. Acetylides (C=C)^' are 

isoelectronic with cyanide (C=N)' and carbonyl (C=0) ligands, as shown in Figure 1. 

One would expect similar bonding and reactivity among the isoelectronic ligands. 

Electrophiles attack the P-carbon on acetylides to form vinylidenes, as shown in Figure 

2.' Similar attack on the p-atom (N, O) by electrophiles occurs with cyanide and carbonyl 
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Molecular Orbital Diagr^ns 
-5"! 

-35^ 1 1 1 1 
C (C»NR N 

Figure 1: Molecular orbital diagram illustrating the isoelectronic nature of (C=C)^", 
C=N-, and C=0. 
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complexes. The similarity between the three ligands ends with the reactivity, as the 

bonding picture is quite different for each, due in no small part to the differences in 

electronegativity (O > N > C). Carbonyl ligand (C=0) bonding with a metal is governed 

by the relative extent of metal-carbonyl backbonding from the filled metal djc orbitals into 

the empty, carbonyl it* orbitals. Cyanide ligand (C=N)' bonding with a metal also has a 

significant metal-cyanide n* backbonding component similar to carbonyl complexes, but 

not as strong.® The metal-ligand it* backbonding coupled with the difference in 

electronegativity (O > N > C) concentrates charge on the P-carbon (O, N) which explains 

the reactivity of these ligands towards electrophiles. Acetylides do not posses the 

electronegativity difference observed in the isoelectronic carbonyl and cyanide ligands. 

Some have proposed significant metal-acetylide it* backbonding to account for the 

similar reactivity observed in these complexes, but this has not been demonstrated 

© 

Figure 2: Electrophilic attack at the p carbon results in the formation of a vinylidene 
cation. 
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clearly. 

Experimental studies such as IR spectroscopy and x-ray crystallography have been 

used to determine the bonding interactions of carbonyl and cyanide ligands with different 

metal systems."* In particular, IR spectroscopy has proven to be a valuable tool to evaluate 

the bonding characteristics of carbonyl and cyanide complexes for a couple of reasons. 

The wide range of the stretching frequencies of carbonyl v(C=0) (1850-2150 cm ')' and 

cyanide v(CsN) (2000-2200 cm"')' complexes, the sharpness and intensity of the 

absorptions, and the sensitivity to perturbations make IR spectroscopy ideal as a tool to 

probe the bonding interactions for these complexes. Stretching frequencies have been 

coupled with M-C bond distances from x-ray crystallography to describe the bonding 

interactions of these complexes. Acetylide complexes (M-C=C-R) have a wide stretching 

frequency range v(C=C) (2030-2160 cm"'), but vibrational symmetry coupling from the R 

group on the acetylide can shift v(C=C) by 5-45 cm ', reducing the utility of IR 

spectroscopy as a tool to evaluate the bonding interactions of acetylide complexes. 

Further, shifts in v(C=C) upon perturbation reflect the total change in electron density at 

the acetylide C=C, without separating the CT and tc symmetry components to the shift. 

Analysis of the crystal structures of acetylides reveal an insensitivity to perturbation, as 

evidenced by the two-thirds of acetylide C=C lengths within 1.190-1.240 A. Using 

acetylide M-C bond lengths to evaluate bonding interactions similar to carbonyl 

complexes is not widespread due to difficulties in obtaining accurate and precise M-C 

bond lengths.'* Based on experimental results, IR and x-ray crystallography only provide 
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limited infonnation regarding the bonding interactions of an acetylide with a metal. 

The studies in this dissertation use gas phase ultraviolet photoelectron 

spectroscopy as the main tool to evaluate the bonding interactions of the acetylide with 

various metal systems. Gas phase ultraviolet photoelectron spectroscopy is unique in its 

ability to separate the a and tc symmetry interactions of a ligand, either by itself or when 

complexes to a metal, which enables an accurate description o the bonding interactions of 

the ligand to be made. Theoretical calculations correlate well with photoelectron 

spectroscopy, due to the nature of the experiment. 

Piano Stool Acetylides 

Piano stool complexes CpMLj (Cp = M = Mn, Fe; L = CO, PRj, etc.] 

have been studied extensively by photoelectron spectroscopy, and have been well 

characterized and understood.* The piano stool structure shown in 

Figure 3 has an ideal platform to evaluate the a and % symmetry 

properties of a series of ligands by gas phase photoelectron 

spectroscopy for a variety for reasons. The local high symmetry • 

X 
(pseudo-octahedral), thermal stability, relatively high volatility, 

and tunability of the electron richness at the metal center, coupled 
Figure 3: Cp [Cp = 

with an observable sensitivity to subtle electronic effects in the (tI^-CSHJ)] is the 
"seat" and the other 

photoelectron spectrum enable an accurate bonding picture of ligands form the 
"legs" of the stool. 

metal ligand interactions to be made. 

Previously published work on Fp [Fp = CpFe(CO) J acetylides have found that the 



filled/filled interaction between the iron-djt^acetylide-Tr orbitals dominates the bonding 

picture. The acetylides in this study had similar ionizations to the parent FpCl, and were 

classified as pseudo-halides. A poly-butadi-yne complex revealed an extended 

delocalized tc system. The similar reactivity of acetylides with isoelectronic cyanide and 

carbonyl ligands is attributed to a node in the highest occupied molecular orbital 

(HOMO) between the metal dTC and acetylide TC orbitals, resulting in a concentration of 

electron density on the P carbon.'" " 

In Chapter 3, the nature of metal-acetylide bonding is explored in greater detail by 

altering the electron richness at the metal center by replacing iron with ruthenium to form 

Rp [Rp = CpRu(CO)J acetylides.'^ Included in this study is a 

bridging acetylide dimer shown in Figure 4. The special 

synimetry of this molecule enables the experimental quantification 

of the acetylide TC and TC* orbital interactions. The presence of the 

metal-metal electronic communication through the acetylide 

bridge exhibits the potential metal-acetylide-metal chains have as 

molecule wires. A Fenske-Hall calculation on the methylacetylide 

complex reveals a small amount of acetylide TC* mixing into the 

highest occupied molecular orbital. 

In Chapter 4, significant changes to the electron richness not only at the metal 

center but also on the acetylide are explored, in the hope of enhancing TC* acceptance by 

the acetylide. Increasing the electron richness at the metal center pushes the metal 

oc. 
'Ru  ̂

oc c 

Ru* 
^Co 

RPJCji-CHC) 

Figure 4; The 
structure of the 
bridging acetylide 
dimer complex 
[CpRu(CO)2]2(^-
C=C). 
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orbitals closer to the acetylide jc* orbital. Increasing the electron withdrawing capability 

of the acetylide pulls the acetylide n and tc* orbitals to lower energy, improving the 

energy match and overlap of the metal die and acetylide it* orbitals. Electron richness at 

the metal center is altered by using both the Fp [Fp = CpFe(CO) J and Rp [Rp = 

CpRu(C0)2J fragments as well as the Rup [Rup = CpRu(PMe3)2] fragment.® Previous 

smdies have found that a phosphine has approximately on-fourth the backbonding 

strength of a carbonyl.^^ The electron richness of the acetylide is changed by the addition 

of phenyl and p-nitrophenyl substiments to the acetylide. Addition of the strongly 

electron withdrawing nitro group was hoped to enhance the acceptor properties of the 

acetylide. Difficulties due to overlapping ionizations and extensive orbital mixing when 

the ancillary ligands are PMe, limit the evaluation of the bonding for these complexes. 

However, even when an electron rich metal center is coupled with /7-nitrophenylacetylide, 

only an inductive effect is observed in the spectrum, with the acetylide retaining its 

pseudo-halide character. 

Effects of Nitro Substitution 

Addition of the nitro substiment to the phenyl ring on the acetylides in Chapter 4 

resulted in a significant charge effect, without an observable TC symmetry overlap effect. 

Due to the presence of overlapping ionizations coupled with extensive orbital mixing, it 

was impossible to determine the orbital interactions the nitro group had on the acetylide 

ligand itself. In order to fully explore the bonding properties of the nitro substitution, a 

series of less complicated nitro substituted compounds are analyzed by photoelectron 
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spectroscopy to quantify the a and n overlap properties of this substituent Organic 

textbooks classify the nitro group as a /ne/a-deactivating substituent with respect to 

electrophilic aromatic substitution, which is illustrated by a series of resonance structures 

shown in Figure S.'"* Hammett 

parameters indicate that the nitro 

substituent has a strong inductive 

effect, and exhibits significant TC* 

acceptor activity.'^ Comparison of 

phenylacetylene and p-

nitrophenylacetylene reveal a 

significant charge shift, but the 

splitting between the phenyl orbitals remains constant, indicating no observable % 

symmetry overlap activity by the nitro group. Overlap from the n orbitals on the 

acetylene could be compensating for any n symmetry interactions by the nitro group. 

Examination of nitrobenzene by gas phase ultraviolet photoelectron spectroscopy 

suggests that the nitro group has a powerful inductive effect, but an extremely weak ic 

donor effect, which appears to contradict previous data on nitrobenzene, which define it 

as a acceptor substituent. Selective addition of substituents to the phenyl ring with 

known K overlap properties confirm the description of the nitro group as a weak TC donor 

substituent in the gas phase. Gas phase x-ray photoelectron spectroscopy is used to 

evaluate the core ionization energies (Is orbitals) of these molecules, and can be 

Figure 5: The resonance structures of 
nitrobenzene, explaining the mera-deactivating 
role it has in electrophilic aromatic substitution. 



correlated with the valence shifts to aid in the description of the bonding.^*' 

Multiple Metal'Metal Bonded Acety tides 

Other systems which have electron rich metal centers are 

metal-metal dimers, which have been characterized quite 

extensively by gas phase photoelectron spectroscopy and other 

methods. Compomids under specific investigation are 

molybdenum-molybdenum quadruple bonded dimers. The orbital 

make-up of the quadruple bond is illustrated in Hgure 6. IR 

studies on Mo2(PMe3)4(CHCSiMe3)4 suggest a significant TC* 

acceptance, a phenomenon not observed in piano stool 

acetylides.^' 

Chapter 6, the gas phase ultraviolet photoelectron spectra of complexes of the 

formula Mo2(PMe3)4X4 [X = CI, C=CBu, C^CSiMej] are investigated. The high 

synametry of these structures (D2J) simplifies interpretation of the spectra. These 

compounds are unique in having metal-metal orbitals at different energies with proper 

symmetry to interact with the acetylide TC and TC* orbitals. Energy matching of the metal-

metal orbitals with the acetylide TC and TC* orbitals determines the TC symmetry activity. 

After charge shift correction of ±e ionization energies, the metal-metal TC and 5 orbitals 

demonstrated a different extent of interactions with the acetylide TC and TC* orbitals. The 

filled/filled interaction between the metal-metal-Tc/acetylide-TC orbitals dominates the TC 

symmetry interactions, while the metal-metal 5 orbitals has a significant symmetry 

Motybdennm-Molybdenum 
^ Qmdniple Bond 

S 

figure 6; The orbital 
make up of the metal-
metal quadruple bond 
at the ± 0.03 
isosurface leveL 
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interaction with the acetylide it* orbitals. These acetylide complexes are able to 

demonstrate how symmetry and energy matching are critical in determining the bonding. 

Chapter 7 sunmiarizes the results of the research in this dissertation and provides 

new areas for research within the group. 

Appendix A 

Further interpretation of the IR study mentioned earlier suggests that populating 

the metal-metal 6* orbital would enhance the acetylide 7t* acceptance, due to better 

energy matching.^' In Appendix A, electron rich rlienium-rhenium triple bonded 

complexes are analyzed by ultraviolet gas phase photoelectron spectroscopy. The metal-

metal 5* orbital reveals slightly stronger mixing with the acetylide TC* orbital, 

corroborating earlier work done on the molybdenum dimer acetylides. The HOMO 

orbital as calculated by the Fenske-Hall method in the rhenium-rhenium dimer has no 

density on the a carbon of the acetylide, indicating almost equal contributions to this 

orbital from the filled acetylide TT and empty 7t* orbitals. However, the overall interaction 

of the acetylide it* orbital with the metal-metal orbitals is still weak, and this is due 

primarily to energy matching. 

Appendix B 

As the number of atoms and basis sets are increased, interpreting information 

from the molecular orbital calculations becomes increasingly difficult. To aid in data 

interpretation, new tools have been developed to upgrade existing visualization tools in 

the group. All the molecular orbital plots in this dissertation were made using this new 
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software on a personal computer. The ability to view the orfoitais is critical especially 

with the metal-metal dimer acetylides, as the high symmetry of the molecule enables 

symmetry interactions which are observable in the photoeiectron spectra. Listing of the 

Tcl/Tk (Tool conmiand language/Tool Idt) scripts, conversion programs (C), and a 

description of the features are included in Appendix B. 
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Chapter 2 

Expeiimental 

The synthesis, gas-phase photoelectron spectroscopy experiments, and theoretical 

calculations are described in this chapter. The photoelectron spectroscopy procedures 

used for this research were developed by and documented in the dissertations of John 

Hubbard, Charles Blevins II, Glen Kellogg, Mark Jatcko, Sharon Renshaw, and Nadine 

Gruhn. Data reduction and analysis methods are also addressed in this chapter. 

Preparation of Compounds 

All compounds used in this dissertation were either synthesized in this lab, 

donated from collaborators, or purchased. Compound sources for this dissertation are 

listed in Table 1. Due to the Oj and HjO sensitivity of the organometallic complexes in 

this study, all syntheses were done in a scrubbed Nj atmosphere dry box, on a high 

vacuum line, or using standard Schlenk techniques. All solvents used were dried and 

degassed using published methods.^" 

Gas Phase Photoelectron Spectroscopy 

Photoelectron spectra were recorded using an instrument featuring a 36-cm 

hemispherical, 8 cm gap McPherson analyzer and custom-designed sample cells and 

detection and control electronics.^'-^"^ The excitation source is a quartz capillary lamp 

that produces both He I and He n radiation, depending on the operating conditions."*" 

Data were referenced internally to the argon ^Pj^ ionization at 15.759 eV. The kinetic 
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Chapter Conqxjund Collaborator Synthesis Chemical Conq)any 

3 

CpRu(CO)jCI 

CpRu(CO),CHCMe 

[CpRu(C0)J2(^l-CsC) 

Selegue'^ 

Selegue'^ 

Selegue'^ 

4 

CpFe(CO)2C=C-C6H4-4-NO, 

CpRu(CO)2C=C-CsH4-4-NOj 

CpRu(PMe3)2CHC-CsH«-4-NO, 

CpRu(PMe3),C=C-C«H5 

CpRu(PMe3)2Cl 

phenylacetylene 

/?-nitrophenyIacetyIene 

"Butylacetylene 

Humphrey" 

Humphrey*^ 

Humphrey*^ 

Humphrey*^ 

Humphrey" 

DLL" 

In Ub'' 

Aldrich 

5 

phenylacetylene 

p-nitrophenylacetylene 

nitrobenzene 

p-nitrotoluene 

1,3 dimethyibenzene 

l-nitro-3,5-dimethyibenzene 

1 -nitro-2,6-diniethylben2ene 

DLL" 

InLab'^ 

Aldrich 

Aldrich 

Aldrich 

Aldrich 

Aldrich 

6 

Mo2(PMej)^Cl4 

Mo2(PMe3)4(C=C-SiMe3)4 

Mo,(PMe3)4(CHC-'Bu)4 

trimethylsilylacetylene 

"Butylaceiylene 

Trimethyiphosphine 

InLab/TWU"" 

InLab/TWir" 

In Lab/TWU^ 

Aldrich 

Aldrich 

Aldrich 

In Lab and In Lab/TWU are syntheses done in this lab. The In Lab/TWU indicates 
syntheses done with Teresa S. Wu. 

Table 1: Sources of compounds for this dissertation grouped by chapter including 
references for synthesis unless purchased from chemical company. 
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energy scale was calibrated by using the position of CH3I iodine lone-pair ionization at 

9.538 eV relative to the Ar ionization. During collection, the instrument resolution 

(measured using fwhm of the Ar peak) was always better than 0.030 eV. All data 

were intensity corrected according to the experimentally determined sensitivity of the 

instrument analyzer with electron kinetic energy. The He II data were also corrected for 

the He n P line spectrum, which occurs because discharge sources are not 

monochromatic.^® The sublimation temperatures of the compounds were monitored by a 

'K' type thermocouple attached to the cell through a vacuum feedthrough. 

All solid samples were run from inside the instrument using an aluminum cell. 

Before data collection, the cell is thoroughly cleaned and coated with DAG" to reduce 

electron scattering and baked to approximately 150-180 °C. All samples were treated as 

Oi/HjO sensitive, and were loaded from a dry box into the cell and transported to the 

instrument inside a sealed bag under an atmosphere of nitrogen. Depending on volatility, 

liquid samples were run either inside the cell or from the outside. To run from outside 

the instrument, the liquid is loaded into a Youngs™ tube and then mated to the 

instrument by a Swagelock™ connector with a teflon ferrule. Vapor pressure is 

controlled by a needle valve. Liquids with low volatilities have a cotton swab immersed 

in them and then placed in the cell. The ceil is placed under an inert atmosphere and 

cooled prior to loading into the instrument. This method is somewhat risky, as it provides 

no pressure control. Color, phase (liquid/solid), and sublimation temperatures of all the 

compounds are listed in Table 2. 
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Chapter Compound Color Phase Sublimation Temp (°C) 

CpRu(CO)2CI Yellow Crystals 62-68 

3 CpRu(C0)2C=CMe Yellow/Tan Powder 53-55 

[CpRu(CO)Jj(tx-C=C) Yellow Powder 107-114 

CpFe(C0)jC=C-C«H4-4-N02 Yellow SoUd 106-112 

CpRu(CO),C=C-CsH«-4-NOi Red Solid 102-108 

CpRu(PMe3)jC=C-CsH*-4-N02 Purple Solid 128-129 

A 
CpRu(PMe3)jCHC-CsH5 Pale Yellow Powder 93-98 

CpRu(PMe3)2Cl Bright Orange Powder 76-80 

phenylacetylene Clear Liquid Room Temp 

p-nitrophenyiacecylene Pale Yellow Solid Room Temp 

"Butylacetylene Clear Liquid Room Temp 

phenylacetylene Clear Liquid Room Temp 

p-nitrophenylacetylene Pale Yellow Solid Room Temp 

nitrobenzene Yellow Liquid 12-17 

5 p-nitrotoluene White-Yellow Solid 8-22 

1,3 dimethylbenzene Clear Liquid 2-15 

l-nitro-3,5-<iimethyIbenzene Yellow Crystals 10-21 

I -nitro-2,6-diinethyIbenzene Yellow Liquid 4-17 

Mo2(PMe3)4Cl4 Wine-Red Solid 147-157 

Moj(PMe3)4(C=C-SiMe3)4 Blue Solid 140-150 

Moi(PMe3UC=C-'Bu)4 Blue Solid 148-154 
O 

trimethylsilylacetylene Clear Liquid Room Temp 

'Butylacetylene Clear Liquid Room Temp 

Trimethylphosphine Clear Liquid Room Ten^ 

Table 2: Color and sublimation temperature of the complexes under investigation. 
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Data Reduction 

The experimental variance of each data point is represented by the vertical length 

of each point shown in the spectra. The valence ionization bands are represented by the 

best analytical fit of asymmetric Gaussian peaks using Fp, a custom software package 

which enables constraints and boundaries and reports the position, amplitude, and half 

widths of the high and low binding energy sides of each band.^-^'-^ The number of peaks 

used in a Ht was dependent on the band proflle in the spectrum. Peak positions and 

shapes are generally reproducible to ± 0.02 eV and relative areas are reproducible to ± 

5%. Overlapping ionizations make the description of a single peak within that envelope 

less certain, because of the interdependence of parameters. He II spectra were fit with the 

peak positions and widths obtained from the fit of the He I spectra, with only the 

amplitude allowed to vary to account for the difference in atomic photoionization cross 

sections upon He II excitation. Necessary special data analysis techniques are described 

in the chapters where they are needed. 

Theoretical Calculations 

Theoretical calculations are used as a tool to aid in the interpretation of the 

bonding interactions as derived from the photoelectron spectrum. It should be stressed 

that calculations are only used to support the experimental assignment of the ionization 

energies. Methods used are molecular mechanics. Extended Hiickel,^' Fenske-Hall,^^ 

AMI and PM3 semi-empirical, and ab-initio methods with various basis sets. Molecular 

mechanics and the AMI and PM3 semi-empirical calculations were run using the 
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algorithms developed/licensed for the commercially available computational package 

Spartan™ 4.0.2." High level ab-initio calculations using a wide range of basis sets were 

run from the commercially available computational package Gaussian94™.'^ Molecular 

orbital isosurface plots were produced using M0PL0T2^^ in conjunction with VTK.^® 

All calculations except for the Extended Huckel were mn on IBM R/S 6000 590 and SGI 

Origin 2000 computers. All molecular orbital isosurface plots were made on a personal 

computer. 
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Chapter 3 

The Electronic Structure of (t|̂ -C5H5)Ru(CO)2R [R = CI, C=C-Me] and 
[(ti^-C5H5)RU(CO)J2(^-ChC) 

Introduction 

The electronic structure and bonding of acetylides to metals have been 

investigated previously in a series of Fp acetylides [Fp = (Ti^-C5H5)Fe(CO)2] by 

photoelectron spectroscopy."-^® These studies revealed that the filled/filled conjugated 

interaction between the iron-dn/acetylide-7c dominates the iron-acetylide tc bonding 

picture. Variation of the R group on the acetylide resulted in only minor changes in the TC-

donor properties of the acetylide, with no appreciable acetylide ic* acceptance. 

Perturbation of the system can also be achieved through metal substitution of ruthenium 

for iron. In this chapter, the gas-phase photoelectron spectra of (r|^-C5H5)Ru(CO)2Cl and 

(ri^-CsH5)Ru(CO)2C=CMe are reported and the electronic effects of ruthenium 

substitution for iron are evaluated. It is found that mthenium substitution results in a 

stabilization of ionization energies, and this can be correlated to the difference in free 

atom ionization energies of iron and ruthenium, rather than to a specific bonding 

interaction. The filled/filled bonding interaction between the metal-dji/acetylide-TC 

orbitals, which dominates the Fp [Fp = ('n^-C5H5)Fe(CO)2] acetylides," ''® ®^ dominates the 

n bonding picmre for the ruthenium acetylides as well. 

Another previous photoelectron smdy on (Ti^-C5H5)Fe(CO)2(CHC-CHC-H) 
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revealed extended conjugation througti the buta-di-yne ligand.^® Based on this study, 

acetylides can be potentially envisioned as "bridges" facilitating electronic 

communication between two metal centers. To explore the bonding properties of a 

"bridging" acetylide, the gas phase photoelectron spectra of the compound [(r|^-

C5H5)Ru(CO)2]2(p-C=C) are examined. Comparison to the "monomer" compound (ii^-

CsH5)Ru(CO)2C=C-Me is made to identify ionization energy shifts and peak intensity 

changes in the metal and ligand n ionizations. From this study, the acetylide TC and it* 

bonding interactions with the metal can be evaluated separately because of the separate 

gerade and ungerade symmetries of orbitals of the dimer. Extensive communication 

between the metals through the acetylide bridge is revealed, as well as observable 

donation into the acetylide TC* orbital. 

Photoelectron Spectra and General Ionization Assignments 

The full He I spectra (6-16 eV) for all three compounds are shown in Figure 7. 

The spectra of these complexes can be divided into the forest region and the lower 

valence region. The forest region consists of overlapping carbon-carbon and carbon-

hydrogen ionizations from approximately 12 eV and higher ionization energy. The lower 

valence region contains metal and metal-ligand ionizations from approximately 6-12 eV. 

Ionization energies, primary orbital origins, and band intensities upon He I/He H 

excitation are reported in Table 3. 

The photoelectron spectra of the parent chloride compound allows evaluation of 

the simple bonding interactions between the chloride (a/jc) and the metal, as the 
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Ionization Energy (eV) 

Figure 7; Full spectra (6 to 16 eV) of (•n^-C5H5)Ru(CO)2Cl, (T]^-
C5H5)Ru(CO)2C=CMe, and [(TI^-C5H5)RU(CO)2]2(H-C=C). 
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ionizations are sharp and distinct. The bonding picture from the chloride compound can 

be compared to the methylacetylide compound, with substimtion of the acetylide and 

7ty orbitals for the chloride lone-pair pj^ and Py orbitals, enabling an evaluation of the 

methylacetylide O/TT properties. 

The extent of metal-metal communication in the dimer is determined by 

comparing the ionizations of the "monomer" methylacetylide compound with the 

ionizations of the bridging acetylide dimer compound. Although the bridging acetylide 

dimer has a more complicated bonding picmre, due to the presence of two metals, the 

ionization energies and band intensities of the synmietry allowed metal-dTi-acetylide-rc 

and Ti* combinations can be separated because the acetylide k orbitals are gerade 

symmetry while the acetylide 7t* orbitals are ungerade symmetry. 

For purposes of describing the orbital origins, the chloride and methylacetylide 

compounds are aligned with the metal at the origin, the chloride or methylacetylide on the 

Z axis, and the ancillary carbonyl ligands bisected by the Y axis, as shown in Figure 8. 

The filled "tjg" metal orbitals of the formal d® pseudooctahedral ruthenium are dj^, dy^, and 

d^tyi- Using this alignment, the chloride and methylacetylide have CT interactions with the 

ruthenium d^, and p^ orbitals. The chloride p/py orbitals and the methylacetylide izjizy 

orbitals interact with the ruthenium d„ and d,^ orbitals in n fashion. The d„ and dy^ 

orbitals are also each able to have a net of one ic interaction with the ancillary carbonyl 

ligand n* orbitals. The filled d^ty. orbital has primarily 5 symmetry with respect to the 

acetylide, but can backbond into both ancillary carbonyl ligand K* orbitals. 
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Figure 8: Structure of the compounds under investigation and reference coordinate 
system. 

Labels for Ionizations 

The experimental support for the assignments will follow. For purposes of 

discussing the ionizations of the methylacetylide and chloride compounds, the ionizations 

are given descriptive labels. The first three ionizations, labeled Ml (d^J, M2 (d^J, and 

M3 (d,i.y»), originate from the three filled metal orbitals of the formal d® ruthenium. The 

metal-based ionizations are followed by ionizations originating from the two near-

degenerate chloride lone pair or acetylide K interactions and are labeled it. The next two 

ionizations originate from the e, symmetry orbitals of the Cp (Cp = ring, and are 
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labeled Cp. The last ionization is from the ruthenium-chloride or ruthenium-acetylide a 

ionization, and is labeled 9. These labels are used only to simplify the discussion as there 

is considerable mixing between the metal and ligand orbitals. Idealized representations of 

the ruthenium-acetylide TC interactions are shown in Figure 9 with the labels. 

The bridging acetylide dimer compound has a more complicated ionization 

profile. The first six ionizations arise from the symmetry combinations of both formal d® 

ruthenium metal centers interacting with the acetylide K system, and are labeled Jt3^, Jt3p 

6^, 6., it2^, and «2,. Idealized orbital representations for these labels are shown in Figure 

10. The parallel (11) and perpendicular (x) subscripts designate the mthenium-acetylide-

ruthenium 7t combinations parallel and perpendicular to the YZ symmetry mirror plane of 

the molecule. The plus and minus subscripts on the metal-metal 5 orbitals denote ±e 

symmetric and anti-symmetric combinations of the two metals. The 7t2 and it3 

ionizations are the second and third synunetry combinations of the four TC orbitals formed 

from the two carbon and two metal atoms. The next ionizations are from the near 

degenerate acetylide TC interactions with the metal d^ and d^^ orbitals, and are labeled Ttl^^ 

and Tclp using the same subscript notation described earlier. The next two ionizations 

originate from the ej synmietry orbitals from the two Cp (Cp = ii^-CjHj) rings, and are 

labeled Cp. The last ionization arises from the least stable symmetry combination of the 

two ruthenium-acetylide a ionizations and is labeled o2. 

(H'-C5H5)RU(CO)2CI. The He I and He n close-up spectra are shown in Figure 

11. Examination of the atomic photoionization cross sections,^' in Table 4, reveals that 
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Figure 9: Idealized symmetry interaction diagram showing the nodal characteristics 
of the metal-acetylide ic system in (Ti^-C5H5)Ru(CO)2C=CMe. 
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Figure 10: Idealized symmetry interaction diagram showing the nodal characteristics 
of the metal-acetylide-metal n and 5 system in [(Ti^-CjH5)Ru(CO)2]2(|i-
C=C). 
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Compound* peak(eV) 
half widths relative area 

label orbital origin'' Compound* peak(eV) 
high low He I Hen Hen/He I 

label orbital origin'' 

RpCI 8.22 0.42 0.29 1.16 1.12 0.97 Ml 

8.60 0.45 0.24 1.10 1.03 0.94 M2 

9.27 0.42 0.28 1.00 1.00 1.00 M3 d,j.^ 

10J23 0.73 0.34 2.66 1.70 0.64 It Ru-a 

10.75 0.31 0.28 0.83 0.61 0.73 Cp Cp e, 

10.97 0.46 0.24 0.63 039 0.94 Cp Cpe," 

11.44 0.49 0.28 0.83 0.61 0.73 a Ru-Cl 

RpC^CMe 7.61 0.45 0.24 0.97 1.17 1.21 Ml 

7.91 0.65 0.18 1.10 1.14 1.04 M2 dyx 

8.76 0.51 0.26 1.00 1.00 1.00 M3 d^tyl 

9.66 0.66 0.32 2.01 2.11 1.05 K CsCMe 

10.31 0.39 0.32 1.06 0.96 0.91 Cp Cpe," 

10.63 OJO 0.34 0.80 0.64 0.80 Cp Cpe," 

11.70 0.99 030 1.46 1.04 0.71 o Ru-C 

RpCsCRp 6.74 

6.98 

0.41 

035 

0.31 

0.28 
2.00 2.00 1.00 

Tt3, 

K3. 
d„ 

8.16 0.33 0.32 0.95 1.15 1.21 

8.46 

8.76 

0.33 

0.30 

0.32 

0.32 

1.04 

0.93 

1.13 

1.14 

1.09 

1.23 
C d 

9.06 0.29 0.32 0.91 1.27 1.40 

9.43 0.49 0.32 2.03 2.29 1.13 Itl^, JCl, M(C^C) 

9.91 036 0.46 2.91 2.40 0.82 Cp Cpe," 

10.32 0.66 0.48 138 0.81 031 Cp Cpe," 

10.82 0.68 0.26 0.88 0.64 0.73 o Ru-C 

•Rp = (II^-C3Hj)RU(CO)2 '"See text for coordinate system 

c = 7t2^, 5^, and 5. d = d^ d^^ d,u,i 

Table 3; Valence ionization energies and fit parameters for He I and He n spectra 
of (TI^-C5H5)RU(CO)2R [R = CI, CsCMe] and [(V-C5H5)Ru(CO)j2(n-
C=C). 
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Element HeI(21^eV) He n (40.8 eV) Hen/He I 
Ruthenium 4d 25.63 20.59 0.8034 

Carbon 2p 6.128 1.875 0.3060 

Chlorine 3p 13.64 0.6470 0.04743 

Table 4; Theoretical atomic photoionization cross sections (MB) and the relative 
changes from He I to He II for carbon, chlorine, and ruthenium. 

ruthenium-based ionizations should grow in intensity relative to carbon and chlorine upon 

changing the excitation source from He I to He II. The change in ionization intensities 

relative to the third band as the excitation source is changed from He I to He H reveals a 

small decrease in intensity in the first two bands, while bands four, five, and seven show 

large decreases in intensity. This suggests that the first three ionizations are primarily 

metal in character. The fourth ionization shows the overall largest decrease in ionization 

intensity. The photoionization cross section tables indicate that ionizations originating 

from orbitals primarily chloride in character should exhibit the largest decrease in 

intensity upon excitation source change from He I to He IL Based on the decrease in 

intensity of band four in going from He I to He n, it is assigned to the chloride TC 

ionization, with substantial mixing with the metal present in the ionization because the 

drop in intensity is not as great as expected for pure chlorine p ionizations. Bands five 

and six have similar positions, intensities, and splitting to the Cp ionizations seen in 

previously collected piano stool compounds, and are assigned as Cp ionizations."*" The 

last band is assigned to the Ru-Cl a ionization, based on the position and intensity 

decrease in going from He I to He II radiation consistent with FpCl [Fp = (T]^-
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Figure 11: The He I and He n spectra of the valence region of (TI^-C5H5)RU(CO)2CI. 
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C5H5)Fe(CO) J and other metal-chlorides/'*^^ None of the intensity changes are as large 

as expected based on pure atomic characters, indicating that the distribution of each 

valence orbital is substantially delocalized throughout the allowed symmetry interactions 

with the ligands. 

(il'-C5H5)Ru(CO)2C=CMe. The He I and He II close-up spectra of the 

methylacetylide complex are shown in Figure 12. The ionizations in the spectrum labeled 

Ml, M2, M3,7C, Cp, and o are assigned in similar fashion to those of the chloride 

complex. The primary metal origin of bands Ml and M2 is confirmed by their increase in 

relative intensity upon He II excitation. Bands Ml and M2, which were well separated 

from each other in the chloride complex, are much closer together in the spectrum of the 

methylacetylide complex, suggesting more orbital mixing between the acetylide-7c and the 

metal-dTc orbitals. Comparison of the M3 ionizations of the chloride and the 

methylacetylide, which should be sensitive to charge effects only, shows a 0.51 eV shift 

to lower ionization energy for the methylacetylide compound. The destabilization of M3 

in the methylacetylide compound relative to the chloride compound indicates that the 

acetylide is a superior a donor. The fourth band is assigned to the TC ionization that 

originates from the acetylide. He I/He II analysis reveals that this band grows in intensity 

relative to band 3, indicating considerable metal character in this ionization. The next 

two ionizations are primarily Cp in origin. The shape of the ionization band profile, the 

energy of the ionization, and the relative decrease in intensity with He n photons 

confirmed the assignment.'"' The final ionization, resulting from the metal-acetylide o-
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Figure 12: The He I and He H spectra of the valence region of (ti^-
C5H5)Ru(CO)2C=CMe. 
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bond, arises primarily from the filled acetylide p^ orbital donating into the empty metal dj, 

orbital. The relatively small decrease in intensity with He n excitation suggests that there 

is considerable metal character in the metal-acetylide a orbital. Overall, the relatively 

small changes in peak intensity going from He I to He II excitation in comparison to the 

changes in cross section for pure atomic orbitals from the photoionization cross section 

tables indicates a delocalized system, with substantial symmetry-allowed orbital mixing. 

[(tl^-C5H5)Ru(CO)j2(M-C=C). The He I and He II close-ups of the valence 

ionizations are shown in Figure 13. Changing from the methylacetylide to the acetylide-

bridged dimer leads to significant changes in the spectram. The first broad ionization 

was best fit with two bands, and corresponds to the filled/niled symmetric combination of 

the metal d^ and dy^ orbitals with the acetylide 7t^ and Tty orbitals, and is labeled and 

7c3, respectively. This ionization band is substantially destabilized relative to the first 

ionization of the methylacetylide compound, indicating a strong filled/filled interaction 

between the metal dn orbitals and the acetylide it orbitals. The broadness, intensity, and 

symmetry of the ionization envelope indicates extensive symmetry allowed mixing of 

metal and acetylide TC orbitals. 

Following this are four overlapping ionizations arising from the metal-metal 5 and 

5* ionizations and the anti-symmetric combination of the metal-metal d^-d„ and dy^-dy^ 

orbitals with the acetylide 7t* orbitals, labeled 6^, 5., 7c2^, and 7c2, respectively. As will be 

discussed, the amount of separation between the first ionization band and this ionization 

grouping suggests metal-metal-drc backbonding into the acetylide-7c* orbital. Although 
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Figure 13: The He I and He II spectra of the valence region of [(rj^-
CsH5)Ru(CO)JJ(H-ChC). 
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the envelope can be fit by four peaks, precise assignments of each peak to the 5., 5+, 

or 7c2, ionization is not possible due to their proximity. 

The next ionizations are from the near degenerate acetylide and ity orbitals 

interacting with the metal d„ and dy^, and are labeled and Ttl^ A small decrease in 

peak intensity upon He H excitation is observed, corresponding to a primarily acetylide 

based ionization. The Cp ionizations are again assigned based on the band profile, 

position, and intensity changes upon He I/He n excitation.''^ The last ionization is from 

the anti-symmetric combination of the ruthenium-acetylide-ruthenium a bonds, and is 

labeled a2. Up until the Cp ionizations, the changes in He I and He II intensities are too 

small to provide much differentiation between the ionizations, again indicating a 

substantially delocalized electronic structure. The Cp and metal-acetylide a ionizations 

drop significantly relative to the others, indicating more carbon character in these 

ionizations. Again, however, the overall interactions are largely covalent. 

Discussion 

Previous examination of the (ri^-C5H5)Fe(CO)2CHC-R compounds revealed that 

filled/filled iron-d7i/acetylide-7c interaction dominates the ic symmetry interactions 

between the acetylide and the iron. The node in the HOMO between the iron d^^ and 

acetylide orbital places sufficient electron density on the p carbon, explaining the 

reactivity of acetylides towards electrophiles. These findings also showed that electronic 

communication through an acetylene chain was possible, which can have implications 

toward the development of nonlinear optical and other special materials. It was proposed 
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that using a more electron rich metal, such as ruthenium, could enhance the bonding 

properties seen in the analogous iron acetylides.'^ ''^ ®"® Comparison of similar 

ruthenium and iron compounds of the formula (ii^-C5H5)M(CO)2X [M = Fe, Ru; X = CI, 

C=C-R] reveals that the ruthenium compounds show a stabilization of metal and ligand 

ionizations, as seen in Table 5, when compared to analogous iron compounds. 

Compound Origin Position (eV) Compound Origin Position (eV) A(eV) 

FpCl Ml 8.00 RpCl Ml 8.22 0.22 

M2 8.38 M2 8.60 0.22 

M3 8.99 M3 9.27 0.28 

TZ 9.90 Jt 10.23 0.33 

FpC^CBu Ml 7A2 RpC=CMe Ml 7.67 0.25 

M2 7.69 M2 7.91 0.22 

M3 8.49 M3 8.76 0.27 

TT 9.19 1C 9.66 0.45 

Fp = (Ti^-C5H5)Fe(CO)2; Rp = (V-C5H5)Ru(CO)2 

Table 5: Ionization energy shifts between (Ti^-C5H5)Fe(CO)2X and (ti^-
C5H5)Ru(CO)2X complexes. The ionization labeled n originates from the 
mixing of either the CI lone pairs or the acetylide K bond with the metal. 

To explain the stabilization of the ruthenium compound metal ionizations with 

respect to the analogous iron compound ionizations, the ionization energies of the free 

metal atoms were inspected. Comparison of the ionization energies of iron and 

ruthenium from the ground state to the ion is shown in Table 6.^^ The energy 

difference between the iron and ruthenium metal ionizations in the compounds falls 

within the energy difference between the free atoms. This would indicate that the energy 

difference between analogous compounds is due to the increased stability of the 
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ruthenium atom relative to the iron atom, and not because of a bonding interaction with 

the chloride/acetylide ligand. 

Fe Ru A 
Ground State Ionization Energy (eV) Ground State Ionization Energy (eV) (eV) 

'D 7.90 eV 'D 8.29 eV 0.39 

Table 6: Comparison of ionization energies for free iron and ruthenium atoms from 
the same electronic state. 

Splitting between the metal bands can give qualitative information about the 

relative bonding interactions of the ligand of interest to the metal. In the chloride or 

methylacetylide systems. Ml, M2, and M3 correspond to d^ d^^, and d,Ly» respectively. 

Ml and M2 bond in TC fashion with both the chloride or methylacetylide and the ancillary 

carbonyl ligands. M3 has primarily 5 symmetry with respect to the 

chloride/methylacetylide, but bonds to both carbonyl ligands. The different bonding 

Average Splitting = M3 - (i) 

interactions of Ml and M2 in comparison to M3 with the chloride or methylacetylide and 

ancillary carbonyl ligands determines their ionization energies. The average splitting of 

M3 from Ml and M2 is a relative energy measure of the different ic interactions of the 

chloride or methylacetylide ligands with respect to the ancillary carbonyl ligands. The 

average splitting between the metal bands is defined by equation 1, with Ml, M2, and M3 

defined as the metal based valence ionizations in the photoelectron spectrum."^ The 
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average splitting for the chloride compound is 0.86 eV. The splitting value for the 

methylacetylide compound is 0.97 eV, indicating that the filled/filled interaction between 

the metal-dji/acetylide-7t orbitals is stronger for the acetylide than for the chloride. 

An important question concerning the ruthenium acetylides is the extent of 

electronic communication through the acetylide ligand. It was demonstrated that 

electronic communication along a poly-acetylide ligand was found in Fp-buta-di-yne.^® It 

is believed that such electronic communication should be observed in the ruthenium 

acetylides as well. The communication properties of the acetylide ligand can be 

evaluated by comparing the photoelectron spectrum of a monomer acetylide (T]^-

C5H5)Ru(CO)2C=CMe and the bridging dimer [(•n^-C5H5)Ru(CO)2]2 ii-(C=C). 

If no electronic communication between the metals was occurring through the 

bridging acetylide ligand, a spectrum similar to that of the methylacetylide would be 

observed, with the peak intensity of the metal and Cp ionizations doubling in intensity 

relative to the acetylide 7C ionization. Conversely, a splitting of the ionizations in the 

valence region of the spectrum would indicate a delocalized system, with electronic 

communication between both metal centers. The spectrum of the bridging acetylide 

dimer contains a cluster of overlapping metal-based ionizations from less than 7 eV to 

more than 9 eV, indicating a delocalized system, with the bridging acetylide ligand 

facilitating electronic communication between the ruthenium metal centers. 

From the photoelectron spectra of (ri®-C5H5)Ru(CO)2C=CMe and [(r|^-

C5H5)Ru(CO)2]2(h-ChC), one can build an experimental molecular orbital interaction 



56 

diagram, shown in Figure 14, which can be used to experimentally derive the acetylide 

TC/TC* bonding properties. It should be pointed out that the ionization energies for the 

dimer compound in Figure 14 have been by shifted by 0.40 eV to higher energy so that 

the first Cp e/' ionization of ±e methylacetylide and the bridging dimer acetylide 

complexes would be at the same energy. This is done so that charge effects are 

eliminated from the orbital interaction analysis. The first Cp e," ionization is chosen 

because its ionization energy can be precisely determined in both complexes. 

Examination of the M3 and Cp e," ionizations in a group of Fp acetylides revealed that 

the M3 and Cp e/' ionizations shift in tandem, with a difference of approximately 0.05 

eV per metal,"-validating the use of the Cp e," ionization to adjust for charge effects 

for this system. 

The "monomer" methylacetylide bonding picmre can be used as a starting point to 

describe the special bonding interactions in the bridging acetylide complex. In particular, 

the d^tyi orbitals on each metal backbond into two carbonyls as in the monomer 

complexes, and receive approximately the same charge stabilization. They are split only 

slightly in forming the 5^. and 5. combinations because there are no orbitals of appropriate 

symmetry (if an idealized C4y symmetry of the monomer becomes D4,, or D4J in the dimer) 

in the bridging acetylide to interact with the orbitals of the dimer. The d„ and dy^ 

orbitals on each metal backbond into a net one carbonyl as in the monomer complexes. 

However, the metal-metal dimer d^ and dy^ bonding and anti-bonding combinations 

introduce symmetry restrictions when mixed with the acetylide TC and TC* orbitals not 
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observed in the monomer acetylide complexes. Specifically, the syimnetric d^+d^^^ and 

d^+dyj combinations overlap only with the acetylide and orfoitals, and by symmetry 

are unable to interact with the acetylide Tt^* and iZy* orbitals. Conversely, the anti

symmetric d^-d„ and dy^-dy^ can only overlap wi± the acetylide and Tiy* orbitals to 

form 7t2^ and itZ,. The combination of overlap between the metal d„ and acetylide TI, and 

71^* orbitals which makes up Ml in the methylacetylide is not observed in 7c3^ and in 

the bridging dimer complex as shown in Figure 16. 

The energy difference in Figure 14 between Ml and 7c3^ is a measure of the 

destabilization provided by the filled/filled metal d^acetylide-7c interaction. This 

interaction is proportional to the square of the overlap (S^) between one metal d„ orbital 

and one acetylide TZ orbital as shown in equation 2. 

In the case of the acetylide bridged dimer complex, two metals ML (Metal left) 

and Mr (Metal right) contribute to the overlap with the acetylide TC. Specifically for the 

metal d„ orbitals, the normalized symmetric orbital is shown in equation 3. 

The overlap of the symmetric metal orbital with the bridging acetylide TC orbital is 

V^S, where S is defined in equation 2. 

S = jd^{M)n{acetylide) dr (2) 

V (M^) (M,) (3) 

y*^{acetylide)dx = v/2S (4) 
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Figure 14: Experimental molecular orbital correlation diagram of 
C5H5)Ru(CO)2]2(m-C=C) built from (Ti^-C5H5)Ru(CO)2C=CMe. The dimer 
compound [(TI^-C5H5)RU(CO)2]2(M-C=C) ionizations are charge shifted by 
0.40 eV to higher energy so that the Cp ionizations of the dimer compound 
and the methylacetylide compound are equal. 
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Ml = + 

d„+ic* d„+« 

7C2, = + 

N^ + ic* 

Figure 15: The total orbital contributions to Ml and Note that Ml has symmetry 
contributions from both the acetylide n and Jt*- while ic3^ is symmetry 
restricted to interacting only with the acetylide TC orbital 
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The destabilization of the symmetric combination of the ruthenium orbitals in 

the dimer complex resulting from the overlap with the acetylide TC orbital is proportional 

to 2S\ or twice the destabilization from the z interaction in the monomer complex. From 

the energies used in Table 3 to make Figure 14, is destabilized from Ml by 0.53 ± 

0.05 eV. This is an experimental energy measure of the it donor strength of the acetylide 

ligand. 

One can also use the overlap analysis to experimentally determine the extent of 

acetylide it* acceptance in bridging dimer. Subtracting 2 x (0.53 ± 0.05 eV) from 7i3^ 

accounts for the acetylide it donor overlap with both ruthenium d„ orbitals and provides 

an estimate of the energy of an essentially pure ruthenium(II) d^^^ orbital of 8.2 ± 0.10 eV. 

However, the next observed ionization in Figure 14 is at 8.56 eV. This analysis is shown 

in Figure 18. This stabilization is proportional to 2S'^ (square of the overlap) of the 

derived ruthenium(II) d„ orbital and the acetylide it* orbital. The extra stabilization 

indicates the presence of it* acceptance by the acetylide ligand with the anti-symmetric 

combination of the metal d„ orbitals. The 0.36 ± 0.10 eV (0.18 ± 0.05 eV per metal) is 

an experimental energy measure of the TC* backbonding of the acetylide. 

This also provides comment on the extent of backbonding to the acetylide in the 

monomer complex. If one uses the 0.53 ± 0.05 eV destabilization of it3^ from Ml in 

Figure 14 wi± the 0.67 eV stabilization of a metal orbital by carbonyl backbonding (FpH 

determination),'" one predicts a 1.20 ± 0.05 eV splitting of Ml and M2 from M3 in the 

monomer acetylide complex, as shown in Figure 18. This is 0.23 eV greater than 
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Figure 16: The relationship between the ionization energies and the molecular orbital 
overlap for the acetylide iz and TI* orbitals in methylacetylide and bridging 
acetylide complexes. 
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Splitting Analysis 
Calculated: 1.20 eV 

Experimental: 0.97 eV 

0.53 eV 0.67 eV 

I I 

Metal Oibitals CO backbonding stabilization 
pure ff-donor 

Figure 17: Experimental derivation of the metal splitting of the methylacetylide 
complex using the acetylide n overlap and the backbonding stabilization 
provided by the carbonyl ancillary ligands. The splitting indicated by TC 

interactions only is larger than the observed splitting, indicating the 
presence of acetylide it* acceptance, providing additional stabilization to 
the d„, dyj orbitals. 

measured splitting of 0.97 eV. The extra stabilization of Ml and M2 must come from 

backbonding to the acetylide, which from the bonding analysis in the dimer complex was 

a minimum of 0.18 ± 0.05 eV. Taken all together, it appears that the backbonding 

stabilization provided by an acetylide is approximately a third to a fourth that of a 

carbonyl. 

The 0.53 ± 0.05 eV energy effect of acetylide ;r-donation into a metal center 
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should be considered approximate. The energy of the Ml orbital in the methylacetylide 

complex has competing interactions- the filled/filled interaction with the acetylide TC 

orbital, which destabilizes Ml, and the metal-acetylide TC* backbonding interaction, which 

stabilizes Ml. In this evaluation, only the 7c-donor effects of the acetylide are considered 

in determining the energy of the d,^ orbital, thus making 0.53 ± 0.05 eV a maximum 7t-

donor effect per metal, and 0.18 ± 0.05 eV a minimum TC* acceptor effect per metal. 

Using the Cp e," ionization in the methylacetylide and the bridging acetylide dimer for 

charge potential correction also introduces some uncertainty. Even with these 

shortcomings, comparison of the experimental splitting of the methylacetylide using 

equation I (0.97 eV) and the "determined" splitting (1.02 eV) using the overlap model for 

the acetylide TC and TC* interactions from the dimer complex shows a difference of only 

0.05 eV, indicating that the overlap model does reasonably well in determining the pure TC 

donor/TC*-acceptor properties of these acetylide ligand in the piano stool acetylide 

complex. 

Conclusion 

Metal ionization splitting analysis found the acetylide interaction with the metal to be 

dominated by a filled-filled TC interaction in the monomer mthenium system, amplifying 

earlier work done on Fp acetylides. It is found that the metal ionizations in the ruthenium 

compounds are stabilized with respect to similar iron compounds. The stabilization of 

the ruthenium compounds is attributed to the comparison of the free metal ionizations. 

The ionization energy of ruthenium and iron from the same ground state to the M*' is 
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higher for ruthenium than iron, and this is reflected in the photoelectron spectrum. He 

ITHe n analysis reveals extensive orbital delocalization, as evident by the relatively small 

increases and decreases in ionization intensities upon He H excitation relative to the 

atomic photoionization cross sections. 

Photoelectron spectra of the dimer compound [(ri^-C5H5)Ru(CO)2]2(n-C=C) 

demonstrates that the acetylide ligand can support electronic communication between 

metal centers. This has implications for potential use as nonlinear optical and other 

special materials, as an extended conjugated system with transition metals can be "tuned" 

to meet desired properties. The dimer compound also allows for an experimental 

determination of the extent of tc donation and Ji* acceptance, due to its symmetry 

restricted orbital interactions. This study found the filled/filled ruthenium-d7i/acetylide-7c 

bonding interaction dominates the bonding picture. However, some acetylide TC* 

acceptance is experimentally observed, with the acetylide having approximately a third 

the backbonding capacity of a carbonyl ligand. 
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Chapter 4 

The Electronic Stracture of (T]^-C5H5)Ru(PMe3)2X [X = CI, C^C-CgHj, 
C=C-C6H4-4-N0J, (ti^-C5H5)Ru(C0)2C=C-C6H4-4-N02, and 

(Tl^-C5H5)Fe(C0)2C=C-C6H4-4-N02 

Introduction 

It has been proposed that increasing the electron richness at the metal center 

coupled with the substitution of electron withdrawing groups on the acetylide could have 

the effect of increasing the acceptor strength of the acetylide/^ To explore this, a series 

of analogous complexes with both varying degrees of electron richness at the metal center 

and electron withdrawing capability on the acetylide are investigated by photoelectron 

spectroscopy. Electron richness at the metal center is increased by replacing the ancillary 

carbonyl ligands with trimethylphosphine ligands, and by changing the metal from iron to 

ruthenium. The electronic structural effects of ancillary ligand substitution and metal 

substitution are observed in the photoelectron spectra of the series of complexes of the 

formula (TI^-CsH5)MLjC=C-C6H4-4-N02 [M = Fe, Ru, L = CO; M = Ru, L = PMe,]. The 

electron withdrawing property of the acetylide is modified by the addition of phenyl and 

p-nitrophenyl substiments to the acetylide. The bonding effects of acetylide modification 

are observed in the PES of the complexes (n^-C5H5)Ru(PMe3)2CHC-R [R = QH5 and 

C6H4-4-NO2]. To fully understand the electronic effects of TC asymmetry in the metal 

complexes, it is necessary to first understand how the phenyl and nitrophenyl jc orbitals 

interact with the acetylene it orbitals. 



Photoelectron Spectra and General Ionization Assi^ments 

Full He I spectra (6-16 eV) for "butylacetylene, phenylacetylene,"^ and p-

nitrophenylacetylene are shown in Figure 18. Discrete ionizations are observed from 8 to 

approximately 12.5 eV. Ionization energies and labels indicating primary orbital 

parentage for phenylacetylene and p-nitrophenylacetylene are reported in Table 7. Full 

He I spectra (6-16 eV) for the metal complexes are shown in Figure 19. Discrete 

ionizations are observed in the lower valence region from approximately 6 to 10 eV. 

Ionization energies and labels indicating primary orbital parentage are reported in Table 

8. 

Orbital 

Compound b, % 

phenylacetylene"' " 8.82 9.51 10.33 11.02 

p-nitrophenylacetylene 9.41 10.10 11.03 11.70 

Table 7: Ionization energies and orbital origins for phenylacetylene,^' and p-
nitrophenylacetylene. 

Acetylene Ionizations 

Phenylacetylene and p-nitrophenylacetylene both have symmetry. They are 

aligned such that the molecule is in the YZ plane, with the Z axis passing through the Cl-

C4 skeleton of the phenyl ring, as shown in Figure 20. For purposes of describing the n 

interactions between the acetylene n and the phenyl/p-nitrophenyl TC systems in these Qv 

symmetry molecules, the molecules are split into the acetylene TC fragment and the 
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Figure 18: He I full spectra (6-16 eV) of "butylacetylene, phenylacetylene," and p-
nitrophenylacetylene. The effects of acetylene TC asymmetry and nitro 
group substitution on the phenyl ring are illustrated. 
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Figure 19: He I full spectra (6-16 eV) of the metal complexes (Ti^-C5H5)Ru(PMe3)2X 
[X = CI, CsC-CgHs, CHC-C6H4-4-NO2], (ti^-C5H5)RU(CO)2CHC-C6H4-4-
NO2, and (Ti'-C5H5)Fe(C0)2CHC-C6H4-4-N02. 
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Compaund* peak(eV) 
half widths relative area 

label orbital origin Compaund* peak(eV) 
high low He I Hen Hen/He I 

label orbital origin 

RupQ 6.50 0.44 0.32 1.21 1.07 0.88 Ml d= 

6.83 0.38 0.33 1.24 1.19 0.96 M2 

7.22 0.43 0.30 1.00 1.00 1.00 M3 d^yi 

8.69 0.42 0.35 2.12 0.92 0.43 Cp Cpe," 

9.00 0.30 0.26 2.54 0.40 0.16 Cp Cpe," 

9.21 0.29 0.28 4.55 0.34 0.07 a3p7c Ru-a 

9.49 0.39 0.33 5.91 0.51 0.09 a3p7r Ru-a 

10.07 1.16 0.48 19.4 15.62 0.81 M-Pcr Ru-P 

RupC=CPh 6.18 0.35 0.30 1.00 1.33 1.33 Ml' dzz 

6.47 0.35 0.30 1.07 1.13 1.06 M2' dyx 

6.95 0.41 0.39 1.00 1.00 1.00 M3' 

7.82 0.47 0.20 1.02 1.25 1.23 b, C=C-Ph 

RupCsC-4- 6.54 0.48 0.29 1.73 Ml dxx 

Ph-NOi 6.82 0.48 0.29 1.27 M2 dy. 

7.26 0.44 0.26 1.00 M3 

8.24 0.44 0.27 1.59 • C=C-Ph 

FpC=C-4- 7.66 0.49 0.27 1.00 Ml dxz 

Ph-NO, 8.10 0.49 0.34 0.82 M2 dy. 

8.78 0.65 0.36 1.00 M3 

RpC=C-4- 7.76 0.45 0.25 3.56 Ml 

Ph-NO, 8.26 0.44 0.36 3.54 M2 dyz 

9.01 0.22 0.20 1.00 M3 d,l.yl 

'Rup = (Ti'-C5H3)Ru(PMe3);, Rp = CpRu(CO)i, Ep = CpFe(C0)2 

Table 8: Ionization energies and primary orbital origins for (Ti®-CsH5)Ru(PMe3)2X 
[X = CI, CnC-CgHs, CHC-C6H4-4-NOJ, (V-C5H5)RU(CO)2CHC-C6H4-4-
NO2, and (V-CjH5)Fe(C0)2C=C-QH4-4-N02. 

phenyl/p-nitropiienyl tc fragment. Changing symmetry of the phenyl n system from-Dgh 

(benzene) to Cjv (substituted benzene) results in splitting the highest occupied phenyl e,g 

K orbitals into b, and symmetry. Similarly, changing the symmetry of the acetylene TT 
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z 
A 

Figure 20: Orientation of phenylacetylene,^' and p-nitrophenylacetylene molecules. 
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system from to results in splitting the degenerate acetylene e TZ system into two 

distinct TC orbitals. Using the molecular YZ plane, the acetylene TC orbitals are described 

as being either perpendicular (TCJ or parallel (jcJ to the plane. Orbital plots illustrating the 

phenyl b/, phenyl aj, acetylene it, and acetylene n, orbitals for phenylacetylene and p-

nitrophenylacetylene are shown in Figure 21. The phenyl bj and acetylene orbitals 

have appropriate synunetry to interact with each other, while the phenyl orbital has no 

overlap with the acetylene k orbitals and the acetylene TC, orbital interacts only with the a 

framework of the phenyl ring. These interactions are basically non-bonding. Addition of 

the nitro substituent to the phenyl group further perturbs the phenyl bj TC orbital, while the 

phenyl orbital remains non-bonding. An acetylene iiJb,/m[io frame work exists 

linking the acetylene TC system with the filled phenyl and filled nitro TC systems. 

Differences in the TC symmetry of the phenyl and acetylene orbitals can be used to 

an advantage, as the acetylene TC, orbital and especially the phenyl ^2 orbital are essentially 

non-bonding, enabling an experimental determination of the charge effect of substitution 

on the acetylene and phenyl system. The acetylene TC^, phenyl b„ and nitro TC orbitals have 

appropriate TC symmetry to interact with each other making these orbitals sensitive to both 

charge and TC overlap effects. 

'butylacetylene Ionizations. The He I spectrum of liutylacetylene is shown 

Figure 18, and is included to illustrate the effects of acetylene TC asymmetry. The lower 

valence region of the spectrum reveals a strong peak at 9.94 eV, followed by a series of 

overlapping bands from approximately 11.5 eV to 14.7 eV. The band at 9.94 eV is 



72 

attributed to the acetylene e % orbital, and is labeled it. Substituents such as 'butyl reduce 

the symmetry of ±e acetylene from to Cj^ and broaden the acetylene :r ionization due 

to coupling of the C-C and C-H vibrations because of orbital mixing, but retain the 

acetylene it cylindrical symmetry, as evident by the presence of one acetylene TC peak in 

the spectrum. Comparison to the parent acetylene H-CsC-H reveals that the C=C it 

orbital is shifted by 1.36 eV from 11.40 eV"*' to 9.94 eV. Bonding interactions of the 

"butyl group with the acetylene it system are described in detail in Chapter 6. 

Phenylacetylene lonizatioiis. The previously collected He I photoelectron 

spectrum of phenylacetylene" "^ " is included in this analysis, as it is die parent of the 

acetylides for this series and is shown in Figure 18. Comparison of the spectra of 

phenylacetylene and "butylacetylene reveals that addition of the phenyl substiment to 

acetylene significantly alters the profile of the lower valence region of the spectrum. The 

spectrum of phenylacetylene reveals four distinct peaks, with the first two peaks at 8.82 

eV and 9.50 eV originating from the phenyl TC b, and a2 orbitals respectively, and are 

labeled bj and aj. These are followed by ionizations from the acetylene it, orbital at 10.33 

eV and the acetylene orbital at 11.03 eV, and are labeled Jt, and respectively. 

Significant vibrational progressions are observed for both acetylene it ionizations. Close 

examination of both progressions show that the it, progression is at higher energy (0.24 

eV) than the TC^ progression (0.10 eV). As seen in Figure 21, the phenyl b, orbital can by 

symmetry interact with the acetylene it^ orbital whereas the phenyl Oj and acetylide it, 

orbitals are essentially non-bonding. 
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Acetylene and phenyl n orbitals 

bt 02 Vi TCj. 

phenylacetylene 

bi a n 

p-nitrophenylacetyleiie 
Figure 21; Orbital plots delineating the phenyl bj and Oj orbitals and the acetylene k, 

and orbitals in phenylacetylene," and p-nitrophenylacetylene at ± 0.03 
isosurface level 
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/^•iiitrophenylacetylene Ionizations. The He I photoelectron spectram is shown 

in Figure 18. The lower valence spectra of phenylacetylene and />-nitrophenylacetylene 

have similar profiles. Nitre group substitution results in shifting all of the ionizations to 

higher energy relative to the parent phenylacetylene, indicating a significant charge effect. 

Using the ionization labeling system for phenylacetylene, the first two distinct broad 

peaks at approximately 9.4 eV and 10.1 eV are assigned to the phenyl bj and 

ionizations respectively, and are labeled hi and a^. Overlapping ionizations firom the 

oxygen lone pairs of the nitro group complicate the spectrum in the region ft-om 10.5 to 

11.5 eV. However, the sharp peaks from the acetylene tc orbitals "poke through" the 

overlapping nitro group band structure, enabling assignment of the acetylene and n, 

orbitals. Specifically, the sharp peak at 10.8 eV is assigned to the acetylene iz, ionization 

and is labeled it,. Also visible are some of the vibrational progressions from the 

acetylene TC, orbital, which are easily observed in the phenylacetylene spectrum, and are at 

similar energies (0.25 eV). This is followed by an ionization at 11.6 eV from the 

acetylene orbital, and is labeled Some vibrational fine strucmre is observed for this 

ionization as well, with the vibrational spacing similar to that of in phenylacetylene 

(0.09 eV). Spectral subtraction of the fit of the nitro group oxygen lone pairs enable 

identification of the vibrational progressions of both the K, and ionizations for p-

nitrophenylacetylene, confirming the assignment, as detailed in Chapter 5. 

Acetylide/Chloride Ionizations 

For purposes of describing the orbital origins, the p-nitrophenylacetylide. 
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phenylacetylide and chloride complexes are aligned with the metal at the origin, the 

acetylide or chloride on the Z axis, and the ancillary carbonyl/trimethylphosphine ligands 

bisected by the Y axis, as shown in Figure 22. The filled metal orbitals of the formal 

d® pseudooctahedral iron/ruthenium are d„, dy^, and djt,». Using this alignment, the 

acetylide and chloride have a interactions with the ruthenium d^ and p^ orbitals. The 

acetylide and b, and the chloride p^ orbitals interact with the Fe/Ru d^^ orbitals in TC 

manner. The acetylide it, and chloride Py orbitals interact primarily with the Fe/Ru dy^ 

orbitals in TC fashion. The d„ and DY^ orbitals are also each able to have a net of one Tt 

interaction with either the ancillary carbonyl or the trimethylphosphine ligands. The 

filled d^ty, orbital has primarily 5 symmetry with respect to the acetylide, but can 

backbond into the ancillary carbonyl or trimethylphosphine ligands. 

The photoelectron spectrum of the parent chloride compound allows evaluation of 

the simple bonding interactions between the chloride (a/n) and the metal, as the 

ionizations are sharp and distinct. The bonding picture from the chloride compound can 

be applied to the acetylide complexes, with substitution of the acetylide and TCy orbitals 

for the chloride lone-pair p^ and Py orbitals, enabling an evaluation of the a/7c properties of 

the different acetylide complexes. 

CpRu(PMe3)2Cl. The He I and He II close up spectra (5-11 eV) are shown in 

Figure 23. Peaks are assigned based on position, shape, change in relative intensity upon 

He I/He II excitation, and comparison to similar complexes. According to the 

photoionization cross sections in Table 9,"** an ionization from a ruthenium 4d orbital 
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Figure 22: Orientation of metal complexes (Ti^-C5H5)Ru(PMe3)2X [X = CI, C=C-
C6H4-4-NO2], (V-C5H5)RU(C0)2C=C-C6H4-4-NO2, and (TI^-
C5Hj)Fe(C0)2CHC-C6H4-4-N02. 
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should grow in intensity relative to an ionization from a carbon 2p, chlorine 3p, or 

phosphorus 3p orbital by a factor of 1.94 to 16.93 when the excitation source is changed 

from He I to He n. Similarly, an ionization from a chlorine 3p orbital will be 5.9% to 

15.5 % as intense as an ionization from a ruthenium 4d, carbon 2p, or phosphorus 3p 

orbital. Use of the large differences in photoionization cross sections of the different 

elements makes the He I/He n experiment ideal for fingerprinting ionizations from 

ruthenium 4d and chlorine 3p orbitals and serves as an experimental gauge to determine 

the relative amount of orbital mixing. Examination of the He I spectrum of the analogous 

(ti^-C5H5)Ru(CO)2C1 complex from Chapter 3 shows that although the (Tj^-

C5H5)Ru(PMe3)2Cl ionizations are shifted to lower energy, both complexes have a similar 

ionization profile. Using the He I and He n spectra of (ti^-C5H5)Ru(CO)2C1 as a template, 

the first three ionizations at 6.50 eV, 6.83 eV, and 7.22 eV are assigned to the ruthenium 

d„, and d^^yj, orbitals, and are labeled Ml, M2, and M3 respectively. The changes in 

peak intensities relative to the third ionization upon He I to He II excitation reveals only a 

small decrease in intensity for the first two ionizations, while the rest of the ionizations 

show substantial changes in peak intensity. Using the experimental changes in peak 

intensities, this suggests that the first three ionizations are primarily metal in character, 

and supports assigning them as Ml, M2, and M3. Unlike the previously collected (T]®-

CsH5)Ru(CO)2C1, the order of the next two ionization bands is reversed. Upon switching 

to He n excitation, the rest of the spectmm shows a strong drop off in relative intensity, 

with the ionizations at 9.24 eV and 9.51 eV showing a dramatic decrease in intensity 
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characteristic of an orbital with strong chloride character. Based on the dramatic intensity 

drop upon He n excitation and the energy of the ionization, these ionizations are assigned 

to the chlorine 3p7t orbitals, and are labeled CI Spjt. The ionizations at 8.69 eV and 9.00 

eV have an ionization band profile similar to a Cp C/"ionization, Cp = seen in 

other complexes, and is labeled Cp c/'."' Comparison with the previously characterized 

(TI^-C5H5)RU(CO)2C1 complex in Chapter 3 reveals that the Cp C/ionizations in (T]^-

C5H5)Ru(PMe3)2Cl are shifted by approximately 2.0 eV to lower energy. Likewise, a 

comparison of the M3 ionizations of (ri^-CsH5)Ru(PMe3)2Cl and (TI^-C5H5)RU(CO)2CI 

also demonstrates a shift of approximately 2.0 eV, validating the assignment. The last 

ionization at 10.07 eV is in the same energy window and has the same profile as the 

metal-phosphine c ionizations observed in previously characterized complexes, and is 

assigned to the overlapping symmetric and anti-symmetric metal-phosphine a ionizations 

and is labeled 

Element He I (21.2 eV) He n (40.8 eV) Hen/He I 
Ruthenium 4d 25.63 20.59 0.8034 

Iron 3d 4.833 8.751 1.811 
Carbon 2p 6.128 1.875 0.3060 

Chlorine 3p 13.64 0.6470 0.04743 
Phosphorus 3p 1.232 0.5090 0.4131 

Table 9; Theoretical atomic photoionization cross sections (MB) and the relative 
changes from He I to He II for iron, mthenium, chlorine, carbon, and 
phosphorus. 
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Figure 23: He I/He II close-up photoeiectron spectra (5-11 eV) of (tj^-

C5H5)Ru(PMe3)2Cl. 
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CpRu(PMe3)2C=C-CjH5. Close-up He 1/He II spectra (5-11 eV) are shown in 

Figure 24. The general profile of the spectrum is similar to the chloride spectrum only 

from about 5.5 eV to 7.5 eV. A separate ionization at approximately 8 eV is well 

separated from a series of overlapping ionizations from the phenylacetylide, phosphine, 

and Cp [Cp = (ti^-CjHj)]. The presence of overlapping ionizations prevents the clean 

assignment of all the bands in the spectrum as was done for the chloride complex. 

Close examination of the crystal structure reveals that the phenyl ring does not 

bisect the ancillary trimethylphosphine ligands. Looking down the phenyl C4-C, acetylide 

CC skeleton with the ancillary phosphine ligands pointing down, the crystal structure 

shows that the phenyl ring eclipses the "right" ancillary phosphine, which differs from the 

/7-nitrophenylacetyIide complexes, as shown in Figure 25.^^ In the o±er acetylide 

complexes, the phenyl ring on the acetylide bisects both ancillary ligands. Examination 

of the packing diagram of the phenylacetylide complex reveals that the phenyl ring has 

"twisted" to relieve steric congestion with the methyl groups on the ancillary 

trimethylphosphine groups. In the gas phase, the packing forces are removed, enabling 

the phenyl ring to "twist" back so that it bisects the ancillary trimethylphosphine ligands, 

enabling use of the standard orientation describing the acetylide-metal orbital 

interactions. 

Molecular orbital plots of the primary metal djt-acetylide n interactions are shown 

in Figure 26. As seen for the chloride complex, the first three ionizations are metal in 

character, based on the ionization band shape and energy in comparison to ±e chloride 
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Figure 24: He I/He II close-up photoelectron spectra (5-11 eV) of CpRu(PMe3)2CHC-
QHs-
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CpRu(PMe3)2C=C-QHs 

CpRu(PMe3)2C=C-/7-C6H4-N02 

Figure 25: The first view is down the phenylacetylide C4-C1-CC skeleton of the crystal 
structures of CpRu(PMe3)2C=C-C6H5 and CpRu(PMe3)2C=C-C6H4-4-N02, 
illustrating the eclipsed structure unique to CpRu(PMe3)2CsC-CgH5. The 
second view is along the XZ plane, with the phenylacetylide ligand of both 
complexes fixed. Note how the ancillary ligand set is rotated in going from 
the phenylacetylide complex to the /7-nitrophenylacetylide complex. 
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complex. Use of He I/He H analysis for this complex is not as useful as in the chloride 

complex, as the large differences between the photoionization cross sections of Ru 4d and 

CI 3p orbitals upon He I/He n excitation from Table 9"**, which translated to the dramatic 

changes in the He I/He n spectra of CpRu(PMe3)2Cl, are not present since the chloride 

ligand has been replaced. The first band at 6.18 eV has been assigned to Ml, the second 

band at 6.47 eV to M2, and third band at 7.23 eV to M3. Assigning the first two 

ionizations based on overlap between the Ru d„ and dy^ orbitals and the acetylide and 

TZ, orbitals, while ignoring the phenyl bj orbital, would be reverse the assignment, with the 

first band at 6.18 assigned to M2 and the second band at 6.47 eV assigned to Ml. 

Including the phenyl b, orbital in the 7t overlap description gives the Ru d„ an extra it 

interaction, which the d^^ orbital lacks. This extra push on the orbital by the bj orbital 

lifts it past the dy^ orbital to lower energy. The orbital interactions between the Ml, M2, 

and the phenylacetylide TC orbitals are shown in Figure 27. 

Replacement of the symmetric chloride ligand with the phenylacetylide ligand 

complicates the next group of ionizations because of the lower symmetry and the 

additional phenyl-based TC ionizations. A resolved peak at 7.82 eV is assigned to the 

bonding combination of the phenyl b, orbital  with the Ru d„ orbital ,  and is  labeled bj.  

This is followed by an envelope of overlapping mixed orbital ionizations originating from 

phenyl a2, acetylide and n,, Cp e/'rc, and the ruthenium-phosphorus a bonds, and is 

simply labeled ligand. Examination of the orbital plots in Figure 26 shows extensive 

ligand orbital mixing in for the acetylide and it„ Cp e/'re, and the ruthenium-



Ml M2 M3 

Ligand 
Figure 26: Orbital plots delineating the orbital interactions between the filled metal 

orbitals (d^, dj^, and d^y) and the phenylacetylide n orbitals at ± 0.03 
isosurface level 
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Figure 27: Molecular Orbital diagram of the interactions between the Hlled metal 
orbitals (d„, d^j, and d^y) and the acetylide n orbitals (b„ aj. and 
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phosphorus a crbitals making definitive assignment of the ionizations unrealistic. 

CpRu(PMe3)2C=C-/;-CjH4-N02. The close-up He I spectrum (5-11 eV) is shown 

in Figure 28. Comparison of the He I spectrum of CpRu(PMe3)2CHC-C6H5 with 

CpRu(PMe3)2C=C-CgH4-4-N02 reveal a similar ionization profile, with the bands all 

shifted to higher energy, due to the electron withdrawing potential of the nitro group. 

Inspection of the ionization profile and energies of the first three ionizations are 

remarkably similar to those of CpRu(PMe3)2Cl, and will be discussed later. 

Using the phenylacetylide complex as a template, the first three ionizations at 6.54 

eV, 6.82 eV, and 7.26 eV are assigned to and labeled Ml, M2, and M3. Following the 

metal ionizations is an ionization from the phenyl bj ionization. This is followed by an 

envelope of overlapping ionizations from the phenyl a^, acetylide and 7C„ Cp e /'jc, nitro 

group, and ruthenium-phosphorus bonds, and is labeled Ugand. Comparison of the bj 

ionization energy in the phenylacetylide complex with the p-nitrophenylacetylide 

complex shows a stabilization of 0.42 eV, which is consistent with the electron 

withdrawing capability of the nitro group. 

CpFe(C0)2C=C-p-CsH4-N02. The close-up He I spectrum (7-11 eV) is shown in 

Figure 29. He I spectra profile comparison between the CpFe(C0)2C3C-C6H4-4-N02 and 

CpRu(PMe3)2C=C-C6H4-4-N02 show an dramatic shift of all bands to higher energy, with 

the metal bands collapsing on the ligand bands. Also significant is the increased 

separation between all three of the metal bands. This is a result of replacing the ancillary 

trimethylphosphine ligands with carbonyl ligands. The previously published 
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Figure 28; He I close-up photoelectron spectram (5-11 eV) of CpRu(PMe3)2C=C-
C6H4-4-NO2. 
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Figure 29: He I close-up photoelectron spectrum (7-11 eV) of CpFe(CO)2CHC-C5H4-
4-NO2. 
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CpFe(CO)2CHC-C6Hj spectrum is used as a template for assigning the ionizations." '^ ®^ 

The first two well separated ionizations at 7.66 eV and 8.10 eV are assigned to the Ml 

and M2 ionizations, and are labeled Ml and M2. The low energy shoulder at 8.52 eV has 

been assigned to the M3 ionization, and is labeled M3. Substitution of carbonyl for 

phosphine cleans up part of the spectrum, but addition of the nitro group introduces 

further ionization overlapping, making confidence in fiirther assignment poor. The rest of 

the spectra has been assigned to the overlapping phenyl acetylide and n„ Cp e "k, 

and nitro group, and is labeled Ugand. 

CpRu(C0)2C=C-p-C<H4-N02. The close-up He I spectrum (7-11 eV) is shown 

in Figure 30. The assignments of the first three metal ionizations at 7.75 eV, 8.26 eV, 

and 9.27 eV as Ml, M2, and M3 are made based on the assignments &om the analogous 

iron complex. These are followed by the extensive overlapping ligand ionizations, which 

are labeled ligand. Close comparison of the metal ionization energies of the Fe and Ru 

complexes reveal a stabilization of the Ru complexes by 0.2 to 0.3 eV, which is 

consistent with experimental observations from Chapter 3. 

Discussion 

The metal in these complexes is in the +2 oxidation state (d®), with three filled 

metal "d" orbitals, d^, d^^, and d^ty»- The relative order of the ionizations based on these d 

orbitals is determined by the interactions of these orbitals with the ligand orbitals. The d^ 

and dy,, orbitals can interact by n symmetry with the acetylide ligand, and each can also 
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Figure 30: He I close-up photoelectron spectrum (7-11.5 eV) of CpRu(CO)2CsC-
QH4-4-NO2. 
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have one net Ji symmetry interaction with the ancillary ligands L. The d^tyi orbital has tc 

interactions with both ancillary ligands. The splitting between the metal ionizations gives 

information regarding the differing n interactions of the ligand of interest R with respect 

to the ancillary ligands. Since both ancillary ligands L are identical, one can derive 

equation 1 from the angular overlap model to calculate a relative metal splitting value 

which is an energy measure of the difference in n stabilization/destabilization of R 

compared to the ancillary ligands. Equation 1 is limited to cylindrically symmetric R 

ligands, such has hydride, chloride, methyl, 'butyl, and acetylide, as an equal it 

contribution from ligand R to the dj^, and orbitals is assumed in the averaging of Ml 

andM2. 

c (A 2̂ + M I )  Splitting = M3 - ^ (4) 

Ligands which are not cylindrically synunetric such as phenylacetylide and p-

nitrophenylacetylide can not have the Ml and M2 energies averaged as in equation 1, 

because the metal d„ and d^^ orbitals do not interact equally with the phenylacetylide/p-

nitrophenylacetylide ligands. However, one can evaluate the relative interactions of the 

ligands by examining the position and splitting of the metal based ionizations and 

comparing these observations to those for ligands with known properties (chloride for 

example). 

Changing the ancillary ligand from carbonyl to trimethylphosphine has the 

expected electronic effects of destabilizing the metal based ionizations. Increasing the 
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electron richness at the metal center by substituting phosphines for carbonyls has been 

seen in the previously studied complexes CpMn(L)3^(L')a [L = CO, L' = PMe,; n = 0, 1, 

2]" and in Mo(CO)6.„(PMe3)„ [n = 0, I, 2]/^ In the CpMn(L)3^(L')a [L = CO, L' = PMe,; 

n = 0, 1,2] system, the metal ionization energies are shifted 0.97 ± 0.07 eV towards lower 

energy as each carbonyl is replaced by a trimethylphosphine. The Mo(CO)^„(PMe3)„ [n = 

0, 1,2] system has the metal ionization energies shifted 0.65 ± 0.11 eV towards lower 

energy as each carbonyl is replaced by a trimethylphosphine. As the number of 

phosphines increases, the relative charge on the metal center increases. This is due to the 

trimethylphosphine having approximately 1/4 the backbonding capability of the carbonyl 

ligand in other systems that have been studied.^ The effects of ancillary ligand 

substitution from carbonyl to trimethylphosphine can be seen in the metal based 

ionization energies in the p-nitrophenylacetylide and chloride complexes. 

Trimethylphosphine substitution for both carbonyls has a clear charge effect, as the metal 

based ionization energies are destabilized by 1.84 ± 0.17 eV for the CpMLjCl (M = Ru, L 

= CO, PMej) system, and by 1.47 ± 0.28 eV for the CpML2C=C-p-CgH4-N02 (M = Ru, L 

= CO, PMe,) system. The magnimde of the shifts toward lower ionization energies for 

the phosphine substimtion in these systems is comparable to those seen in the CpMn(L)3. 

„(L')„ [L = CO, L' = PMej; n = 0, 1,2] and in Mo(CO)6.„(PMe3)„ [n = 0, 1,2] complexes. 

This demonstrates a route one has towards "mning" the metal center to different levels of 

electron richness. 

Substimting the ancillary ligand also has another effect on the electronic structure 
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of the system. In the carbonyl systems, the metal orbitals are in discreet states, such that 

Ml, M2, and MS can be assigned as relatively pure d„, d^^, and d^^yi respectively, 

reflecting the pseudooctahedral electronic symmetry. The ancillary carbonyl ligands are 

able to "lock" the metal orbitals into pseudooctahedral symmetry due to their reasonably 

strong metal djt-carbonyl-7i* backbonding. When the ancillary ligand is changed from 

carbonyl (good TZ* acceptor) to trimethylphosphine (weak TC* acceptor) the metal orbitals 

do not have the TC* acceptance of the ancillary ligands to lock them into place. This can 

result in orbital mixing and the formation of hybrid orbitals which are more consistent 

descriptions of ±e metal-cyclopentadienyl interactions, meaning that the relatively clean 

designation of Ml, M2, and M3 as d^^, d^^, and d^^yi which was seen in the carbonyl 

systems may not be present in the trimethylphosphine complexes." This has led to 

complications in applying equation 1 to the CpRu(PMe3)2H complex. The one under two 

metal splitting pattern predicted by this equation is not observed for this complex. 

Formnately, the acetylide and chloride complexes have the standard one under two 

splitting pattern observed in similar Fp and analogous ruthenium acetylides because of 

the strong jc interactions of these ligands, allowing the use of metal splitting to evaluate 

the TC interactions of these systems. 

The energies of metal-based ionizations Ml, M2, and M3 for this series as well as 

for previously collected CpM(C0)2Cl [M = Fe, Ru] and CpFe(CO)2CHC-Ph complexes 

are reported in Table 10. Changing the ligand of interest R from chloride to 

phenylacetylide to p-nitrophenylacetylide results in a change in charge potential at the 
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metal and the change in overlap stabilization by ligand orbitals. A charge effect is seen as 

the metal based ionizations Ml, M2, and M3 are all destabilized as a result of changing 

the ligand from chloride to phenylacetylide. This indicates that the phenylacetylide 

increases the negative charge potential at the metal center relative to the chloride. 

Changing the R group from phenylacetylide to p-nitrophenylacetylide results in a 

stabilization of the metal based ionizations. This would be expected, as the nitro group is 

a known electron withdrawing group when replacing hydrogen. 

Rup-C^C-R Rp-C=C-R Fp-CsC-R 

RupCl R = Ph R=p-Ph-N02 RpCl R=/>-Ph-NOi Fpa R = Ph R=p-Ph-N02 

Ml 6.50 6.18 6.54 8.22 7.75 8.00 7.26 7.66 

M2 6.83 6.47 6.82 8.60 8.26 8J8 7.78 8.10 

M3 7.22 6.95 7.26 9.27 9.01 8.99 8.52 8.78 

Rup = CpRu(PMe3)2; Rp = CpRu(C0)2; Fp = CpFe(C0)2 

Table 10: Ionization energies of CpML^X [M = Fe, Ru; L = CO; X = CI, CsC-CgHj, 
CHC-C6H4-4-NO2; M =Ru; L = PMej; X = CI, CsC-CgHs, C^C-C^^A-
NO2]. 

One can also probe the k interactions of the acetylide with the metal center by 

examining the splitting of the metal based ionizations. Although the phenylacetylide and 

p-nitrophenylacetylide complexes have an asymmetric TC system, one can qualitatively 

evaluate the overall TC properties of the phenylacetylide and p-nitrophenylacetylide ligands 

by comparing the Ml, M2, and M3 ionizations to those observed for complexes with 

ligands of known 7c-donor ability, such as chloride. The splitting between the metal 

ionizations is given in Table II. The proximity of the ionizations to those of the chloride 
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complex, as well as the similar splitting would indicate that the acetylides in this case are 

acting as pseudo-halides, with similar a and filled-filled n interactions with the metal. 

Close inspection of the ionizations of the CpRu(PMe3)2X complexes [X = CI and H-C^C-

C6H4-4-NO2] show that they have almost identical metal ionization energies. This leads 

to the conclusion that even with an extremely rich metal center (ancillary ligand is 

trimethylphosphine), the nitro group enhances the electron withdrawing capability of the 

acetylide ligand, as seen by the stabilization of the ionization energies of this complex 

relative to those of the analogous phenylacetylide complex, and this is done primarily 

through the a-framework, and not through the 7t-firamework. 

Rup-CsC-R Rp-CsC-R Fp-CsC-R 

RupCI R = Ph R=p-Ph-N02 RpQ R=p-Ph-N02 FpQ R = Ph Rsp-Ph-NO, 

M2-MI 0.31 0.29 0.28 0.38 0.51 0.38 0.52 0.44 

M3-M1 0.72 0.77 0.72 1.05 1.28 0.99 1.26 1.10 

M3-M2 0.41 0.48 0.44 0.67 0.77 0.61 0.74 0.66 

Splitting 0.57 0.63 0.58 0.86 1.03 0.80 1.00 0.88 

Rup = CpRuCPMe,),; Rp = CpRu(CO)2; Fp = CpFe(C0)2 

Splitting = M3 - (Ml + M2)/2 

Table 11: Splitting between the metal based ionizations for [M = Fe, Ru; L = CO; X 
= CI, CnC-CgHs, CSC-C6H4-4-NO2; M =Ru; L = PMCji X = CI, C=C-

CHC-C6H4-4-NO2]. 

Complexes with carbonyl ancillary ligands have an increased splitting between 

MI, M2, and M3 and show the effects of asymmetry in the acetylide n system. This is 

because of the backbonding stabilization provided by the carbonyl TC*, which stabilizes 
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the metal orbitals, moving them closer in energy to the phenylacetylide TC orbitals. 

Examination of the CpMLjCl complexes shows that the metal splitting calculated from 

equation 1 increases from 0.57 eV when M = Ru, L = PMej to 0.61 when M = Fe, L = 

CO, to 0.64 eV when M = Ru, L = CO. Splitting analysis using equation 1 applied to the 

/7-nitrophenylacetyIides has the same trend observed for the chloride complexes: 0.58 eV 

when M = Ru and L = PMcj, 0.88 eV when M = Fe, L = CO, and 1.03 when M = Ru, L = 

CO. The presence of a strong backbonding ligand such as carbonyl is able to 

significantly increase the splitting. 

Substituting ruthenium for iron in analogous complexes results in a stabilization 

of the metal based ionizations of 0.2-0.3 eV, a trend observed in previously smdied 

complexes.^® This can be attributed to the differences in the ionization potentials of the 

Fe Ru A 

Ground State Ionization Energy (eV) Ground State Ionization Energy (eV) (e\0 

'D 7.90 eV 'D 8.29 eV 0.39 

Table 12: Comparison of ionization energies for free iron and ruthenium atoms from 
the same electronic state. 

bare atoms with the same electron configuration, as shown in Table 12." 

Conclusion 

The cumulative results of the substitutions, showing both charge and it effects, can 

be seen in Figure 31. Changing the ancillary ligand is found to have significant effects on 

the charge at the metal center as seen in the large stabilization of the metal orbital 



97 

Ionization Correlation 
6n 

7 -

^ 8 -U 8 

9 -

CI CCH CCBU CC.0-NO,CC-0-NOI CCH CCBU 
CC-0-NOj CCPh CI CCMe CI CCPh CCMe 

Figure 31: Ionization correlation chart tracking the ionizations of CpMLjX {M = Fe, 
L = CO, X = CI, C^C-CgHj, CHC-C6H4-4-NO2; M = Ru, L = CO, X = CI, 
CnCMe, C=C-C6H4-4-N02; M = RU, L = PMej, X = CI, CsC-CgHs, C^C-
C6H4-4-NO2}. 

ionization energies of the carbonyl complexes relative to the trimethylphosphine 

complexes. The metal ionization splitting for the acetylide complexes is always greater 

than or equal to that of the chloride ligand, which is a known 7c-donor, indicating that the 

phenylacetylide and p-nitrophenylacetylide ligands are acting as net Tc-donors. This does 

not mean that there is no acetylide 7C* acceptance, just that filled/filled interaction 

between the metal dji/acetylide % dominates the bonding picture, even with an extremely 
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rich metal center and an electron withdrawing substituent on the acetylide. Also observed 

are the effects of asyirmietry in the acetylide it system for these complexes. Significant 

backbonding in the ancillary ligand L allows the asymmetry to be revealed in these 

systems. Metal substitution reveals that the ionization energies from the ruthenium 

complexes are more stable than from the corresponding iron complexes. Overall, the 

phenylacetylide and p-nitrophenylacetylide ligands are found to be acting as pseudo-

halides. 
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Chapter 5 

The Electronic Interactions of the Nitro Group (NOj) in Nitrobenzene 
(QH5-NO2) and p-Nitrophenylacetylene (H-C=C-C6H4-4-N02), 

Introduction 

Gas phase photoelectron spectroscopy is used to experimentally evaluate the 

electronic interactions of the nitro group on phenyl and phenylacetylene n systems. In 

Chapter 4, the addition of a nitro group to a phenylacetylide was made to enhance the 

electron withdrawing capability of the acetylide group. A significant shift of all the 

ionization bands to higher energy was observed in the spectra upon nitro group 

substitution, which is consistent with the strong electron withdrawing effect of the nitro 

group. Splitting of the metal orbitals suggests that the nitro group interacts primarily 

through the o framework, while having minimal % interactions. Due to the asymmetry of 

the acetylide k orbital, extensive ligand orbital mixing, and overlapping ionizations, an 

accurate description of the ti effects of nitro group substitution was not possible with the 

acetylide complexes. 

Investigation of the spectrally simpler p-nitrophenylacetylene, nitrobenzene, and 

other substituted nitrobenzenes enables the separation of the a and TC components in the 

overall bonding picmre. Combining the valence spectra with the x-ray photoelectron 

spectra for a series of substituted benzene molecules enables an experimental 

determination of the charge and tc overlap contributions to the bonding description of 
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nitrobenzene and p-nitrophenylacetylene. 

Nitrogen dioxide NO2 is a red-brown paramagnetic species, which readily 

dimerizes to the diamagnetic colorless N2O4. In the neutral species, it has symmetry 

with a O-N-0 bond angle L. of 134.1 ° and a N-O bond length of 1.19 A. Upon loss of 

the unpaired electron to form the nitronium ion NOJ, it changes to symmetry, with the 

O-N-0 bond angle L. increasing to 180°, and the N-0 bond length decreasing to 1.15 A. 

It can also pick up an extra electron to form the nitrite ion NOj, which retains 

symmetry of the neutral species, with a O-N-0 bond angle L. decreasing to 115° and the 

N-O bond length increasing 1.24 A.^® It is a strong electron withdrawing group, with a 

Pauling electronegativity of 4.32, which is stronger than that of fluorine (4.0)." 

Due to the radical namre of NO2, it is a very reactive species and is used as an 

oxidizing agent for organic systems.^® It also forms many organic compounds, many of 

which are explosive in nature, such as the well known TNT (trinitrotoluene). Nitro 

substituted arenes are also used as intermediates/precursors for aminoarenes (substituted 

anilines). Addition of the nitro group to benzene is believed to occur through a 

nitronium ion NOJ intermediate to form nitrobenzene." Although the strong 

electronegativity would indicate that the nitro group has a powerful inductive effect, the ic 

effect of the nitro group has not been determined. An accurate description of the nitro 

group CT/JC properties is important, especially with conjugated systems such as benzene, as 

they have potential use in organic/organometallic non-linear optical materials.®' 

Reactivity studies give much information regarding the chemical nature of the 
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nitro group. With respect to electrophilic aromatic substitution, a nitro substituent is 

classified as a meta-directing deactivator, which is consistent with the group 

electronegativity of 4.2.^' ®' Hammett parameters, which are based on rate constants, are 

able to quantify the total electronic effects (inductive plus it) of adding a substituent (X) 

to a benzene ring. Hanunett parameters are derived from the Hammett equation, shown 

in Equation 1, with kg defined as the rate constant or equilibrium constant for X = H, ^ is 

defined as the constant for group X, p is defined as a constant for a given set of reaction 

conditions, and a is defined the constant characteristic of group X. 

, k 
log—= ap Equation 1 

^0 

Hammett parameters can be calculated for meta and para positions, and have been 

applied to many reactions with very good correlation to experimental data. The o 

constant sums up the total electrical effects of substimtion, and gives good results for 

meta and para positions. The o constant constitutes both the inductive and TC overlap 

effects, and can be broken down into these components using Equation 2, with defined 

as the K or resonance effect corrected for solvent dependency.^' 

k 
log — = p + p Equation 2 

ko 

Hanunett parameters Oj and Cr for aniline, benzene, chlorobenzene, nitrobenzene, 

and toluene are reported in Table 13.^' Substituents with positive values for Oj are 

inductively electron withdrawing, such as chloride. Substituents with negative values for 
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Hanmiett Parameters 

QH5X;X = CTi 

NHj 0.12 -0.50 

H 0 0 

CI 0.46 -0.18 

NO2 0.65 0.15 

CH3 -0.05 -0.13 

Table 13: Hammett parameters for aniline, benzene, chlorobenzene, nitrobenzene, 
and toluene.^' 

Or are 71 (resonance) donating, such as chloride. This description of the chloride 

substituent is reasonable, as it is consistent with the strong Pauling electronegativity of 

chlorine (3.7) and presence of filled 3p7c orbitals with proper symmetry to interact with 

the phenyl tc system.^' With respect to electrophilic aromatic substitution, chloride is an 

ortho/para deactivating substituent. Similar comparison of the nitro group (NO,) reveals 

that it is a strong electron withdrawing group, and is weakly TC accepting.^' 

As mentioned earlier, a nitro substituent on a benzene ring is mera-deactivating, 

shutting down electrophilic aromatic substitution. A series of resonance structures®" 

shown in Figure 32 are proposed to explain the effects of nitro substitution. 

The molecules under investigation by ultraviolet photoelectron spectroscopy are 

nitrobenzene, ;?-nitrophenylacetylene, p-nitrotoluene, 1,3-dimethylbenzene, l-nitro-2,6-

dimethyibenzene, and l-nitro-3,5-dimethylbenzene. 
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Nitrobenzene Resonance Structures 

e 

Figure 32: Resonance structures for nitrobenzene.®" 
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Photoelectron Spectra and General Ionization Assignments 

Full He I spectra (8-16 eV) of phenylacetylene®^, p-nitrophenylacetylene, and 

nitrobenzene are shown in Figure 33. Full He I (9-15 eV) spectra of p~ 

nitrophenylacetylene, p-nitrotoluene and nitrobenzene are shown in Figure 34. Ionization 

energies, orbital assignments indicating primary parentage, and labels are given in Table 

13 forphenylacetylene," ''^-"p-nitrophenyIacetylene, p-nitrotoluene, and nitrobenzene. 

Full He I (8-16 eV) spectra of 1,3-dimethylbenzene, l-nitro-2,6-dimethylbenzene, and 1-

nitro-3,5-dimethylbenzene are shown in Figure 35. Ionization energies of the three most 

intense peaks and labels are given in Table 14 for 1,3-dimethylbenzene, l-nitro-3,5-

dimethylbenzene, and l-nitro-2,6-dimethylbenzene. 

All of the molecules under investigation have symmetry, and are aligned with 

the phenyl ring in the YZ plane. Nitrobenzene, p-nitrophenylacetylene, /7-nitrotoluene, 1-

nitro-2,6-dimethylbenzene, and l-nitro-3,5-dimethylbenzene are aligned such that the Z 

axis points along the 1,4 phenyl carbons, with the nitro group co-planar with the phenyl 

skeleton. The alignment of 1,3-dimethylbenzene is slightly different, with the Z axis 

pointing through the 2,5 phenyl carbons. Structures and alignments are shown in Figure 

36. 

Upon addition of a substituent to the phenyl ring, the symmetry is reduced to 

Qy for these systems splitting the k orbitals into a bj orbital and an aj orbital. The 

resulting b, and aj orbitals have different symmetry interactions with a substituent on the 

phenyl ring. Both orbitals are sensitive to charge effects upon substitution, but only the bj 
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Figure 33: Full He I photoelectron spectra (8-16 eV) of phenylacetylene, p-
nitrophenylacetylene, and nitrobenzene. 
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Figure 34: Full He I photoelectron spectra (9-15 eV) of p-nitrophenylacetylene, p-
nitrotoluene, and nitrobenzene. 
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Figure 35: Full He I photoelectron spectra (8-16 eV) of 1,3-dimethylbenzene, I-nitro-
2,6-dimethyIbenzene, and l-nitro-3,5-dimethylbenzene. 
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Figure 36: Structures and alignment of nitrobenzene, p-nitrophenylacetylene, p-
nitrotoluene, 1,3-diniethyIbenzene, l-nitro-2,6-dimethyIbenzene, and 1-
nitro-3,5-dimethylbenzene. 
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Compound pealc(eV) label orbital origin 

H-C=C-CSH5 8.82 b. benzene ]c 

9.51 <h benzenen 

10.33 K acetylene ic 

11.02 acetylene ic 

H-C=C-C«H,-4-N0i 9.41 b, benzene TC 

10.10 <h benzene It 

11.03 acetylene it 

11-70 tx acetylene n 

CjHj-NO, 9.94 bi benzene It 

10J6 ^2 benzene 7t 

11.03 Py oxygen l.p. 

11.25 Px oxygen l.p. 

11.46 Pz oxygen l.p. 

Table 14: Ionization energies (eV), orbital primary parentage, and labels for 
phenylacetylene^' ''^ ®^,p-nitrophenylacetylene, and nitrobenzene. 

orbital is sensitive to the tt overlap properties of the substituent, while the aj orbital is 

non-bonding. Addition of the phenyl ring to the acetylene reduces the symmetry of the 

acetylene from to C2y, splitting the degenerate acetylene TC orbitals into and n, 

orbitals, with delineating the acetylene n orbital perpendicular to the YZ plane 

containing the molecule and the TC, orbital parallel to the YZ plane containing the 

molecule. Isosurface plots illustrating the nitrobenzene and p-nitrophenylacetylene Cj, TC 

symmetry orbitals are detailed in Figure 37. From these plots, one can see how the nitro 

group can have TC interactions with the phenyl bj orbital and the phenyl TC^^ orbital while 

the phenyl Cj orbital has no overlap with the filled nitro and acetylene TC orbitals and the TC, 

orbital interacts only with the a firework of the phenyl ring. 
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Acetylene and Phenyl n Orbitals 

bj a. 

Nitrobenzene 

bi 02 Jii 

/^-nit^ophenylacetylene 

Figure 37: Orbital plots at ± 0.03 isosurfece level delineating the n properties of 
nitrobenzene and p-nitrophenylacetylene. 
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Phenylacetylene Ionizations. Close-up He I spectrum (8-12 eV) of 

phenylacetylene^'-"®-®^ is shown in Hgure 38. Four sharp ionizations accompanied by 

vibrational fine structure are present in the spectrum. The first ionization at 8.82 is 

assigned to the anti-symmetric bonding combination of the phenyl b, orbital and the 

acetylene and is labeled bj. This is followed by an ionization at 10.1 eV and is 

assigned to the non-bonding phenyl orbital, and is labeled Aj. The ionization at 10.33 

eV is assigned to the non-bonding acetylene z, ionization, and is labeled n,. The final 

peak is assigned to the bonding combination of the acetylene orbital and the phenyl b, 

orbital, and is labeled 

p«nitroplienylacetylene Ionizations. Close-up He I spectrum (8-12 eV) of p-

nitrophenylacetylene is shown in Figure 38. Profile comparison with phenylacetylene 

reveals that all the peaks are shifted to higher energy. Using the previously published 

phenylacetylene" '*^ " as a template, the ionizations are assigned as follows. The first 

band at 9.41 eV is assigned to the phenyl bj ionization, and is labeled This is followed 

by the a broad ionization at 10.10 eV from the ionization, and is labeled flj. The next 

two ionizations are more difficult to assign, due to the presence of overlapping 

ionizations, namely from both acetylene ic orbitals, and from the nitro group oxygen lone 

pair orbitals. As seen in the phenylacetylene molecule, the acetylene JC, and orbitals are 

sharp and intense. Close examination of the spectram of p-nitrophenylacetylene reveals 

sharp spikes "poking through" the overlapping broad band of ionizations from 

approximately 10.5-12 eV. The spacing of the spikes from approximately 11-12 eV are 
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similar to the vibrational progressions from the phenylacetylene TC, ionization, and are 

7 I, H-CHC-^ 

J f r 

]> He I 

L ,  

A/I  T '  H- Cs C^  

^ ) 
^NOj He I 

. . 

 ̂ 0-NO2 He I 

1 r t t 1 1 1 

2 11.5 11 10.5 10 9.5 9 8.5 8 

Ionization Energy (eV) 

Figure 38: Close-up He I photoelectron spectrum (8-12 eV) of phenylacetylene,^' p-
nitrophenylacetylene, and nitrobenzene. 
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assigned and labeled as it,. Similarly, the ionizations starting at 11.62 eV have a similar 

spacing to the vibrational progressions from the phenylacetylene ionization, and are 

assigned and labeled as 

Spectral subtraction of the fit of the oxygen lone pairs on the spectrum of 

nitrobenzene from p-nitrophenylacetylene is shown in Figure 39. The resultant spectrum 

cleanly resolves the vibrational structure from the TC, and ionizations similar to the 

structure observed in phenylacetylene, confirming the assignment. It should be pointed 

out that the spectral subtraction is a cosmetic change to the appearance of the ionizations 

in the energy window where the subtraction takes place. The energies of the two vertical 

ionizations which are reported and assigned to the iz, and orbitals are not changed as a 

result of the spectral subtraction. Spectral subtraction was performed by matching the 

intensity of the fit of the oxygen lone pairs from nitrobenzene with the spectra of p-

nitrophenylacetylene. The amount of subtraction was chosen such that minimal presence 

of the ionizations from the oxygen lone pairs appear in the resultant spectrum, and no 

"divots" or peaks below the baseline should be present. Using the defined criteria for 

subtraction, the p-nitrophenylacetylene spectra was overlain with the fit of the oxygen 

lone pair ionizations from nitrobenzene and the intensities matched. A subtraction of 

35% of the fit of the nitrobenzene spectrum produced the best results, and is used to 

produce the resultant spectrum in Figure 39. 

Nitrobenzene Ionizations. The He I close-up spectra (9-13 eV) of nitrobenzene 
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Figure 39: Spectral subtraction of the oxygen lone pairs in nitrobenzene from p-
nitrophenylacetylene. Note how the ionizations from the n, and TC^ are 
more easily distinguished in the resultant spectrum. 
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is shown in Figure 38. The lower valence region consists of two bands. The first band 

consists of a sharp peak at 9.94 eV with a shoulder at 10.36 eV containing the phenyl b, 

and 02 ionizations. In agreement with previous work on nitrobenzene,®^ the sharp 

ionization at 9.94 eV has been assigned to the orbital, and the shoulder at 10.36 eV has 

been assigned to the aj orbital, and these ionizations are labeled bj and Oj. These are 

followed by a broad band from approximately 10.5-12.0 eV consisting of overlapping 

ionizations primarily from the oxygen anti-symmetric oxygen p^ and Py orbitals on the 

nitro group. Derivation of the assignment of the phenyl b, and ionizations involves 

correlating core orbital ionization energy shifts (from x-ray photoelectron spectroscopy), 

and valence orbital ionization energy shifts of benzene, nitrobenzene, and substituted 

nitrobenzene molecules, and will be discussed later. 

p-nitrotoluene Ionizations. The He I close-up spectrum (9-12 eV) is shown in 

Figure 40. This molecule is of particular interest in comparison to nitrobenzene, as the 

phenyl b, orbital is permrbed by addition of the methyl group to the para position, while 

leaving the phenyl aj orbital non-bonding. Profile comparison with nitrobenzene shows a 

similar shape, but with all the ionizations shifted to lower energy. Structure feamres of 

the ionizations in the 9-12 eV energy window are more distinct than in nitrobenzene. 

Specifically, the band from approximately 10.5-12 eV has three well resolved peaks 

delineating the ionizations comprising the overlapping oxygen lone pair orbitals. The 

structure from the first band at approximately 9.5-10.5 eV is more defined, with a sharp 

peak at 9.55 eV followed by secondary peaks at 9.66 and 9.80 eV, and concluding with a 
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well resolved shoulder at 10.05 eV. 

Assignment of the ionizations is based on comparison of the band shape and 

magnitude of the shifts of the ionizations to toluene and nitrobenzene. The valence 

photoelectron spectrum of toluene reveals that the benzene e,g orbitals at 9.25 eV are split 

into a sharp b, orbital at 8.83 eV and a broad AJ orbital at 9.36 eV, with the difference 

between the two of 0.53 eV,®* a splitting easily measured. Methyl group addition affects 

both the b, and aj orbitals inductively, but has an extra re symmetry push on the bi orbital. 

Comparing the valence spectra of nitrobenzene and p-nitrotoluene, the ionization that has 

the greatest shift should be the bj orbital. Nitrobenzene has a sharp ionization at 9.95 

followed by a shoulder at 10.33 eV. Upon addition of the methyl group, the sharp 

ionization shifts to 9.55 and the shoulder peak shifts to 10.05 eV, as seen in Figure 40, 

with a splitting between the two increasing from 0.38 in nitrobenzene to 0.50 in p-

nitrotoluene. The leading sharp edge shifts by 0.40 eV, while the shoulder peak shifts by 

only 0.28 eV. Using the magnitude of the shifts (A aj = 0.28 cV, A b, = 0.40 eV) coupled 

with the similarity in band shape to toluene, the leading sharp ionization at 9.55 eV is 

assigned to the phenyl b, ionization, and is labeled b,. The secondary peaks at 9.66 eV 

and 9.80 eV are vibrational progressions from the b, ionization, and the well resolved 

shoulder at 10.05 eV is assigned to the phenyl aj ionization, and is labeled 

Extrapolating peak shape and splitting back to nitrobenzene suggests assigning the first 

peak at 9.95 eV to the phenyl b, orbital, and the second peak at 10.33 eV to the phenyl ^2 

orbital. 
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Figure 40: Close-up He I photoelectron spectra (9-12 eV) of /7-nitrophenylacetylene, 
p-nitrotoluene, and nitrobenzene. 
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The second band (10.5-12 eV) contains the ionizations from the anti-symmetric 

combination of the oxygen and Py orbitals. Profile comparison with nitrobenzene 

reveal that the band is at lower energy, with the low energy shoulder more resolved than 

in nitrobenzene. Addition of the methyl group shifts these ionizations to lower energy, 

which is due primarily to charge effect upon addition of the methyl group to the benzene 

ring. 

l^-dimethylbenzene Ionizations. The close-up He I spectrum (8-11 eV) is 

shown in Figure 41. Both the bj and aj ionizations are buried under the first band (8.5-

9.5 eV). Ionization energies of the three strongest peaks are reported in Table 15. 

Comparison to the mono-methyl substituted toluene reveals a different lower valence 

profile. This is due to the orbital interactions that the methyl groups now have with both 

the phenyl b, and ^2 orbitals. In toluene, the tc overlap of the methyl group is exclusive to 

the phenyl b, orbital. Addition of the second methyl group meta enables TC symmetry 

interactions with the phenyl orbitals in addition to the phenyl b, orbitals. Using basic 

molecular orbital theory, the aj orbital has larger lobes on CI and C3 than the b, orbital, 

thus having a stronger overlap with the TC orbitals on the methyl group. The end result is 

the assignment of the first sharp ionization at 8.59 eV to the 02 ionization. Discerning the 

b, ionization in the band is difficult, due to the presence of overlapping vibrational bands 

from the orbital coupled with C-C and C-H vibrations from the two methyl groups. 

Thus not more information can be discemed from this spectrum. 

l-nitro-S^-dimethylbenzene Ionizations. The close-up He I spectrum (8-11 eV) 
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is shown in Figure 41. This structure has the nitro group coplanar with the phenyl ring. 

Profile comparison with the l,3-<iimethylbenzene reveals that the first bands in both 

spectra have almost identical structures, the only difference being that addition of the 

nitro group pushes all of the ionizations under this band to higher energy. Ionization 

energies of the three strongest peaks as shown in the spectra are reported in Table 15. 

Upon addition of the nitro group, the first band shifts by 0.61 eV from 8.59 eV (1,3-

dimethylbenzene) to 9.21 eV (l-nitro-3,5-dimethylbenzene). Similar comparison of the 

next two strongest peaks also reveals a shift of 0.61 eV (8.76 eV to 9.37 eV) and 0.63 eV 

(9.11 eV to 9.74 eV). The consistency of the splitting coupled with the similarity in the 

band structure and intensity suggests that the inductive effect of the nitro group dominates 

any it overlap that it might have. 

l-nitro-2,6-dimethylbeiizene Ionizations. The close-up He I spectrum is shown 

in Figure 41. The nitro group in this molecule is perpendicular to the plane of the phenyl 

molecule, a result of steric congestion by the two methyl groups ortho to the nitro group. 

Geometry optimization calculations using Spartan™ 4.0" vary the dihedral Q-Cj-N-O 

angle A. from 90.28° (PM3) to 75.0° (AMI). Profile comparison with l-nitro-3,5-

dimethylbenzene reveals structural changes after the sharp ionization at 9.21 eV (9.20 eV 

for l-nitro-3,5-dimethylbenzene). The energy split between peak one and three decreases 

from 0.53 eV in l-nitro-3,5-dimethylbenzene) to 0.42 eV in l-nitro-2,6-dimethylbenzene) 

when the nitro group is rotated. Further, the ionizations from the oxygen lone pairs are 

stabilized by 0.15-0.25 eV when the nitro group is rotated. One interpretation of this data 
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Figure 41; Close-up He I photoelectron spectra (8-12 eV) of 1,3-dimethylbenzene, 1-
nitro-2,6-dimethyibenzene, and l-nitro-3,5-dimethyIbenzene. 
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is that the nitro group is a TC acceptor substituent on the phenyl ring. Upon rotation, the it 

acceptor orbitals are symmetry forbidden to interact, destabilizing the phenyl bj orbital 

(decrease in the energy split in band 1) and stabilizing the oxygen lone pair orbitals. This 

interaction is not supported by other information. An alternative explanation recognizes 

that the nitro group has filled anti-symmetric oxygen Py orbitals. In the coplanar 

structure, these orbitals are unable to interact with either the phenyl bl or orbitals. 

Using the AMI or PM3 generated stractures, the rotation enables the anti-symmetric 

oxygen Py orbitals to have a filled/filled interaction with the phenyl b, orbital, as shown in 

Figure 42. The net result of this filled/filled interaction is a destabilization of the phenyl 

bj orbital (decrease in the energy split in band 1), and a stabilization of the oxygen lone 

pair ionizations. 

Peak Ionization Energy (eV) 

Compound 1 2 3 

1,3-dimethylbenzene 8.59 8.76 9.11 

1 -nitro-3,5-dimethylbenzene 9.21 9.37 9.74 

1 -nitro-2,6-dimethylbenzene 9.20 9.29 9.62 

Table 15: Ionization energies (eV) of the three most intense peaks of 1,3-
dimethylbenzene, I-nitro-2,6-dimethylbenzene, and l-nitro-3,5-
dimethylbenzene. 

Discussion 

Assignment of the phenylacetylene and p-nitrophenylacetylene molecules is fairly 

straightforward, with the first two ionizations attributable to the phenyl bi and aj 



Nitrobenzene l-mtio-2,6-dimethylbenzene 
C-C-N-O 0° AMI C-C-N-O .S. 75° PM3 CM>N-0 ̂  90° 

Oxygen py Oxygea Py - phenyl Oxygen Py - phenyl bi 

Figure 42: Orbital plots at ± 0.03 isosurface level delineating the fiUed/iSlled 
interaction of the oxygen Py orbitals with the phenyl bi orbital in 1-nitro-
2,6-dimethyIbenzene. 
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ionizations, followed by the acetylene iz, and ionizations, based on comparison of band 

shape and relative consistency of the energy shifts. Close inspection of the splitting 

between the b, and ionizations and the n, and ionizations in phenylacetylene" ''® ®^ 

reveal that they are both 0.69 eV, which is consistent with a filled/filled interaction 

between the phenyl b, and the orbitals, pushing these orbitals away by equal amounts 

from the non-bonding phenyl Oj and TC, orbitals. Addition of the nitro group to form p-

nitrophenylacetylene has significant charge shift of all the ionizations to higher energy, 

but the splitting between the phenyl b, and orbitals remains constant at 0.69 eV. The 

splitting between the acetylene n, and ionizations increases to 0.85 eV, while at the 

same time keeping the energy difference between the phenyl bj orbital and the acetylene 

orbitals virtually the same as in phenylacetylene" ''® " (2.21 eV vs 2.20 eV). These 

different orbital interactions suggests that the charge effect of the nitro group is not 

uniform throughout the molecule, indicating the formation of a dipole. It also suggests 

that the filled/filled interaction between the phenyl bj orbital and the acetylene orbital 

is extremely strong and delocalized, compensating for the charge polarization of the nitro 

group, with only a minimal % contribution from the nitro group. 

Nitrobenzene Orbital Interactions. 

Assignment of the first two ionizations (b, and Cj) is controversial, due to the 

apparent conflict with the general organic chemistry description and the Hammett 

parameter description of the nitro group as a strong inductor and TC acceptor.^' ®' 

Interpretation of the valence gas-phase photoelectron spectrum indicates that the nitro 
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group has a powerful a withdrawing effect, but is a minimal tc donor, not ic acceptor. To 

explore this discrepancy, other methods are used to confirm the assignment of the 

spectrum. 

Charge effects upon substitution can be experimentally measured through x-ray 

photoelectron spectroscopy. Oxygen and carbon core and valence ionization energies for 

benzene, nitrobenzene, and nitrogen dioxide are reported in Table The shifts 

of the carbon Is orbitals upon addition of the nitro group to benzene are large, and 

decrease the further from the nitro group, confirming the presence of a strong polarization 

effect observed in comparing the phenyl and p-nitrophenylacetylenes. The relative 

inductive strength of the nitro group as can also be evaluated by comparing the charge 

shifts of the carbon Is ionizations in nitrobenzene and fluorobenzene. Core and valence 

ionization energies for fluorobenzene are reported in Table 16."-67.76.66 ^ mentioned 

earlier, the nitro group has an electronegativity exceeding that of fluorine.^' Substitution 

of a nitro group to the benzene ring should shift the carbon Is orbitals to higher energy 

than a corresponding substitution by a fluorine atom. Although the shift of CI is greater 

in fluorobenzene than nitrobenzene, the nitrobenzene has a total charge effect of 6 eV, as 

opposed to fluorines charge shift of 4.7 eV, which supports the description of the nitro 

group as being more electronegative than fluorine. This difference is also observable in 

the valence spectrum, with the nitrobenzene phenyl TC orbitals shifted to higher ionization 

energy than the fluorobenzene TC orbitals. 

Core and valence ionization energy shifts can be correlated under certain 
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circumstances, providing another tool to aid in the assignment of ionizations. Core 

ionization energies of the O is orbitals in nitrogen dioxide and nitrobenzene are used to 

evaluate the charge effects of nitro substitution on a benzene ring. Core and valence 

ionization energy shifts can be correlated using the Jolly model, which postulates that the 

localized valence ionization energy shifts are eight-tenths the shift of the core ionization 

energy." Using this model, one can approximate ionization energies of ±e oxygen lone 

pairs. This is important, due to the broadness of the peaks in the valence spectrum of 

nitrobenzene. The measured core ionization energy shift of the O Is orbital (nitrogen 

dioxide, nitrobenzene) is 2.7 eV, giving an expected valence shift of the oxygen lone 

pairs of 2.16 eV. Inspection of the valence photoelectron spectra of nitrogen dioxide and 

nitrobenzene reveal that the oxygen lone pairs shift by 2.19 eV, in good agreement with 

the prediction from the core shifts. This also rules out the presence of oxygen lone pairs 

in the first band (9.94-10.5 eV). The magnitude of the charge shifts on the C Is orbitals 

upon nitro group substimtion is consistent with the b, and orbitals being buried under 

the first band (9.94-10.5 eV). However, the "clean" core/valence correlation observed for 

the O Is and lone pair ionizations can not be applied to the carbon Is and phenyl b, and 

a2 ionizations. The Jolly model breaks down due to extensive delocalization of the 

valence orbitals in the phenyl TT system. In the oxygen example, both the core and valence 

ionizations are localized at chemically equivalent oxygen atoms. In benzene, the core 

ionization energies are localized on each carbon, but they are different All six carbons 

contribute to the phenyl b, orbital, which is delocalized over all the carbons. In addition. 
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the induced polarization on the isenzene skeleton from nitro substitution alters the atomic 

contributions to the valence orbital, creating uncertainty regarding the charge shift 

contribution to the shift of the phenyl bj orbital. 

Compound and Ionization Energy (eV) 

Orbital Benzene Nitrobenzene A Orbital Benzene Ruorobenzene A 

CI Is 290.3 292.1 1.8 CI Is 290.3 292.9 2.60 

C2 Is 290.3 291.3 1 C2 Is 290.3 290.7 0.40 

C3 Is 290.3 291.0 0.7 C3 Is 290.3 290.9 0.60 

C4 Is 290.3 291.1 0.8 C4 Is 290.3 290.4 0.10 

3tb, 9.25 9.94 0.69 TCb, 9.25 9.20 -0.05 

7C 32 9.25 10.36 1.11 K a2 9.25 9.81 0.56 

Orbital NO2 Nitrobenzene A 

O Is 541.3 538.6 -2.70 

N Is 412.6 411.7 -0.9 

OPx 13.02 10.83 -2.19 

Table 16: Core (C Is, O Is, and F Is) and valence ionization energies (eV) for 
benzene, nitrobenzene, fluorobenzene, and nitrogen dioxide. 

Comparison of the band strucmres of mono-substituted benzene molecules with 

Cjv symmetry show that the b, ionization is sharp and intense with vibrational structure, 

and is followed by the aj ionization, which is more broad and less intense."-^' '® Even in 

the acetylene molecules, the bj ionization is sharp and intense and has vibrational 

strucmre, while the Uj ionization was broad and less intense. Nitrobenzene has a similar 
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band structure to the other mono-substituted benzenes, with the first band extremely 

sharp, followed by a weaker shoulder. This would suggest that the first two ionizations 

should be assigned to the phenyl bj and AJ ionizations respectively. Perturbation of the 

phenyl b, orbital by the addition of a methyl group to form ;>-nitrotoluene as shown in 

Figure 34 shows that the sharp ionization, which is assigned to the phenyl b, orbital in 

toluene" " ™ shifts more than the shoulder, which separates out because of the increased 

separation. Analysis of other substimted nitrobenzene molecules also show that addition 

of groups which perturb the b, orbital cause the sharp ionization in nitrobenzene to shift 

more than the shoulder peak, supporting the assignment of the b, at 9.94 eV and the Cj 

ionization at 10.36 eV. 

Theoretical studies using ab-initio calculations place the aj ionization at higher 

energy than the b, ionization. This assignment agrees with the Hammett parameter data, 

and clouds the assignment of the photoelectron data. Mulliken population analysis of the 

oxygen orbitals in nitrogen dioxide and nitrobenzene from a Gaussian 94™ calculation 

reveal that they pick up charge when the nitro group is added to benzene. The small 

amount of nitrogen character in the SHOMO bj orbital also indicates orbital mixing with 

the 7t donor and it acceptor orbitals. However, the LUMO, which is the n acceptor orbital, 

is approximately 11 eV higher than the bj orbital. This energy gap makes it unlikely that 

significant iz acceptance by the nitro group is occurring due to poor energy matching of 

the orbitals. 

The calculations also suggest a strong polarization, in agreement with the core 
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data, which can have an effect on orbital interactions, especially in this case between the 

SHOMO b, orbital and the LUMO. To test this, a point charge of one is applied to the 

molecule positioned along the Z axis such that it is equidistant from both oxygens. Upon 

application of the point charge, the HOMO-LUMO gap decreased from approximately 11 

eV to 6 eV. The point charge can be envisioned as simulating a polar solvent, which can 

relieve the charge build up on the oxygen atoms stabilizing the nitro group orbitals, 

especially the % acceptor orbital. This in tum decreases the HOMO-LUMO gap, 

increasing the % acceptor ability of the nitro group. 

The collection of m-xylene derivatives was made in the attempt to investigate the 

effects of rotating the nitro group such that the TC acceptor and donor orbitals are restricted 

from interacting with the phenyl TC system. Interestingly, the effects of adding the nitro 

group coplanar with the benzene ring were a shift of all the ionizations to higher energy, 

with the spacing and intensity of the peaks staying almost constant. This indicates the 

strong inductive effect, with almost no 7t overlap activity of any kind. Upon rotating the 

nitro group, the first ionization stays constant, and the oxygen lone pairs are shifted to 

higher energy. This can be interpreted as shutting off the TC acceptance by the nitro group, 

but the similarity of the band shapes in m-xyiene and the coplanar substituted xylene 

indicate almost no n overlap activity to begin with. An alternative explanation is that the 

lone pair orbitals on the oxygen atoms are able to interact with the phenyl b, orbital in 

filled/filled fashion, an interaction supported by calculations. This interaction would 

destabilize the b, orbital, which is seen in the spectrum by the "thinning" of band one, and 
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a stabilization of the oxygen orbitals, which is also observed. 

Conclusion 

In the gas phase, the nitro group was found to be a strong inductive group, with 

only a marginal jc donor contribution. This was evident from the spectra of the nitro 

substituted groups in comparison to their parent compounds. Correlation of x-ray data 

and valence data only provides limited information, due to the delocalization of the 

system. High level calculations reverse the assignment, agreeing with the bonding 

description from the Hammett parameters. Mulliken population analysis of the oxygen p, 

orbitals reveals a charge dependence that can explain the reversal of the ordering. 

It should be stressed that this work places the nitrobenzene in the gas phase, 

which means that the strong polarization effects of the nitro group are not relieved by 

inducing a dipole in neighboring solvent molecules, or aligning dipoles with other 

nitrobenzene molecules. Application of a point charge to simulate a polar solvent 

resulted in lowering the LUMO so that it can energetically interact, substantially 

increasing 7t acceptance, which is observed in the Hammett parameters and other data. 



130 

Chapter 6 

The Electronic Structure of Acetylides Bound in Dimoiybdenum Quadruple 
Bond Complexes; Mo2(PMe3)4(C=CSiMe3)4 and Mo2(PMe3)4(C=CCMe3)4 

Introduction 

Previous photoelectron spectroscopy studies of piano-stool metal acetylides have 

shown that the filled/filled interactions between the metal-dn/acetylide-TC orbitals 

dominate the bonding picture, with only a small contribution from the empty acetylide TT* 

orbitals.®® It is hypothesized that the small contribution from the acetylide 7t* orbitals is 

primarily due to poor energy matching. Increasing the electron richness at the metal 

center may increase this interaction by decreasing the energy gap between filled metal 

orbitals and the empty acetylide TC* orbitals.® In chapter 4, the electron richness at the 

metal center of piano-stool acetylides was increased through ancillary ligand substitution 

of trimethylphosphine for carbonyl. 

Other electron-rich systems which can form acetylides are metal-metal dimers.™ 

One such system which has been well-characterized are molybdenum(II)-molybdenum(II) 

dimers. The formally d"* molybdenum atoms in these systems combine to form a metal-

metal quadruple bond. The electron configuration of metal-metal quadruple bond is 

with the highest occupied molecular orbital being the metal-metal 5-bond." One 

of the first metal-metal quadruple bonded systems examined by photoelectron 

spectroscopy was Mo2(02CCH3)4, which has a first ionization potential of 6.98 eV." Use 
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of stronger 7C donor ligands in Mo2(PMe3)4Cl4 destabilizes the metal-metal 6 bond by 0.56 

eV to 6.42 eV." Comparison of the first ionization potential of Mo2(PMe3)4Cl4 (6.42 eV) 

to one of the most electron-rich piano-stool complexes CpRu(PMe3)2Cl (6.51 eV) reveals 

that the molybdenum dimer ionization is just 0.09 eV lower, demonstrating the similar 

electron-richness at the metal center of the metal-metal dimers and the bis-

trimethylphosphine piano-stool complexes.^'* An infrared study of the molybdenum 

dimer Mo2(PMe3)4(C=CSiMe3)4, shown in Figure 43, could be interpreted as 

demonstrating significant acetylide n* acceptance, a phenomenon not observed in 

infrared studies of piano-stool acetylides." This study also provides an opportunity to 

study metal-acetylide interactions in metal-metal dimer complexes. 

Bonding interactions are primarily governed by orbital overlap and orbital energy 

match. The bonding interactions between the acetylide ic system and the metal-metal 

bonds have slightly different it properties from piano-stool acetylides, due primarily to 

orbital energy matching. Whereas metal-metal and orbitals are degenerate and 

similar to the Ml (d^ and M2 (d^J orbitals in the piano-stool acetylides, the metal-metal 

dimer also has a third orbital (metal-metal 8) that has TC overlap with the acetylides. This 

distinction between the metal-metal bonded acetylides and the piano stool acetylides is 

important, as the metal-metal 5 orbital is at lower energy than the metal-metal Tt, and iZy 

orbitals. The energy difference between the degenerate metal-metal TC, and ity orbitals and 

the metal-metal 5 orbital is reflected in the orbital energy matching of these metal-metal 

orbitals with the acetylide TC and n* orbitals. Specifically, the metal-metal it orbitals are 
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M = Mo 
P = PMe3 
X = CI, C=C-^u, C^C-SiMe. 

Figure 43: Orientation of the complexes Mo2(PMe3)4Cl4, Mo2(PMe3)4(CsCSiMe3)4 
and Mo2(PMe3)4(CsCCMe3)4 



133 

closer in energy to the acetylide it orbitals than the metal-metal 5 orbital, while the metal-

metal 5 orbital is closer in energy to the acetylide TC* orbitals than the metal-metal it 

orbitals. Based on symmetry overlap and energy matching criteria, metal-acetylide it* 

acceptance should manifest itself in a stabilization of the metal-metal 5 orbital with 

respect to the parent Mo2(PMe3)4Cl4 complex. The filled/filled dTi/acetylide it interaction 

which dominates the piano-stool acetylides should be reflected in a destabilization of the 

metal-metal n orbitals. The combination of these bonding interactions should be a 

decrease in the splitting between the metal-metal 5 and metal-metal it ionizations. 

To probe these bonding interactions, the acetylide complexes as well as the parent 

Mo2(PMe3)4Cl4 complex are examined by ultraviolet photoelectron spectroscopy to 

evaluate both charge and it overlap effects. 

Photoelectron Spectra and General Ionization Assignments 

The full He I photoelectron spectra (5-15 eV) of Mo2(PMe3)4Cl4, 

Mo2(PMe3)4(C=CSiMe3)4 and Mo2(PMe3)4(C=CCMe3)4 are shown in Figure 44. 

Discrete ionizations are observed in the lower valence region of the spectra from 

approximately 5 - 10.5 eV. Some free ligand trimethylphosphine was observed in the 

spectrum of the Tjutylacetylide complex, which will be addressed later. Close-up He I 

photoelectron spectra (5-11) of Mo2(PMe3)4Cl4, Mo2(PMe3)4(CsCSiMe3)4 and 

Mo2(PMe3)4(CsCCMe3)4 are shown in Figure 45. Ionization energies and orbital origins 

for these complexes are reported in Table 17. Descriptive labels indicate primary 

parentage and symmetry of the orbitals and are used in the flgures and tables. The full He 
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Figure 44; He I full spectra (5 - 15 eV) of Mo2(PMe3)4Cl4, Mo2(PMe3)4(CsCSiMe3)4 
and Mo2(PMe3)4(CsCCMe3)4 
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Figure 45: He I close up spectra (5-11 eV) of Mo2(PMe3)4Cl4, 
M02(PMe3)4(C=CSiMe3)4 and Mo2(PMe3)4(C2CCMe3)4 
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I photoelectron spectra (5-15 eV) of the ftee acetylenes HCsCCMcj and HCsCSiMe, 

are shown in Figure 46 and the close-up (9.5 - 14.5 eV) spectra are shown in Figure 47. 

Ionization energies and orbital origins are reported in Table 18 for the firee acetylenes. 

Conqxjund® peak(eV) 
half widths relative area 

label orbital origin Conqxjund® peak(eV) 
high low He I Hen Hen/He I 

label orbital origin 

MO2P4X« 6.42 037 0.34 1.00 1.00 1.00 6 M, 
X = 7.68 0.47 0.43 3.67 2.51 0.68 n,a M, 

CI 8.38 0.69 0J7 6.22 1.91 0.31 V a e  MrP a e 

10.02 0.85 0.83 24.2 3.58 0.15 C13pic CI 3p7r 

M01P4X4 5.89 0.35 0.25 1.00 1.00 1.00 5 Mj 
x = 6.96 0.42 0.38 2.64 2.23 0.84 ir,o M, 

CsCSiMcj 7.75 0.37 0.25 2J6 1.63 0.69 P o e  M-Pae 

8.48 1.50 0.60 7.25 5.16 0-71 CsCff C=Cjt 

M0,P4X4 5.60 0.37 0.27 1.00 5 M, 

X = 6.65 0.49 0.41 3.06 ic,o Ml 

CsCCMe, 7.46 0.63 0.21 3.09 P o e  M-Pae 

8.16 1.04 0.36 11.7 C=Cn C=C7t 

»Mo,P4X4 = Mo,(PMe3)4X« 

Table 17: Valence ionization energies and fit parameters for He I and He 11 spectra 
of Mo2(PMe3)4Cl4, Mo2(PMe3)4(C=CSiMe3)4, and 
Mo,(PMe3)4(CHCCMe3)4. 

Free Acetylene Ionizations 

Both acetylenes have cylindrical it synimetry making the and orbitals 

degenerate, leading to one n ionization. In 'butylacetylene, the iz ionization is followed by 

overlapping C-C and C-H ionizations from approximately 11.5 eV to 14.5 eV. 

Trimethylsilylacetylene has a different ionization profile, as the n ionization is followed 

by two distinct bands from approximately 11 eV to 12.5 eV before entering an energy 
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region (approximately 12.5 - 15.5 eV) with overlapping ionizations. 

Compound peak(eV) 
half widths relative area 

label orbital origin Compound peak(eV) 
high low He I Hen Hen/He I 

label orbital origin 

HC^CCMej 9.94 0.51 0.14 1.00 It CsCit 

11.66 0.76 039 0.79 - 5eo C-C a 

12.32 0.65 0.63 0.81 fia, a CsaC-aC-Hff 

HC^CSiMe 10.10 0.39 0.28 1.00 l.00» 1.00 K CsCrt 

11.04 0.46 0.18 0.45 0.58 1.29 Sea Si-Ca 

11.43 0.48 0.41 032 0.28 0.88 6a, o Si-Co 

12.06 0.48 0.34 035 0.29 0.83 5at a Si-C a 

* The first band is fit with two peaks. The reported ionization energy for band one is the adiabatic peak. 
The relative areas of the other peaks in the spectrum are compared to the sum of the areas of the first 
two peaks under the first band. 

Table 18: Valence ionization energies and fit parameters for He I spectrum of 
HC=CC(CH3)3 and He I/He H spectra HCsCSiMej 

'Butylacetylene Ionizations. The analytical representation of the photoelectron 

spectrum of HCsCCMcj is shown in Figure 47. Butylacetylene can be described as 

acetylene combined with isobutane. The ionizations of acetylene and isobutane have 

been experimentally determined by photoelectron spectroscopy.'® Acetylene has a strong 

band at 11.40 eV, which is assigned to the degenerate acetylene TC ionization, llie 

spectrum of ^butylacetylene has a strong band with similar intensity and shape at 9.94 eV, 

and is likewise assigned to the acetylene JC ionization. Addition of the 'butyl group to 

acetylene has a strong charge and 7c-overlap effect, as the K ionization is shifted by 1.46 

eV to lower energy. Following the it ionization are overlapping ionizations from the 

'butyl substituent. The two highest occupied orbitals of isobutane are the C-C a bonding 

orbitals formed by the a, p^ (11.14 eV) and the e p^py (11.7 eV) sets respectively. 
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Ionization Energy (eV) 
Figure 46: He I full spectra (5 - 15 eV) of the free acetylenes HCsCCMe, and 

HCnCSiMej. 
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Figure 47; He I close-up spectra (9.5 - 14.5 eV) of the free acetylenes HC^CCMej 

and HCsCSiMe3. 
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Addition of acetylene to this fragment causes the aj and the e sets to be flipped due to the 

Tc overlap with the acetylene tc orbital. Thus the two ionizations 11.67 and 12.30 are 

assigned to the 'butyl Se and 6o; C-C CT orbitals. These are followed by overlapping 

ionizations from the "butyl laj and Ae methyl tc orbitals." "-'® 

Combining previously collected x-ray photoelectron spectra with ultraviolet 

photoelectron spectra enables the experimental determination of both the charge and the Jt 

overlap contributions of "butyl group substitution to the total shift of the acetylene % 

orbitals, as reported in Table 19. Replacement of a hydrogen with an alkyl group will 

have a significant charge effect on the atom which was bound to the hydrogen. This 

charge effect is reflected in the shift of the core ionization energies, which are measured 

directly by x-ray photoelectron spectroscopy. A correction factor of 0.8 applied to the 

core ionization energy shifts is necessary to correlate charge effects in the core spectrum 

to the valence spectrum." Three systems probing the effects of hydrogen replacement 

which have been investigated by x-ray photoelectron spectroscopy are 

acetylene/methylacetylene (methyl approximates "butyl), water/methanol, and 

water/*butanoI. 

Replacing a hydrogen on acetylene (H-C„sCp-H) with a methyl group (an 

approximation for a "butyl group) (H-C„sCp-Me) shifts the acetylene Q core ionization 

energy by 0.80 eV from 291.2 eV to 290.40 eV. A smaller shift of 0.13 eV is observed 

for Cp, from 291.2 to 291.07 eV. The average shift for C„ and Cp is 0.47 eV.'* 

Gaussian94™ calculations on acetylene and methylacetylene (with ST0-3G, 3-2IG, and 
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HC.Hq,H(eV) HQ=q,CH3(eV) Delta (eV) 

CsCit 11.40 10J7 1.03 

C.ls 291.20 290.40 0.80 

Cjls 29120 291.07 0.13 

C^ls 291.20 290.73 0.47 

}c overlap effect based on Q Is 0.39 

K overlap effect based on Is 0.93 

7c overlap effect based on Is 0.65 

HiO (eV) CHjOH (eV) Delta (eV) 

Ol.p. 12.62 10.94 1.68 

Ols 539.70 539.20 0.50 

It overlap based on O Is 1.28 

H,0(eV) (CH3)3C(0H) (eV) Delta (eV) 

O I.p. 12.62 10.22 2.40 

Ols 539.70 538.14 1.56 

n overlap based on 0 Is 1.15 

Table 19; Core and valence ionization energies of acetylene,"-
methylacetylene,"-"*™-^® water,"-and 'butanol/®-®' 

6-3IG basis sets) also show a similar trend, with C„ shifting more (-0.46 to -0.55 eV) and 

Cp shifting less (-0.14 to -0.18 eV), depending on the basis set. Cp is chosen as the charge 

shift handle for the acetylene/methylacetylene couple for a few reasons. In terms of 

proximity, Cp is where the substitution is occurring, and should be most sensitive to 

charge effects of replacing a hydrogen with a methyl group. The magnitude of the shift is 

important as well. Comparison of the valence spectrum of FpH and FpCHs [Fp = (T|^-
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C5H5)Fe(CO)J show that the M3 ionizations of both complexes, which have 5 symmetry 

with respect to the methyl TC orbitals and are sensitive only to charge effects, shift by 0.26 

eV to lower energy." Using the 0.8 correction factor, this would give a predictive shift of 

0.33 eV on the Fe core ionization. Likewise, a comparison of core carbon ionization 

energies on the Cp ring [Cp = (TI^-QHs)] in (V-C5H5)Mn(CO)3 (290.85 eV) and 

CH3)Mn(CO)3 (290.8) have the C, on the Cp ring shift by 0.05 eV. Using the C„ core 

shift of 0.80 eV is unreasonable, as the magnitude far exceeds shifts observed in 

FpH/FpCHj and (r|^-C5H5)Mn(CO)3/(Ti^-C5H4-CH3)Mn(CO)3 compounds. The valence 

spectra of acetylene and methylacetylene show that the acetylene jc orbital (11.40 eV) is 

shifted by 1.03 eV to lower energy upon methyl substitution to methylacetylene (10.37 

eV) 64.67.76 Using a charge shift of from Cp of 0.10 eV (0.8*0.13 eV) on the acetylene 

carbons, the TC overlap effect is calculated to be 0.93 eV. 

The approximation of using a methyl group for a "butyl group is validated by 

comparing the oxygen core and valence ionization energy shifts in water, methanol, and 

'butanol. Water has a measured oxygen core ionization at 539.7 eV, Formation of 

methanol causes the oxygen core ionization to shift by 0.5 eV to 539.2 eV.'* The 

ionization energy of the oxygen lone pairs in water is measured at 12.62 eV. Substituting 

a methyl group for the hydrogen shifts the oxygen lone pair ionizations by 1.68 eV to 

10.94 Using the charge shift effect of 0.40 eV (0.8*0.50 eV) gives a TC overlap 

contribution of 1.28 eV. 

Similarly, replacing a hydrogen in water with a "butyl group results in shifting the 
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core oxygen ionization energy from 539.7 eV (water) to 538.14 eV Cbutanol), a charge 

shift of 1.56 eV.'^ Comparison of the oxygen lone pair ionizations in water (12.62 eV)"-

and 'butanol (10.22 eV)*° reveals a total shift of 2.4 eV to lower ionization energy. 

Using the charge shift effect of 1.25 eV (0.8*1.56 eV), the n overlap contribution is 

calculated to be 1.15 eV. 

The similarity of the TC overlap effects of the methyl (1.28 eV) and "butyl (1.15 eV) 

groups when placed on the OH fragment despite the different charge effects for methyl 

(0.50 eV) and "butyl (1.56 eV) support the use of the methyl group to approximate it 

overlap of the "butyl group with the acetylene. Relating the JC overlap properties of the 

methyl and "butyl groups in methanol and "butanol to methylacetylene, one can extrapolate 

a 7C overlap effect by the "butyl group on the acetylene it system. The TC overlap effect of 

the "butyl group was found to be approximately 90% that of the methyl group in 

comparing methanol and "butanol to water. Extrapolation of the 90% it overlap effect of 

the "butyl group compared to the methyl group in the alcohols to ±e acetylenes 

approximates the TC donor effect of the "butyl group at 0.84 eV (0.90 * 0.93 eV). 

Trimethj'lsilylacetylene Ionizations. The analytical representation of the He I 

photoelectron spectrum of HC=CSiMe3 is shown in Figure 47. The He 1/He n 

photoelectron spectra of trimethylsilylacetylene are shown in Figure 48. Using a similar 

approach to that used in "butylacetylene, one can describe trimethylsilylacetylene as the 

combination of acetylene and trimethylsilane. Both molecules have been investigated by 

photoelectron spectroscopy."'Band one at 10.10 eV is assigned to the degenerate 
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Figure 48: He I/He n spectra of HCsCSiMcj. 
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acetylene n orbital. Comparison to Tjutylacetylene (9.94 eV) shows that the it orbital is 

stabilized by 0.16 eV. The ionization profile after the first band is noticeably different 

from that of "butylacetylene and is due to the electronic effects of substituting a silicon 

atom for a carbon atom. In the spectrum are two distinct bands separated to lower 

ionization energy from the forest region (12.5 eV - 15.5 eV). Upon He II excitation, these 

bands grow in intensity relative to the forest region, which upon inspection of the 

photoionization cross sections in Table 20 is consistent with significant silicon character. 

The first band contains two ionizations at 11.04 eV and 11.43 eV. These have been 

assigned to the trimethylsilyl 5e and 6a; Si-C cr ionizations respectively and labeled 5e a 

and €af a. The second band contains one ionization, which is assigned to the 5a, Si-C a 

ionization and is labeled 5a, <r. The relative shifts of the trimethylsilylacetylene it orbital 

to higher energy (0.16 eV) and the 5e and 6a, Si-C a ionizations to lower energy (0.62 eV 

and 0.89 eV) when compared to 'butylacetylene indicate a substantial electronic effect by 

substituting a silicon atom for a carbon atom in these acetylenes. 

Element HeI(21JleV) Hen (40.8 eV) Hen/He I 

Molybdenum 4d 25.27 8.492 0.3361 

Carbon 2p 6.128 1.875 0.3060 

Chlorine 3p 13.64 0.6470 0.04743 

Phosphorus 3p 1.232 0JO9O 0.4131 

Silicon 3p 0.3259 0.3285 1.008 

Table 20; Theoretical atomic photoionization cross sections (MB) and the relative 
changes from He I to He n for molybdenum, carbon, chlorine, phosphorus 
and silicon." 

Examination of the Pauling electronegativities reveal that the silicon (1.8) is less 
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electronegative than carbon (2.5).*^ If one correlates electronegativities with ease of 

ionization, it should be easier to ionize a silicon atom (lower electronegativity) than a 

carbon atom Giigher electronegativity). Applying electronegativity differences to the 

energies of the molecular orbitals, the e and a, orbitals with silicon character from 

trimethylsilylacetylene should be ionized at lower energies than from "butylacetylene. 

Inspection of the spectra of trimethylsilylacetylene and "butylacetylene shows that the e 

and a, ionizations are separated out from the forest region in trimethylsilylacetylene, but 

not in "butylacetylene. Comparison of the He I photoelectron spectra of isobutane" ®'-^® 

with trimethylsilane®' also reveal a similar separation of the e and Oj ionizations from the 

forest region in the trimethylsilane spectrum. Electronegativity differences between 

silicon and carbon accounts for the shift of analogous Si-C a ionizations to lower energy 

relative to the C-C a ionizations. The smaller elecronegativity on silicon also shifts 

charge toward the acetylene carbons, but the simple charge effect is in the wrong 

direction for shifting the acetylene k ionization to higher energy in 

trimethylsilylacetylene. 

One possibility is tc* acceptance by the silicon atom, perhaps by the 3d„ and 3dy^ 

or Si-C a* orbitals, could pull electron density off the acetylene, stabilizing the acetylene 

7C ionization, and building up charge on the silicon atom to further destabilize the Si-C CT 

ionizations. Calculations using d orbitals on silicon show that the LUMO has silicon 3d 

character, but the HOMO/LUMO gap is approximately 9 eV, which argues against 

appreciable TT acceptance by the silicon. A previous investigation of (rj^-
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CsH5)Fe(CO)2SiMe3 by photoelectron spectroscopy concludes that the trimethylsilyl 

group is a net n donor ligand.*^ The combination of the wide HOMO/LUMO gap plus the 

photoelectron spectroscopy data suggest that TC* acceptance by the silicon 3d or Si-C G* 

orbitals is unlikely. 

An alternative explanation is the difference in overlap between C 2p-C 2p and C 

2p-Si 3p orbitals. Combining the electronegativity differences between silicon and 

carbon and the different properties of the 2p and 3p orbitals to the silicon-acetylene it 

interactions, one would expect observable structural and electronic effects. Examination 

of bond lengths in the acetylenes reveal that the Si-Cp a (silicon- acetylene) bond (1.825 

A) in trimethylsilylacetylene is longer than the analogous C-Cp (acetylene) a bond (1.498 

A) in "butylacetylene.®^ The increase in bond length in the silicon substimted acetylene is 

attributed primarily to the larger radius of the Si atom (110 pm) versus C atom (70 pm).*^ 

A direct result of the longer bond is a smaller overlap of the acetylene TC, and orbitals 

with the silicon p, and py orbitals. Relating the strength of the it overlap just to the energy 

matching of the 5e a orbitals with the acetylene it orbitals, one would expect a stronger it 

overlap from the trimethylsilyl group, due to its superior energy match. Using the 

approximated 0.84 eV jr overlap effect that the 5e orbital has on the C^C it orbital in 

'butylacetylene coupled with the difference in the 5c orbital energies in Tjutylacetylene 

and trimethylsilylacetylene of 0.62 eV, one can extrapolate the ionization energy of the 

trimethylsilylacetylene it orbital to be 9.32 eV. The measured ionization energy of the 

acetylene it orbital in trimethylsilylacetylene is 10.10 eV. Mixing in the combined 
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effects of bond distance (Si-Cp > C-Cp) and orbital overlap effects (Si 3p/CsC TC < C 

2p/C=C k) significantly weaken the overall Si-C a 5e orbital interaction with the 

acetylene TC orbital. The net effect is that the push on the acetylene TC orbital by the Si-C a 

5e orbital in trimethylsilylacetylene is much weaker than the push by the C-C a 5e orbital 

in 'butylacetylene, even though the energy matching is better, resulting in the ionization 

energy of the acetylene TC orbital in trimethylsilylacetylene (10.10 eV) being higher than 

that of 'butylacetylene (9.94 eV). 

Mo^rPMe^^^X. Orbital Svmmetries and General Ionization Assignments 

The molybdenum dimer systems in Mo2(PMe3)4X4 [X is acetylide or chloride] 

have local symmetry. For purposes of this discussion, the molybdenum atoms are 

aligned on opposite sides of the origin along the Z axis with the phosphine and X ligands 

trans to each other as shown in Figure 43. Using this orientation, the d^,, d„, and d^y 

metal orbitals of the formal d** Mo(II) atoms combine to form a metal-metal quadruple 

bond. Specifically, the d^ orbitals combine to form the metal-metal a bond. This is 

followed by the degenerate metal-metal TC^ and TC^ bonds formed by the appropriate 

combination of the d„ and orbitals respectively. The metal-metal 5 bond is formed by 

the combination of the d^y orbitals. The orbital make-up of the molybdenum-

molybdenum quadruple bond is shown in Figure 49. It should be pointed out that the d,,.y, 

orbitals are primarily involved in a bonding with the ligands and do not participate in the 

formation of the metal-metal 6 bond. 

Unique bonding interactions exist between the Mo orbitals, the 
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Figure 49; The orbital make up of the molybdenum quadruple bond at ±0.03 
isosurface level 
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trimethylphosphines, and the X ligands. An idealized crystal structure with a 103.1 ° Mo-

Mo-P bond angle and a 110.3° Mo-Mo-X bond angle is used to describe the phosphine 

and X ligand interactions with the metal orbitals. Increasing the Mo-Mo-X bond angle 

from the optimized 90° to crystallographic 110.3° has many effects, one of them is 

enabling the Mo-Mo a bond to have a weak it interaction with the X ligands.®® Most of 

the Mo 7c overlap with the X ligands is with the metal-metal tc and 5 orbitals. The 

degenerate metal-metal tc orbitals can be broken down into the metal-metal Tt, and Tty 

orbitals. Exaiiunation of the metal-metal orbital reveals that it has n overlap with the e 

anti-symmetric combination of the X ligands (X is acetylide or chloride) bonded to one of 

the molybdenum atoms. The metal-metal orbital also has ic overlap with the e anti

symmetric combination of the trimethylphosphines located on the other molybdenum 

atom. Inspection of the metal-metal iCy orbital reveals that it has the same overlap 

properties described for the metal-metal orbital, but the e anti-symmetric X ligands (X 

is acetylide or chloride) and trimethylphosphines are located on different molybdenum 

atoms from the metal-metal orbitals. The metal-metal 5 orbital is particularly 

interesting because it has n overlap with the ^>2 anti-symmetric X (X is acetylide or 

chloride) and trimethylphosphine ligands on both molybdenum atoms. Bonding 

interactions of the acetylides with the metal-metal bonds as calculated by the Fenske-

Hall" method using an idealized crystal structure*® are shown in Figure 50. 

The four symmetry combinations of the phosphine lone pair interactions with the 

metal orbitals are also affected by the high symmetry of the molecule. Due to the high 
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Figure 50: The bonding properties of the acetylides with the metal-metal bonds at 
±0.03 isosurfece level 
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symmetry of the molecule, use of symmetry labels to differentiate ligand/metal 

interactions loses its utility. For purposes of this discussion, a different nomenclature will 

be used, which is defined as follows: The parent ligand atom is listed, followed the 

symmetry of the bond connected to the metal. The correct symmetry overlap of the 

primary metal orbitals is included in the term, giving a label system that looks as follows: 

Pa (Px,A - Py,B) with A and B corresponding to an arbitrary but consistent assignment of 

the metal atoms, with the Z axes pointing at each other and the positive phases aligned 

along the positive axes. Using the idealized crystal structure Mo-Mo-P bond angle of 

103.1 the fl, symmetric combination of the phosphine lone pairs is stabilized by 

bonding with the anti-bonding combination of the Mo-Mo djt,« orbitals Po(djtyi,A - d,,. 

y„B). The b, symmetric combination of the phosphine lone pairs interacts with the 

bonding Mo-Mo d^ty, orbitals to form the primary Mo-P a bond Po(d,ty„A + dji.y«,B). The 

e anti-symmetric trans combination of the phosphine lone pairs weakly interact with the 

p^ and d„ orbitals on one of the Mo atoms, and the Py and dy^ orbitals on the other Mo 

atom {Pa (p^,A - Py,B) and Pa (pj,A + Py,B)} and {Pa (d„,A - dyj,B) and Po (d„,A -

dyj,B)}. In trans Mo(CO)4(PMe3)2, the bonding and anti-bonding combinations of the e 

anti-symmetric trans phosphine lone pairs are observable, with the stabilized bonding 

combination at 1.30 eV greater ionization energy than the anti-symmetric combination.*' 

There is presumably little stabilization of the anti-synunetric combination of the e set 

through the interaction with the metal d^p^ or dy^/py orbitals because it ionizes within 

0.34 eV of free phosphine.*' The symmetry of the e anti-symmetric phosphine lone pair 
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interactions with the metal orbitals also allows for considerable overlap with the X ligand 

7C orbitals. This specific interaction will be described for each molecule. 

Symmetry effects also play a role in the bonding interactions of the X ligand n 

orbitals with the metal orbitals. Also critical in determining the bonding interactions is 

the Mo-Mo-C bond angle of 110.3°.'® A total of eight different symmetry combinations 

of the X ligand it orbitals exist, with four of them interacting with filled metal orbitals. In 

building the Mo-Mo quadruple bond, the filled metal orbitals are the a, Tt^, tc^, and 5 

orbitals. Starting with the Mo-Mo a bond, it has a weak filled/filled interaction with the 

a, symmetric X TC orbitals on both metals due to the Mo-Mo-C bond angle of 110.3°. 

This interaction is labeled Xjc (d^,A + d^, B) If the geometry optimized 90° is used, this 

bonding interaction is overlap forbidden. The degenerate Mo-Mo Tt, and TZy orbitals have 

a filled/filled interaction with the e anti-symmetric X n orbitals, one pair on each metal, 

which is labeled {XTC (d3^,A + dyj,B), XTC (d^,A - djj,B)}. This is followed by the Mo-Mo 

5 orbital, which has a filled/filled interaction with the b2 anti-symmetric X TC orbitals on 

both metals Xit (d^y,A + djy,B). The Aj anti-symmetric X it orbitals can donate into both 

d,y orbitals which make the empty Mo-Mo 5* bond Xn (d,y,A - d,y3)- The e symmetric 

X 7t orbitals donate primarily into one the empty p^^ and Py orbitals on each metal, but it 

also has a small filled/filled interaction with the Mo d„ and dy^ orbitals as well X7c(p^,A + 

py,B). As mentioned earlier, the e symmetric X n orbitals also have an important 

interaction with the e anti-symmetric phosphine a orbitals, which will be described for 

each molecule. The final symmetry combination is the bj symmetric X Ji orbital which 
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can donate into the metal-metal o* orbital and the empty p^ orbitals on both Mo atoms 

{XjtCpj,- Pj3) and Xrt(d^,A - dj,3)}. The filled/filled interactions between the X TC and 

the Mo d orbitals are easily distinguished in the spectra and are critical in determining the 

bonding interactions between the X group and the metals. Overall symmetry interactions 

between the metal-metal bonds, the trimethylphoshpine lone pairs, and the X group TC 

orbitals are reported in Table 21. 

Ligand Metal Orbital Symmetry Label Interaction Label 

Mo2(PMe3)4X4 PMe3 Po(djJ.y2,A - djI.yl,B) 

PMe, b, PC(djjI.yl,A + d l̂,yl,B) 

PMe3 Px/Py e Pa(p„A - Py3)/ 
Pa(p^,A + Py3) 

Mo2(PMe3)4X4 X 5* ^2 Xjc(d,^A-d,^) 

X 5 b2 X7t(d^y,A + d,y,B) 

X e 
X7t(d„.A + d^3)/ 
X7c(d„,A-dy„B) 

X a a, Xjt(d2.,A + dj„B) 

X Px/py e Xrt(p^,A - Py,B)/ 
X7t(p,,A + Py3) 

X a* bi X3t(d^,A-d,,3) 

Table 21: Metal-Ligand symmetry interactions with its symmetry labels and 
Interaction symmetry labels.. 

Mo2(PMe3)4Cl4 Ionizations. The He I/Hell close up photoelectron spectra (6.0 -
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10.5 eV) of the parent complex Mo2(PMe3)4Cl4 are shown in Figure 51. The spectra in 

the lower valence region reveal four distinct ionizations. Based on peak area, shape, 

ionization energy, and comparison to previously characterized molybdenum(II) and 

mngsten(II) dimers, the Hrst band at 6.42 eV is assigned to the metal-metal 5 ionization 

and is labeled 6.^' Previous work on d'*-d'* metal-metal acetates MM'(02CCMe3)4 [M, M' 

= Mo; M = Mo, M' = W; M, M'= W] reveal that the band following the 5 delta ionization 

contains the overlap of the degenerate metal-metal tc and metal-metal a orbitals, which is 

unresolved when M and M' are Mo." Examination of the photoelectron spectrum of 

W2(PMe3)4Cl4 shows the metal-metal a ionization separated from the metal-metal TC 

ionization similar to the metal-metal it/a splitting observed in the W2(02CCMe3)4 

spectrum.®' Based on these earlier experiments, the second band is assigned to the 

overlapping metal-metal tc and CT ionizations and is labeled it, o. With He H excitation, 

the second band at 6.96 eV decreases in intensity relative to the 5 band by 32%. 

Examination of the photoionization cross sections shown in Table 20 reveals that an 

ionization from a chlorine 3p orbital should decrease in intensity relative to an ionization 

from a carbon 2p, molybdenum 4d, or a phosphorus Bp orbital by 84-88% when the 

excitation source is changed from He I to He 11®° All three filled metal-metal bonds have 

proper symmetry to interact with the chloride 3p orbitals. The relative extent of orbital 

mixing is determined by evaluating the change in relative intensity of the ionizations 

originating from the molecular orbitals when the excitation source is changed from He I 

to He n. Examination reveals that the intensity of the metal-metal Tt,a ionization 
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Figure 51: He I/Hell close up photoelectron spectra (6.0 - 10.5 eV) of the parent 

complex Mo2(PMe3)4Cl4. 
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decreases by 32% relative to the intensity of the metal-metal 6 ionization when the 

excitation source is changed from He I to He IL This relative decrease in intensity is 

attributable to the metal-metal 7C,CT orbitals having more CI 3p character than the metal-

metal 5 orbital. 

The last two bands are from the e anti-synunetric phosphine lone pairs and the 

chloride 3p7c orbitals. They are assigned based on comparison of the ionization potentials 

to those of the previously characterized complexes and the relative intensity changes of 

the ionizations as the excitation source is changed from He I to He 11. Comparison of the 

lower valence spectra of the complexes M2(PMe3)4Cl4 [M = Mo, W] show that the last 

two bands at 8.38 and 10.02 eV (Mo), and 8.41 and 10.06 eV (W) do not shift much 

upon metal substimtion, while the lower energy bands shift by at least 0.23 eV.®' The 

extensive shifting of the lower energy bands as the metal is changed indicates significant 

metal character, while the relatively static behavior of the last two ionizations upon metal 

substitution suggest small metal character in these orbitals. As noted earlier, an 

ionization from a chlorine 3p orbital should decrease by 84-88% relative to C 2p, Mo 4d, 

or P 3p orbitals.'" This photoionization cross section change provides a fingerprint 

method for identifying the chloride 3p7C ionizations in a spectrum. Upon He I to He n 

source excitation change, the band at 8.38 eV decreases in intensity relative to the 5 band 

by 69%, indicating a delocalized orbital with significant chloride character, and weak 

metal character. In Figure 52, one can see signiHcant orbital mixing of the chlorine 3p7C e 

symmetric orbital with the e anti-symmetric phosphine lone pairs, and this mixing is 
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MOj(PH3)4(C^CH)4 M02(PH3)4(CSCH)4 

Figure 52: Molecular Orbital plot of the Mo-P a e orbitals in Mo2(PH3)4Cl4 and 
Mo2(PH3)4(ChCH)4 at ±0.03 isosuiface leveL Note the significant 
C1/C=CH 3p7c character in the orbitals. 
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reflected in the relative intensity decrease upon He I to He n source excitation change. 

Similar examination of the band at 10.02 eV shows as decrease of 85%, which correlates 

with almost pure chlorine 3p character from the photoionization cross sections in Table 

20. Using this criteria, band 3 at 8.38 is assigned to the two e anti-symmetric phosphine 

lone pairs, and is labeled P « e, which interacts weakly with the molybdenum p* and d„ 

orbitals on one metal center and the Py and d^^ orbitals on the other molybdenum center. 

However, the signiflcant decrease in relative intensity upon He I/He 11 source excitation 

change indicates a very strong chloride contribution to this orbital. The last band at 10.02 

eV has an intensity drop matching that of chloride from Table 20, and is assigned to the 

eight chloride 3p7t ionizations, and is labeled CI 3pff. The breadth of the band indicates 

dissimilar interactions of die different symmetry combinations with the metal orbitals. 

Mo2(PMe3)4(CHCSiMe3)4 Ionizations. The He I/He II close up photoelectron spectra 

(5.5 - 8.0 eV) are shown in Figure 53. Inspection of the He I profiles of the lower valence 

region of the parent complex Mo2(PMe3)4Cl4 and the acetylide Mo2(PMe3)4(CsCSiMe3)4 

reveal a similar band structure, with the acetylide complex bands shifted to lower energy. 

Using the Mo2(PMe3)4Cl4 complex as a template, the four bands in the acetylide complex 

are similarly assigned. The first band at 5.89 eV is attributed to the 5 ionization from the 

metal-metal bond, and is labeled 6. This is followed by a band containing overlapping 

ionizations at 6.96 eV from the metal-metal it and a ionizations, and is labeled w,®. The 

ionization at 7.74 eV is assigned to the e anti-symmetric trimethylphosphine lone pair 

combinations, and is labeled Pee. Comparison of the relative peak intensities when the 
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Figure 53: He I/He n close up photoelectron spectra (5.5 - 8.0 eV) of 

M02(PMe3)4(CHCSiMe3)4. 
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excitation source is changed from He 1/He n does not provide the same dramatic changes 

in intensity observed in the Mo2(PMe3)4Cl4 complex. Close inspection of Table 20 

reveals that the change in photoionization cross sections of Mo, P, C, and Si upon He 

1/He n excitation source change is small, as opposed to the large change in the CI 3p7C 

orbitals, leading to the CI 3pjc "fingerprint" in the Mo2(PMe3)4Cl4 complex. Lack of 

significant photoionization cross section changes coupled with small intensity changes in 

the He I/He 11 spectra limits the experimental evaluation of the orbital mixing. Previous 

analysis of chloride and acetylide complexes in Chapters 3 and 4 have shown the pseudo-

halide nature of the acetylide. Based on similarity of the ligands and Fenske-Hall 

calculations, one would expect mixing of the e symmetric acetylide orbitals with the e 

anti-symmetric phosphine lone pairs, similar to the Mo2(PMe3)4Cl4 complex as shown in 

Figure 52. The last distinguishable ionization at 8.38 eV is assigned to the eight 

acetylide TT ionizations, and is labeled C=C7t. Upon changing the excitation source from 

He I to He II, no dramatic change in relative band intensity is observed, contrasting the 

changes observed parent Mo2(PMe3)4Cl4 complex, due to the substimtion of the acetylide 

for the chloride, which is consistent with the photoionization cross section changes in 

Table 20. 

Mo2(PMe3)4(C=CCMe3)4 lonizatioiis. The He I close up photoelectron spectrum (5.5 -

9.0 eV) is shown in Figure 54. Some decomposition was observed during data collection, 

as evident by PMej loss. The weakness of the metal-phosphorus a bonds makes the 

dimer thermally unstable, enabling free trimethylphosphine to be liberated, and is 
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Figure 54: He I close up photoelectron spectrum (5.5 - 9.0) of 
Mo2(PMe3)4(CHCCMe3)4. 
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manifested in the spectrum as two broad bands firom approximately 8 to 9.5 eV and 

approximately 10.5 to 12.5 eV. These ionizations can be removed by spectral subtraction 

of the fit of the free ligand trimethylphosphine ionizations as shown in Figure 54. The 

amount of subtraction of free ligand ionizations is such that it satisfies two criteria. 

Ideally, peaks from the free ligand should not be observable in the resultant spectrum, and 

no "divots" or peaks below the baseline should be present in the resultant spectrum. 

Using the defined criteria, the trimethylphosphine "contaminated" spectrum was overlain 

with the fit of the free trimethylphosphine and the intensities adjusted until they matched. 

A subtraction of 70% of the fit of the free trimethylphosphine produced the best results, 

and was used to produce the subtracted spectrum in Figure 54. It should be pointed out 

that the spectral subtraction does not affect the position or intensities of the metal-metal 

5,7t, (J, and phosphine a ionizations. The only uncertainty introduced by the spectral 

subtraction is in the position and intensity of the acetylide TC ionizations. Since the 

resulting ionization profile is similar to that of Mo2(PMe3)4(CsCSiMe3)4, the 

assignments of the ionizations were modeled after it. The band at 5.6 eV is assigned to 

the metal-metal 5 ionization, and is labeled 6. This is followed by a band at 6.65 eV 

similar in shape and intensity to the band containing the overlapping Mo-Mo TC and Mo-

Mo a ionizations in Mo2(PMe3)4(CHCSiMe3)4, and is labeled «,<T. The third band at 7.46 

eV was assigned to the e anti-symmetric phosphine lone pairs, and is labeled Pae. The 

accuracy of the last band at 8.3 eV is somewhat questionable, as it is the only band whose 

structure was altered as a result of the free trimethylphosphine spectral subtraction. 
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Despite the uncertainty of the band shape and position, the resultant band has a similar 

shape and intensity to the C=C «ionization band in Mo2(PMe3)4(C=CSiMe3)4, and is 

assigned in similar fashion with the same C=C7t label. Due to the strong presence of 

free ligand PMe, in the He I spectrum, collection of the He II spectrum was not 

attempted. 

Discussion 

Previous studies on piano-stool acetylides indicated that the filled/filled 

interaction between the metal-dji/acetylide-Tt orbitals dominated the bonding picture. The 

monomer complexes give only one indication of the tc interaction with the ligand, and can 

not separate the acetylide it and TI* interactions. A bridging acetylide dimer complex 

(Chapter 3) possessing a center of inversion allowed separation of the acetylide TC and TI* 

interactions, and some small acetylide n* acceptance was indicated. It was concluded 

that the extent of acetylide n* acceptance was small due to poor energy matching. In 

these electron-rich metal-metal centers, the extent of acetylide it* acceptance should be 

enhanced, as comparison of the energies of the highest occupied molecular orbital for (T]^-

C5H5)Ru(PMe3)2(C=CCMe3)4 versus Mo2(PMe3)4(CHCCMe3)4 reveals that the 

molybdenum dimer is destabilized by 0.58 eV, decreasing the energy gap between the 

filled metal-metal 5 orbital and the empty acetylide TC* orbital." 

The energy relationship between the chloride 3p7i/acetylide TI/TC* orbitals and the 

metal-metcil S/jc orbitals can be examined by comparing the ionization energies of the 
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chloride complex to those of the acetylide complexes. Since the metal-metal tc and 5 

orbitals are sensitive to both charge and overlap effects, the charge effects need to be 

taken into account separately in order to evaluate just the n overlap effects on the shifts of 

the ionizations. In the piano-stool acetylides, this is done by using the M3 orbital as the 

charge shift handle, since it has 8 symmetry with respect to the acetylides.^ In the case of 

the metal-metal systems, the ionization that best meets the prerequisites as a charge shift 

handle is the metal-phosphorus a e ionization because this ionization is only weakly 

bonding with the metal. Using the anti-symmetric phosphine o e orbitals as a charge shift 

handle, one can directly compare the acetylide Tt/chloride lone pair and metal-metal 5 and 

7C ionizations to evaluate the n interaction, with the ionizations and charge shift reported 

in Table 22 and a charge shift corrected correlation diagram shown in Figure 55. The 

charge shift correction for the trimethylsilylacetylide dimer is 0.63 eV, while the charge 

shift correction for the "butylacetylide dimer is 0.92 eV. Although the magnitude of the 

charge shift corrections for both acetylides are different, the resulting metal-based 

ionizations for both acetylides are within 0.11 eV of each other, indicating that the same 

overlap effects are obtained after taking account of the different charge effects. 

After charge shift correction, the acetylide jz ionizations for both the 

trimethylsilylacetylide and "butylacetylide dimers are signiHcantly less stable (0.91 and 

0.80 eV respectively) when compared to the chloride lone pair ionizations. Using the 

charge shift correction for the piano-stool acetylide/chloride complexes, the acetylide % 

ionizations are also less stable with respect to the chloride lone pair ionizations by 0.70 
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Figure 55: Charge shift corrected correlation diagram of Mo2(PMe3)4Cl4, 
Mo2(PMe3)4(CsCSiMe3)4 and Mo2(PMe3)4(CsCCMe3)4 showing the it 
overlap effects on the metal-metal 8 and TC and acetylide TC ionizations. 
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eV.^' The greater destabilization observed in the metal-metal dimer systems indicates 

that either the filled/filled interaction between the metal-metal Ji/S orbitals and the 

acetylide ir orbitals is not as strong as in the piano-stool acetylides, or there is some ic* 

acceptance by the acetylide increasing the electron densi^ at the acetylide and 

destabilizing the orbital. Analysis of the metal-metal it orbitals for the chloride and 

acetylide complexes reveals that the metal-metal n orbitals of the acetylide complexes are 

destabilized compared to the chloride complex by 0.10 eV, which is consistent with the 

piano-stool acetylide complexes in Chapter 3 and 4. This demonstrates the superior 

fllled/niled interaction between the metal-metal Ti/acetylide n orbitals of the acetylide 

complexes over the chloride complex. The destabilization of the metal-metal TC orbitals in 

the acetylide complexes relative to the parent chloride complex suggests the 

destabilization of the acetylide TC orbitals is not a result of a weaker Hlled/filled 

interaction. By process of elimination, this suggests that the extra charge on the acetylide 

7t orbitals is a result of metal-to-acetylide it* backbonding. Comparison of the metal-

metal 5 ionizations reveals that the acetylide complexes show a stabilization compared to 

the chloride complex by 0.10 eV. The opposite trend that is observed for the metal-metal 

5 and TC ionizations indicates that they are experiencing di^erent relative bonding 

interactions with the acetylide, even though they have a similar symmetry overlap. The 

difference between the two can be attributed to the energy matching between the metal-

metal orbitals (5,rc) and the acetylide orbitals (ic, it*). The better energy match of the 

metal-metal 5 orbital with the acetylide it* is revealed in the charge shift corrected 
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stabilization of the orbital with respect to the chloride complex. This indicates that for 

the metal-metal 5 orbitals, the stronger niled/filled interaction of the acetylide in 

comparison to the chloride is more than compensated for by the of the acetylide. 

MoiPA 

Origin X = (C=CSIME04 II Q
 

X = {CSCCME04 

5 6.52 6.42 6.52 

ir,o 7.59 7.68 151 

P o e  8JS 8.38 8.38 

CI 3p«/C=C« 9.11 10.02 9.22 

Charge Shift 0.63 0.0 0.92 

MOJP4X, = Mo,(PMe3)4X, 

Table 22: Charge shift correction ionization energies (eV) for Mo2(PMe3)4Cl4, 
Mo2(PMe3)4(C=CSiMe3)4, and Mo2(PMe3)4(CsCCMe3)4. 

Conclusions 

The metal-metal complexes examined by photoelectron spectroscopy reveal 

multiple bonding interactions, which are strongly influenced by the symmetry and energy 

matching between the fragment molecular orbitals that comprise the total bonding 

picture. Using the anti-symmetric combination of the trans phosphine lone pairs as a 

charge shift handle, the metal-metal S orbital of the acetylide complexes is stabilized 

relative to the chloride complex indicating significant acetylide ic* acceptance, which is 

consistent with an interpretation of IR data." The metal-metal TC orbital of the acetylide 

complexes indicates a destabilization relative to the chloride complex, which is consistent 

with the relatively stronger metal djt/acetylide TC filled/filled interaction observed in the 

piano-stool acetylides when compared to the chloride complex.®®" The acetylide % 
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orbitals show significant destabilization, which combined with the relative stabilization 

of the metal-metal 5 orbital is consistent with metal-acetylide n* acceptance. 



170 

Chapter 7 

Conclusions 

Gas phase photoelectron spectroscopy has been used to determine the bonding 

interactions of a variety of electron rich and electron poor acetylides with a variety of 

metal centers. The accumulated data indicates that a mixed bonding environment exists, 

with contributions from the filled/filled interaction from the metal-dii/acetylide-jc orbitals 

and the metal d:R back donating into the acetylide TI* acceptor orbitals. However, the 

filled/filled interaction dominates the it symmetry bonding, unlike the isoelectronic 

cyanide and carbonyl ligands. Altering the bonding properties of the metal acetylides can 

be accomplished in two ways. The metal center can be made more electron rich, thus 

decreasing the energy gap between the metal orbitals and the acetylide it* orbitals, or the 

acetylide orbitals can be stabilized, as shown in Figure 56. 

In this dissertation, the complexes approach the limits of electron richness at the 

metal center. Overall, the filled/filled interaction between the metal d-Tc/acetylide-Tc 

orbitals dominates the bonding picture. However, with the molybdenum-molybdenum 

dimer system, a crossover point appears, where the contribution from acetylide it* 

acceptance appears to be stronger than the filled/filled interaction. This is evident in the 

charge shift corrected comparison of the molybdenum dimer complexes in Chapter 6, 

with the It orbitals of the acetylide stabilized with respect to the chloride complex, while 

the 5 orbitals of the acetylide stabilized relative to the chloride complex. The 
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Figure 56: Energy level diagram illustrating how to tune acetylide complexes to get 
desired it symmetry properties. Solid lines indicate stronger bonding 
interactions, dashed lines indicate weaker bonding interactions. 
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molybdenum dimer complexes enables the crossover point to be bracketed between the 

metal-metal it ionization and the metal-metal 8 ionization, as shown in Figure 57. 

As mentioned earlier, another way to enhance the it* activity of the acetylides is to 

stabilize the acetylide orbitals. This was attempted with the addition of the p-nitrophenyl 

substituents. However, as seen in Chapters 4 and 5, the nitro group has a powerful 

electron withdrawing effect but only a weak it symmetry effect which is observable in 

nitrobenzene and other simple molecules. Addition of the nitro group did stabilize the 

acetylide orbitals, but it also stabilized the metal orbitals as well, resulting in little change 

to the pseudo-halide namre of the metal-acetylide bonding interactions. 

A gas phase description of the bonding of nitrobenzene is made in Chapter 5. 

These results indicate that in the gas phase, the nitro group has a strong o electron 

withdrawing effect, but a net weak 7t donor effect. Theoretical calculations suggest that 

the strong induced polarization by the nitro group is responsible for this. Upon 

interaction with another molecule in solution or the solid state, stabilization of the charge 

build-up at the oxygens can occur, thus stabilizing the nitro it* orbital. This enables the 

nitro 7c* orbital to be energetically accessible to the phenyl b, orbital, switching the nitro 

from being a weak it donor to a it* acceptor. 

This work suggests that acetylides possess a unique capability to act as net it 

donors, or to have a significant it* acceptor component. These properties of the acetylide 

can be tailored through the rational selection of the proper metal and ligand set. The 

bridging acetylide dimer in Chapter 3 enables quantification of the acetylide it and 7t* 



173 

> 
Q-) 

7 

MM 6 • Mo2(PMe3)4(CsC*Bu)4 

MM 6 • Mo2(PMe3)4(C=CSiMe3)4 

MIH CpRu(PMe3)2CsC-C6H5 

M iB CpRu(PMe3)2CHC-4-C6H4-N02 

MM n A Mo2(PMe3)4(C=CBu)4 

MM 7C A Mo2(PMe3)4(C=CSiMe3)4 

8 
Ml A CpRu(C0)2CsC-4-CgH4-N02 

Figure 57: Ionization energy chart bracketing the crossover point, where the 
filled/filled interaction is equalized by the acetylide n* acceptor 
interaction. Squares indicate measured TC* acceptance. Wedges indicate 
halide identical n character. Triangles indicate stronger acetylide 
filled/filled it interactions. The area boxed in is the crossover energy 
region. 
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bonding contributions to the acetylide bonding picture. It also demonstrates the utility 

that acetylides possess, especially in their ability to act as molecular wires. 

Future Directions 

As mentioned earlier, acetylide n interactions can be modified by destabilizing the 

metal orbitals, stabilizing the acetylide orbitals, or both. The research in this dissertation 

explores the effects of destabilizing the metal orbitals. Stabilizing the acetylide through 

the 7C framework would be an ideal way to accomplish this, as the addition of the nitro 

group stabilized the acetylide orbitals but also stabilized the metal orbitals. Substituent 

candidates would be SiClj and the related CF3. Previously published smdies on 

CpFe(CO)2SiCl3 have demonstrated that it is a net it* acceptor ligand, and should be able 

to stabilize the acetylide n synmietry orbitals.'^ The same properties should hold for the 

trifluoromethyl substituent. 

In Chapter 3, the unique symmetry in [CpRu(CO)2]2(n-C=C) enabled a 

quantification of the acetylide iz and iz*. Replacing the ancillary carbonyl ligands with 

trimethylphosphines would provide an ideal framework to quantify the changes in the ic 

and 7t* contributions to the total bonding picture. Also interesting would be a split dimer 

system, with ancillary carbonyls on one metal center, and ancillary phosphines on the 

other. The "bridging" capability of the acetylide would be tested, as one metal center is 

relatively electron rich (ancillary ligand is phosphine) while the other is relatively poor 

(ancillary ligand is carbonyl). 

Finally, the gas phase XPS data used in this study was collected as much as 20 
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years ago, and needs to be measured with modem instrumentation. Newer methods with 

improved resolution, sensitivity, and internal calibration insure accurate and precise 

measurements. This is critical in getting a better handle on the effects of nitro 

substimtion in other compounds. Quantification of charge effects by XPS would enable 

the precise determination of the 7t symmetry overlap in asymmetric acetylides. 
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Appendix A 
The Electronic Structure of Chlorides/Acetylides Bound in Dirhenium 
Triple Bond Complexes: Re2(PMe3)4(Cl)4 and Re2(PMe3)4(CHCSiMe3)4 

Introduction 

Previous photoelectron spectroscopy studies on molybdenum-molybdenum 

quadruple bonded acetylides showed significant metal-dji/acetylide-7c* interactions.'^ It 

has been hypothesized that as the electron richness at the metal center is increased, the 

metal-djc/acetylide-7c* interactions are enhanced by reducing the energy gap between the 

filled metal and the empty acetylide n* orbitals.®* The energy gap between the filled 

metal orbitals and empty acetylide it* orbitals in metal-metal dimers can be decreased by 

populating the 6* orbital. Photochemical measurements on paramagnetic 

Mo2(PMe3)4(CHCSiMe3)4 species reveal that as the 5* orbital is populated, v(C=C) 

decreases, indicative of stronger metal-dTj/acetylide-re* interactions.'® The effects of 

populating the metal-metal 5* orbital are experimentally determined by measuring the 

ionization energies by gas phase photoelectron spectroscopy on Re2(PMe3)4X4 \X = CI, 

C^CSiMej], shown in Figure 58, are reported and are compared with the previously 

measured ionization energies of Mo2(PMe3)4X4 [X = CI, C^CSiMe,]. 

Experimental 

Preparation of Compounds 

All compounds were synthesized from commercially available starting materials. 
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P 

X 
M = Re 
P = PMe3 
X = CI, C=C-SiMe 

Figure 58: Orientation of the Complexes Re2(PMe3)4Cl4, Re2(PMe3)4(C=CSiMe3)4. 
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All syntheses were done in an O2/H2O scrubbed drybox or on a Schlenk line. Liquid 

reagents were measured using "gas-tight" syringes. All solvents used were dried and 

degassed using published methods.^ 

Re2(PMe3)4(CsCSiMe3)4 Using the analogous Mo2(PMe3)4(C=CSiMe3)4 as a model, the 

rhenium acetylide complex is synthesized in similar fashion.^ To a 100 mL Schlenk 

flask were added previously prepared dark blue/green Re,(PMe3)4Cl4 ( 0.080 g, 0.0977 

mmol)'® and 20.0 mL dimethoxyethane and placed in an ice bath. In a separate 50 mL 

Schlenk flask was added 30 mL freshly distilled ether and it was cooled to -70 °C. To the 

chilled flask was added 0.244 mL (0.391 mmol) of "Butyllithium and 0.055 mL (0.038 g, 

0.391 mmol) of trimethylsilylacetylene (HCsCSiMej). The solution was stirred for 20 

minutes, forming a pale yellow solution and warmed to 0°C. Upon addition of the 

formed LiCsCSiMcj by cannula, the solution darkened, and turned a deep red/brown 

color in approximately 30 seconds. The solution was kept in the ice bath for 

approximately 6 hours and then allowed to warm to room temperature. The solution was 

stirred for two additional days yielding a deep red/brown solution. The solution was 

evaporated to dryness yielding a deep red/brown flaky solid weighing approximately 38 

mg (product was spilt). Mass spectroscopy revealed a parent ion peak at 1066.7 m/z with 

a fragmentation pattern consistent with the loss of acetylide ligands, as shown in Figure 

59. The isotope distribution was consistent with the proposed formula. Attempts to form 

crystals proved unsuccessful as the product formed a flaky film. 
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Figure 59: Mass Spectrum of Re2(PMe3)4(CsCSiMe3)4. 
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Gas Phase Photoclectron Spectroscopy 

Photoelectron spectra were recorded using an instrument featuring a 36-cm 

hemispherical, 8 cm gap McPherson analyzer and custom-designed sample cells and 

detection and control electronics."'^'" ''" The excitation source is a quartz capillary lamp 

that produces both He I and He 11 radiation, depending on the operating conditions. 

Data were referenced internally to the argon ionization at 15.759 eV. The kinetic 

energy scale was calibrated by using the position of CHjI iodine lone-pair ionization at 

9.538 eV relative to the Ar ^Pj/j ionization. During collection, the instrument resolution 

(measured using fwhm of the Ar ^Pj/j peak) was always better than 0.030 eV. All data 

were intensity corrected according to the experimentally determined sensitivity of the 

instrument analyzer with electron kinetic energy. The sublimation temperatures of the 

compounds were monitored by a 'K' type thermocouple attached to the cell through a 

vacuum feedthrough. 

Samples were run from inside the instrument using an aluminum cell. Before data 

collection, the cell is thoroughly cleaned and coated with DAG'°* to reduce electron 

scattering and baked to approximately 150-180 °C. All samples were treated as Oj/HjO 

sensitive, and were loaded from a dry box into the cell and transported to the instrument 

inside a sealed bag under an atmosphere of nitrogen. Depending on volatility, liquid 

samples were run either inside the cell or from the outside. Color, phase (liquid/solid), 

and sublimation temperarnres of the compounds are listed in Table 23. 
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Compound Color Sublimation Temperature °C 

Re,(PMe3)4Cl4 Dark blue/green 128-133 

Re2(PMe3)4(C=CSiMe3)4 Blood red/brown 135-138 

Table 23: Color and sublimation temperature of the complexes under investigation. 

Data Reduction 

The experimental variance of each data point is represented by the vertical length 

of each point shown in the spectra. The valence ionization bands are represented by the 

best analytical fit of asymmetric Gaussian peaks using FTT, a custom software package 

which enables constraints and boundaries and reports the position, amplitude, and half 

widths of the high and low binding energy sides of each band.'"'-"'® '*" The number of 

peaks used in a fit was dependent on the band profile in the spectrum. Peak positions and 

shapes are generally reproducible to ± 0.02 eV and relative areas are reproducible to ± 

5%. Overlapping ionizations make the description of a single peak within that envelope 

less certain, because of the interdependence of parameters. In the collection of both 

complexes, significant baseline "noise" was present, requiring a baseline spectral 

subtraction to produce the resultant spectra. Spectral subtraction of the baseline was done 

as follows: the baseline spectrum was collected for each complex and fit like a standard 

spectrum. The resultant fit of the baseline spectrum was intensity matched to both the 

full and close-up spectra of both complexes. The percentage of subtraction needs to meet 

two criteria; the maximum amount of baseline needs to be subtracted, while at the same 

time avoiding divots. It was found that subtracting 70% of the fit of the baseline 
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produced the best results. Resultant spectra after baseline subtraction is shown for both 

complexes. 

Theoretical Calculations 

Theoretical calculations are used as a tool to aid in the interpretation of the 

bonding interactions as derived from the photoelectron spectrum. It should be stressed 

that calculations are only used to support the experimental assignment of the ionization 

energies. The Fenske-Hall method was used for molecular orbital calculations."® 

Molecular orbital isosurface plots were produced using MOPLOT2'°' in conjunction with 

VTK."° All calculations were run on an IBM R/S 6000 590 computer. All molecular 

orbital isosurface plots were made on a personal computer. 

Orbital Symmetries and General Assignment of Ionizations 

The He I full spectra (4.5 to 15.5 eV) of Re2(PMe3)4X4 pC = CI, CsCSiMej] after 

baseline subtraction are shown in Figure 60. Close-up He I spectra (4.5 to 11.5 eV) of 

Re2(PMe3)4X4 [X = CI, C^CSiMcj] after baseline subtraction are shown in Figure 61. 

The ionization energies for the close-up region are reported in Table 24. 

The rhenium dimer systems in Re2(PMe3)4X4 [X = CI, C^CSiMe,] have local 

symmetry. For purposes of this discussion, the rhenium atoms are aligned on opposite 

sides of the origin along the Z axis with the phosphine and X ligands trans to each other 

as shown in Figure 58. Using this orientation, the d^, d„, dy^, and d,y metal orbitals of the 

formal d^ Re(n) atoms combine to form the electron rich metal-metal triple bond. 

Specifically, the d^, orbitals combine to form the metal-metal a bond. This is followed by 
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Figure 60: He I full photoelectron spectra (5,0 - 16.0 eV) of Re2(PMe3)4X4 [X = CI, 
CsCSiMej] after baseline subtraction. 
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Figure 61: He I close-up photoelectron spectra (4.5 - 11.5 eV) of Re2(PMe3)4X4 [X = 
CI, CsCSiMcjl after baseline subtraction. 
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Compound' peak(eV) 
half widths teladve area 

• label oriittal origin Compound' peak(eV) 
high low He I 

• label oriittal origin 

5.64 0.43 0.36 1.00 «• Mj 
X = 6.49 0.45 037 0.91 5 M, 
CI 7.86 0.71 0.45 2.68 It M, 

8.50 0.52 0J2 3.91 P«e M-Pffe 
8.91 0.57 037 1.80 (T M, 
9.52 0.58 0J9 1.72 - -

10.04 0.76 0.43 10.57 a CI 3p7r 

ReiP4X4 5.46 0.37 024 1.00 «• M, 
X = 6.16 0.38 026 0.82 5 M, 

C=CSiMe, 7.12 0.36 OJO 0.97 It M, 
7.34 0.12 0.13 032 - -

7.46 0.30 0.11 0.50 ft 
7.87 0.41 0.35 2.97 Pffe M-P<je 

8.21 0.33 0.33 1.43 - -

8.68 0.95 0.40 8.92 C=C CnCrt 

9.29 0.46 0.42 2.53 - -

10.12 0.92 0.79 18.85 - -

10.95 1.43 0.82 24.30 - -

'Re^P^X, = Re,(PMe3)4X4 

Table 24: Valence ionization energies and fit parameters for He I spectra of 
Re2(PMe3)4Cl4 and Re2(PMe3)4(CsCSiMe3)4. 

the degenerate metal-metal and Tty bonds formed by the appropriate combination of the 

dj^ and dy^ orbitals respectively. The metal-metal 6 bond is formed by the combination of 

the d,y orbitals. The metal-metal 5* bond is formed by the antibonding combination of 

the d,y orbitals. The orbital make-up of the rhenium-rhenium triple bond is shown in 

Figure 62. It should be pointed out that the d^^ya orbitals are primarily involved in a 

bonding with the ligands and do not participate in the formation of the metal-metal 5 
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Rhenium-Rhenium Triple Bond 

a 
Figure 62: The orbital make up of the electron rich rhenium-rhenium triple bond at the 

±0.03 isosurface level 
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bond. Symmetry orbital interactions of the metal-metal bonds and acetylide ligands are 

shown in Figure 63. 

The bonding interactions between the metal-metal bonds, the phosphines, and the 

X groups are complex, due to the multiple symmetry allowed interactions. Crystal 

structure data is not present for the acetylide complex, but one can use the analogous 

molybdenum acetylide as a template for describing the bonding interactions. In the 

molybdenum structure, the Mo-Mo-X and Mo-Mo-P bond angles are 110.3° and 103.1" 

respectively. It is significant to note that the bond angles are not 90° which introduced 

subtleties into the bonding picture. Specifically, this allows all of the metal-metal orbitals 

constituting the electron rich triple bond to have TC symmetry with the X groups. 

However, the metal-metal 5, and 5* orbitals dominate the it symmetry interactions 

with the X group. 

Due to the high symmetry of these molecules, symmetry labels from the point 

group are insufficient to distinguish the different orbital interactions, requiring a more 

descriptive labeling system. The primary symmetry orbital interactions of the 

trimethylphosphine and the X ligands with the metal-metal core are listed in Table 25. 

The labeling system from Chapter 6 is used to describe the orbital interactions of the 

rhenium-rhenium triple bond with the trimethylphosphine and the X groups [X = CI, 

CsCSiMe,]. In this system, an arbitrary but consistent assignment of the metal orbitals is 

made with the metals aligned such that Z axes of each metal are pointed at each other 

with the positive phases of the orbitals aligned along the positive axes. To describe the 
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Figure 63: The bonding properties of the acetylides with the metal-metal bonds at the 
±0.03 isosmfece level 
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bonding interaction, the parent ligand atom is listed, followed by the symmetry of the 

bond connected to the metal. The correct symmetry overlap of the primary metal orbitals 

is included in this term, yielding a labeling system as follows: Xjc (d^A + d,y3)- This 

label corresponds to the interaction of the X group [X = CI, CsCSiMcj] with the metal-

metal 5 bond. 

The four symmetry combinations of the phosphine lone pair interactions with the 

metal orbitals are accurately described using this labeling system. The Oj symmetric 

combination of the phosphine lone pairs is stabilized by the interaction with the anti-

bonding combination of the Re-Re d^^,. orbitals, labeled Pa(d,ty.,A + dji.,j3)- The e anti-

synmietric trans combination of the phosphine lone pairs weakly interacts with the p^ and 

Py orbitals on the rhenium atoms, and is labeled {PaCp^A - Py3) and Po(pjtA + Py3)}-

The bi sjonmetric combination of the phosphine lone pairs interacts with the bonding 

combination of the rhenium d,i.y, orbitals to form the primary M-P a bond, and is labeled 

Pa(d ,̂.y„A + d^̂ y„B). 

A total of eight symmetry combinations of the X group TC orbitals with the 

rhenium metal atoms are also present, five of which are filled/filled. The Re-Re a bond 

has a weak filled/filled interaction with the a, symmetric X TC orbitals on both metals, and 

is labeled X7c(d^,A + d^3). The degenerate metal-metal % orbitals have a Hlled/filled 

interaction with the e anti-symmetric X TC orbitals, which is labeled {X7c(d„,A + dyj3), 

X7i(d„,A - dyj,B)}. The filled/filled interaction of the bz anti-symmetric X TC orbitals with 

the metal-metal 5 bond is described as XTc(d^y,A + d^B). The final filled/filled 
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Du Ligand Metal Orbital Syimnetiy Label Interaction Label 

Re,(PMe3)«X« 

X = 

CI, C^CSiMcj 

PMe3 + d^yi3) 

PMej p/py e Po(p,,A-p^)/Po(p^ + Py3) 

Rei(PMe3)4X4 

X = 

CI, CHCSIMcj 

X 5* Xjt(d^-d^B) 

X 5 6, Xn(<i^ + d^) 

^ ^ X;r(d^ - dy^,B) 

X a a, Xjr(d^A + dj.,B) 

X p/py e Xjr(p,A-p,3)/Xn(p,A + Py,B) 

X a* b. Xn(d^A-cl^3) 

Table 25: Metal-Ligand symmetry interactions with its symmetry labels and 
hiteraction symmetry labels-

interaction is between the metal-metal 5* orbital and the Cj anti-symmetric combination 

of the X 7C orbitals and is labeled X;t(djy,A - d^y,B). The e symmetric X tc orbitals donate 

primarily into one of the empty p^ and Py orbitals on each metal, also has a small 

filled/filled interaction with the Re d,,^ and d^^ orbitals as well, and is labeled {X7c(pj,A + 

Py,B), X7t(Pj,A - Py3)}- Close inspection of the label for this interaction reveals that the 

metal orbital combination for the e symmetric X TC orbitals is the same as for the 

previously mentioned e anti-symmetric phosphine a orbitals. The final symmetry 

combination is the b2 symmetric X TC orbital which can donate into the metal-metal A* 

orbital and is labeled {XreCp^,- Pj,B), X;i(dj„A - dj,,B)}. The filled/filled interactions 
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between the X ic and the Re d orbitais are easily distinguished in the spectra and are 

critical in determining the bonding interactions between the X group and the metals. The 

D2J symmetry labels and their relationship to the derived labeling scheme are reported in 

Table 25. 

Re2(PMe3)4Cl4 Ionizations. The close-up (4.5 to 11.5 eV) He I spectra before and after 

spectral subtraction of Re2(PMe3)4Cl4 is shown in Figure 64. The spectrum in the lower 

valence region reveals three distinct ionizations and a cluster of overlapping ionizations. 

These ionizations are assigned using peak area, shape, ionization energy, and comparison 

to previously characterized analogous complexes.'" The first band at 5.64 eV is assigned 

to the rhenium-rhenium 5* bond. This is followed by an ionization at 6.49 eV, which 

originates from the rhenium-rhenium 5 bond. A cluster of overlapping ionizations follow 

this ionization from 7-9 eV. A qualified assignment for the cluster is as follows: the first 

band in this cluster is assigned to the degenerate metal-metal n^TCy ionizations at 7.86 eV. 

This is followed by an intense band at 8.50 eV attributable to the weak interaction of the e 

anti-symmetric interaction of the phosphorus lone pairs with the rhenium p^/py orbitais. 

The last band in this cluster at 8.91 eV is assigned to the metal-metal a bond. The last 

distinct ionization at 10.95 eV is assigned to the CI 3p k orbitais. It should be pointed out 

that the assignment of the cluster to the metal-metal lUa orbitais and the phosphine groups 

is tentative due to overlapping bands coupled with the high baseline. 

Re2(PMe3)4(CHCSiMe3)4 Ionizations. The close-up He I spectra (4.5 to 11.5 eV) of 

Re2(PMe3)4(C=CSiMe3)4 before and after spectral subtraction is shown in Figure 65. 
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Figure 64: He I close up photoelectron spectra (5.0 - 11.0 eV) of the parent complex 
Re2(PMe3)4Cl4 before and after baseline subtraction. 
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ProHle comparison with the parent chloride complex shows some similarities in the first 

two ionization bands, but the similarities in the profiles diverge significantly afterwards. 

The first ionization at 5.46 eV is assigned to the rhenium-rhenium 5* orbital. This is 

followed by an ionization at 6.16 eV which is assigned to the rhenium-rhenium 5 orbital. 

A cluster of ionizations from approximately 7 to 9.5 eV consisting of ionizations from the 

metal-metal n, a, phosphine a e, and acetylide TE orbitals. The first aggregation of 

ionizations from 7.12 to 7.46 eV are assigned to the metal-metal n and o ionizations. Due 

to the broadness of the band, distinguishing the two is near impossible. These are 

followed by a broad band of ionizations from 7.87 to 8.21 eV consisting of the 

interactions of the anti-symmetric e combination of the phosphine p/py orbitals with the 

metal pjpy orbitals. Last, ionizations from the acetylide njity are from 8.68 to 9.29 eV. 

Comparison with the molybdenum acetylide complexes reveals that profile of the metal-

metal Ti, a, phosphine, and acetylide k orbitals are significantly disparate. 

Discussion 

Previous studies on piano stool acetylides revealed that the acetylide acts as a 

pseudo-halide, with the filled/filled interaction between the metal-dji/acetylide TC 

dominating the bonding picture."^ It was concluded that the poor energy match of the 

metal-dn/acetylide-7t* orbital was responsible for the pseudo-halide character of the 

acetylides. In Chapter 6, the electron richness of the metal-dTC orbitals is enhanced 

improving the energy match between the metal d orbitals and the acetylide pi* orbitals. 

The improved energy match results in a significant contribution from the acetylide it* 
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Figure 65: He I close up photoeiectron spectra (5.0 - 10.0 eV) of 
Re2(PMe3)4(C=CSiMe3)4 before and after baseline subtraction. 
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orbital to the bonding picture. This is observed in the decrease in the ionization energy 

splitting between the metal-metal 5 and tUg orbitals upon substituting an acetylide for the 

parent chloride ligand. Even more substantial is the energy comparisons of the orbitals 

after charge shift correction, with the metal-metal 5 orbitals stabilized upon substitution 

of acetylide for the parent chloride ligand. 

A similar analysis of the rhenium-rhenium 5*, 5, and tUc orbitals in the chloride 

and acetylide complex revealed a similar bonding picture observed in the analogous 

molybdenum acetylides. Populating the metal-metal 5* orbital improves the energy 

match between the metal d orbitals and the acetylide JC* orbitals. As seen in the 

molybdenum dimer acetylides, the splitting between the metal-metal 5 and 7i/a orbitals 

decreased by 0.19 eV as the X group was changed from CI to C^CSiMe,. Similar 

analysis of the splitting of the metal-metal 5 and n/o orbitals in the rhenium complexes 

shows a decrease of 0.41 eV as the X group is changed from CI to CsCSiMej. Inspection 

of the splitting between the rhenium-rhenium 5* and 5 orbitals as the X group is changed 

from CI to C^CSiMej shows a decrease in the splitting of 0.15 eV. 

A more insightful analysis is to look at an ionization correlation diagram after 

removing charge shift effects. This was done in Chapter 6 for the molybdenum 

complexes using the anti-symmetric combination of the trans phosphine lone pairs as a 

charge shift handle, and revealed that the metal-metal 5 ionization ft'om the acetylide 

complexes was stabilized with respect to the chloride complex, while the metal-metal TI/CT 

ionizations were stabilized with respect to the chloride complex. This showed a direct 
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relationship between the energy of the metal orbitals and the extent of interaction with the 

acetylide tUh* orbitals. Application of this analysis to the rhenium-rhenium dimer 

complexes is shown in Figure 66, again using the anti-symmetric combination of the 

trans phosphine lone pairs as a charge shift handle. The charge shift and the "corrected" 

ionization energies are reported in Table 26. The trends seen in the ionization energies of 

the molybdenum complexes are mirrored in the rhenium complexes. After charge 

correction, the rhenium-±enium 5*, and 5 orbitals are stabilized by 0.63 eV and 0.30 eV 

respectively, while the rhenium-rhenium % and acetylide n orbitals are destabilized by 

0.II eVand 1.54eVrespectively. 

The shift of the acetylide n orbital to lower ionization energy relative to the CI 3p 

7c orbital is consistent with more electron density at the acetylide. This is due to either a 

weaker filled/filled interaction of the acetylide n orbitals with the metal orbitals, or 

significant acetylide it* interactions with the metal orbitals. The metal-metal TC ionization 

from the acetylide complex is destabilized relative to the parent chloride complex, which 

is consistent with the strong filled/filled interaction observed in the piano stool complexes 

in Chapter 3 and 4. This suggests that the signiticant destabilization of the acetylide 7t 

orbital is not due to a weaker filled/filled interaction between the metal-metal-d;c and 

acetylide-7c orbitals. The stabilization of the acetylide liienium-rhenium 5* and § orbitals 

relative to the chloride complex suggests a different interaction. Based on energy 

matching arguments, difference in the shifts of the metal-metal it and the metal-metal 

5/5* orbitals can be attributed to an interaction with the acetylide TC* orbitals. Lispection 
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Figure 66: Charge shift corrected correlation diagram of Re2(PMe3)4X4 [X = CI, 
CsCSiMcj] showing the TC overlap effects on the metal-metal 5*, 6, TC, and 
acetylide TC ionizations. 



198 

of the magnitude of the stabilization shows an increase of 0.30 eV from the 8 orbital to 

0.45 eV for the 5* orbital. This corroborates the Endings in Chapter 6, that the stronger 

filled/filled interaction of the acetylide jc orbitals with the metal-metal-djc orbitals relative 

to the parent chloride 3p7c orbitals is more than compensated for by the interaction with 

the acetylide orbital. 

Re^PA 

Origin X = (C2CSiMe,)4 X
 II n
 

S* 6.09 5.64 

5 6.79 6.49 

It 7.75 7.86 

P a e  8.50 8J 

CI 3pn/C2C» 10.04 11J8 

Charge Shift 0.63 0.0 

Re,P,X4 = Re2(PMe3)4X4 

Table 26: Charge shift correction ionization energies (eV) for Re2(PMe3)4Cl4 and 
Re2(PMe3)4(C=CSiMe3)4. 

Conclusions 

This photoelectron spectroscopy study of the rhenium-rhenium complexes 

suggests that energy matching between the metal-metal-djc orbitals and the acetylide n/rc* 

orbitals is the major factor in determining the symmetry bonding interactions. The 

decrease in the splitting of the metal orbitals coupled with the charge shift corrected data 

suggests an energetic crossover point exists, which defines the dominant bonding 

interaction of the acetylide it/it* orbitals with the metal center. Examination of the charge 
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shift corrected data complements the findings of the previously published photochemical 

smdies on analogous molybdenum-molybdenum acetylide complexes.'^ This study 

suggests that the acetylide bonding interactions can be rationally "tuned" by shifting the 

electron richness of the metal center to meet desired bonding interactions. 
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Appendix B 

Molecular orbital pictures used in this dissertation were created using The 

Visualization Toolkit on a PC.'" The majority of the plots were made from Fenske-Hall 

calculations."'* The box of points which is used to generate the pictures was created 

using the MOPLOT2 suite of programs."^ 

The Visualization Toolkit is a general purpose visual data analysis tool developed 

at General Electric. It has data analysis tools which are optimized to process volume data 

sets, making it ideal for visualizing molecular orbitals. At the time of this dissertation, 

VTK can be acquired at the following web site: www.kitware.com. The source code 

(C-H-) as well as platform specific compiled code are available for free. Some 

distributions of VTK include patented algorithms, which have been used in the creation 

of the picmres in this dissertation. Please follow the use restrictions which apply for the 

patented algorithms, which can be found on the web page www.kitware.com. The scripts 

used to create the pictures in this dissertation were created using the patented algorithms. 

The data manipulation part of VTK works on a "box" of points, which is 

generated from MOPLOT2. The binary data file from M0PL0T2 (*.m##) needs to be 

reformatted in order to be read properly by VTK. A simple program written in ANSI C is 

listed below to do this, which creates an ASCII file. In order for it to work, the binary file 

(*.m##) and the •.mpi file are necessary. MOPLOT2 is written in Fortran, and generates 

records upon binary output. ANSI C does reads in a stream of characters, and so requires 

a "header" and a "footer" for reading a binary file created by a Fortran program. The size 

http://www.kitware.com
http://www.kitware.com
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of the "header" and "footer" can change with the bit character of computer (32/64 bit). 

Also important is the "endian" nature of the computer. Hie conversion should be done on 

machines with the same "endian" character to prevent number scrambling. 

The ANSI C source code used to do the file conversion is listed below. Variable 

descriptions are included in the source code and should be self explanatory. Upon 

program execution, the user will be prompted for the input file (*.m##), the *.mpi file, a 

name for the output file, and a descriptive comment. Users should be warned that this 

does create ASCII files, which can be quite large (1+ MB). A complete description of the 

Strucmred Points data format can be found in the VTK book.'" 
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/* This program will convert data from MOPLOT into a format which can be used by */ 
/* Visualization Toolkit. The format is described in the Visualization Toolkit */ 
/* Book by Will Schroeder, Ken Martin, and Bill Lorensen on pp. 416-423.'" More 
*! 

I* information can be found at the VTK website, which is: •/ 
/* http://www.kitware.com */ 
/* This program was written by Andrew Uplinger on 26 March, 1997 */ 

#include <stdio.h> 
#include <stdlib.h> 

void clear_kb(void); 

/* The variable unitin is the binary file containing the density data (*.mO*) •/ 
/* The variable unitout is the output file to be read into VTK */ 
/• The variable unitmpi is the •.mpi file containing the corrected box vertices */ 
/* The corrected box vertices are needed so that the density data matches up with */ 
/* the coordinates used in the calculation. VTK reads in PDB files which */ 
/* contain the atomic coordinates. The •.mpi file will allow the density data */ 
/• to overlap with the PDB file. */ 

char unitin[30], unitout[30], unitmpi[30], vtkheader[30]; 
char foo, goo; 

/* The variable N1 defines the number of increments along "X" of the density box */ 
/* The variable N2 defines the number of increments along" Y" of the density box */ 
/* The variable N3 defines the number of increments along "Z" of the density box */ 
/* The variables Nl, N2, and N3 are read in from the •.mpi file */ 

/* The variable Nl 1 defines the number of increments along "X" of the density box */ 
/* The variable N22 defines the number of increments along " Y" of the density box */ 
/* The variable N33 defines the number of increments along "Z" of the density box */ 
/* The variables Nil, N22, and N33 are read in from the •.mO* file */ 
/* Comparison of Nl with Nil reveals that they differ by one: Nl = (Nll-l) */ 
/* The same holds true of N2 and N22, and N3 and N33 •/ 

/* The number of increments along each axis is necesary for VTK •/ 

int Nl, N2, N3, Nl 1, N22, N33; 
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/» The variables i, j, k, and ii are counters. They are used in loops that read */ 
/• in data as well as write it out •/ 

int i,j, k,ii; 

/* The variable xxleng defines the length of the increments of the box along "X" */ 
/• The variable yyleng defines the length of the increments of the box along "Y" */ 
/* The variable zzleng defines the length of the increments of the box along "Z" */ 
/• These variables are read in from the •.mO* file •/ 

float xxleng, yyleng, zzleng; 

/* The variable XO defines the X coordinate of the origin of the density box •/ 
/* The variable YO defines the Y coordinate of the origin of the density box •/ 
/* The variable ZO defines the Z coordinate of the origin of the density box */ 
/* These variables are read in from the *.mpi file •/ 

float XO,YO,ZO; 

/* The variable XXend defines the X coordinate of the "X" end of the density box */ 
/• The variable YXend defines the Y coordinate of the "X" end of the density box •/ 
/* The variable ZXend defines the Z coordinate of the "X" end of the density box */ 
/• These variables are read in from the *.mpi file */ 

float XXend, YXend, ZXend; 

/* The variable XYend defines the X coordinate of the "Y" end of the density box •/ 
/* The variable YYend defines the Y coordinate of the "Y" end of the density box *l 
/• The variable ZYend defines the Z coordinate of the "Y" end of the density box */ 
/* These variables are read in from the *.mO* file */ 

float XYend, YYend, ZYend; 

/• The variable XZend defines the X coordinate of the "Z" end of the density box •/ 
/* The variable YZend defines the Y coordinate of the "Z" end of the density box •/ 
/* The variable ZZend defines the Z coordinate of the "Z" end of the density box */ 
/* These variables are read in from the *.mpi file */ 

float XZend, YZend, ZZend; 

/* The variable Xincrement is calculated from XO, XXend, and N1 



*/ 

/* The variable Yincrement is calculated from YO, YYend, and N2 
*/ 

/* The variable Zincrement is calculated from ZO, ZZend, and N3 

float Xincrement, Yincrement, Zincrement; 

/* The variable Xvalue is the x coordinate which is mapped to the density value 
/* The variable Yvalue is the y coordinate which is mapped to the density value 
/* The variable Zvalue is the z coordinate which is mapped to the density value 

float Xvalue, Yvalue, Zvalue; 

/* The array Dens contains the density values read in from the •.mO* file */ 

float Dens[IOOO]; 

mainQ 
{ 

FILE *inp; 
FH-E *vtk; 
FILE *mpi; 

printf("\nPlease enter the data file name (*.mO*) (30 characters max)\n"); 
gets(unitin); 

printf("\nPlease enter the output file name (30 characters max)\n"); 
gets(unitout); 

printf("\nPlease enter the *.mpi file name (30 characters max)\n"); 
gets(unitmpi); 

if  ( ( inp = fopen(unit in,  "rb"))  =  NULL) 
{ 

fprintf(stderr, "Error opening file %s.", unitin); 
exit(I); 

} 

rewind(inp); 

if ( (vtk = fopen(unitout, "w")) = NULL) 
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{ 

^rintf(stderr, "Error opening file %s.", unitout); 
exit(l); 

} 

rewind(vtk); 

if ((mpi = fopen(unitmpi, "r")) = NULL) 
{ 

fprintf(stderr, "Error opening file %s.", unitmpi); 
exit(l); 

} 

rewind(nipi); 

printf("\nPIease enter the header for the vtk output file (30 characters max)\n"); 
gets(vtkheader); 

fscanf (mpi, "%i %i %i", &N1, &N2, «sasr3); 

fscanf (mpi, "%f %f %f', «&:XO, &Y0, &Z0); 

fscanf (mpi, "%f %f %f', &XXend, &YXend, &ZXend); 

fscanf (mpi, "%f %f %f', «&XYend, &YYend, &ZYend); 

fscanf (mpi. "%f %f %f, &XZend, &YZend, «feZZend); 

if (fread (&foo, 4, 1, inp) != I) 
{ 

fprintf(stderr, "Error using fseek()."); 
exit(l); 

1 

if (fread (&N11, sizeof(int), 1, inp) != D 
{ 

fprintf(stderr, "Error using fseek()."); 
exit(l); 

} 
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if ( fread (&N22, sizeof(int), 1, inp) 1= I) 

fprintf(stderr, "Error using fseekQ."); 
exit(l); 

if (fread («feN33, sizeof(int), 1, inp) != I) 

fprintf(stderr, "Error using fseekQ."); 
exit(l); 

if (fread (&goo, 4, 1, inp) != I) 

fprintf(stderr, "Error using fseekQ."); 
exit(l); 

if (fread (&foo, 4, 1, inp) 1= 1) 

fprintf(stderr, "Error using fseekQ."); 
exit(l); 

if ( fread (&xxleng, sizeof(float), I, inp) != 1) 

fjprintfCstderr, "Error reading file."); 
exit(l); 

if (fread (&yyleng, sizeof(float), 1, inp) != 1) 

fprintf(stderr, "Error reading file."); 
exit(l); 

if ( fread (&zzleng, sizeof(float), 1, inp) != 1) 

fprintf(stderr, "Eaor reading file."); 
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exit(I); 
} 

if ( fread (&goo, 4, 1, inp) != 1) 
{ 

fprintf(stderr, "Error using fseekQ-"); 
exit(l); 

} 

Xincrement = (XO-XXend)/NI; 
Yincrement = (Y0-YYend)/N2; 
Zincrement = (Z0-ZZend)/N3; 

fprintf(vtk, "# vtk DataFile Version 1.3"); 

fjprintfCvtk, "\n%s", vtkheader); 

fjprintfCvtk, "\nASCn"); 

fjprintfCvtk, "\nDATASET STRUCTURED_POINTS"); 

fprintfCvtk, "\nDIMENSIONS %i %i %i", Nl+1, N2+1, N3+1); 

fjprintfCvtk, "\nASPECT_RATIO 0.2 0.2 0.1"); 

fprintfCvtk, "\nORIGIN %f %f %f', -XO, YO, -ZO); 

fprintfCvtk, "\nPOINT_DATA %i", CN1+1)*CN2+1)*CN3+1)); 

fprintfCvtk, "\nSCALARS density_scalars float"); 

fprintfCvtk, "\nLOOKUP_TABLE default"); 

ii = 0; 
Yvalue = YO; 
Zvalue = ZO; 

for C i = 0; i < CCN2+1)*CN3+1)); i++) 
{ 

ii = ii + 1; 
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if ( fread (&foo, 4,1, inp) != 1) 
{ 

fprintf(stderr, "Error using fseek()."); 
exit(l); 

} 

if ( fread (Dens, sizeof(float), Nl+1, inp) != Nl+1) 
{ 

fprintf(stderr, "error reading file."); 
exit(l); 

} 

if (fread (&goo, 4, 1, inp) != 1) 
{ 

fprintf(stderr, "Error using fseek().")J 
exit(l); 

} 

Xvalue = XO; 

for ( k = 0; k < (Nl+1); k++) 
{ 

fprintf (vtk, "\n%f', Dens[k]); 
Xvalue = Xvalue - Xincrement; 

} 

Yvalue = Yvalue - Yincrement; 

if (ii=N2+l) 
{ 

ii = 0; 
Zvalue = Zvalue - Zincrement; 
Yvalue = YO; 

} 

} 

fclose(inp); 
fclose(vtk); 
fclose(mpi); 
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return 0; 
} 

The atomic coordinates ^le is necessary to read in the data. At this time, a data 

conversion program is not quite ready for use. The proper format is illustrated by the 

following listing for acetylene (HC=CH). The POLYDATA format is clearly described 

in the VTK book.'" 

# vtk DataFile Version 1.3 
acetylene molecule 
Ascn 
DATASET POLYDATA 
POINTS 4 float 

0.00000 0.00000 0.00000 
0.00000 0.00000 1.05594 
0.00000 0.00000 2.25992 
0.00000 0.00000 3.31586 

LINES 4 12 
2 0  1  
2 1 2 
2 2 3  
23 2 

P0INT_DATA4 

SCALARS atoms_scalars float 

LOOKUP.TABLE my_table 
1.0 
0.0 
0.0 
1.0 

LOOKUP_TABLE my_table 2 
0.80 0.80 0.80 1.00 
0.30 0.30 0.30 1.00 
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VECTORS radius float 
0.0370 0.0000 0.0000 
0.0920 0.0000 0.0000 
0.0920 0.0000 0.0000 
0.0370 0.0000 0.0000 

NORMALS my_normals float 
1.0 0.0 0.0 
1.00.0 0.0 
1.0 0.0 0.0 
1.0 0.0 0.0 

After creation of the atomic coordinate flle and the box of points file, they are 

ready to be processed. This is done using the following Tcl/Tk script. 

catch {load vtktcl}; 
# interface generated by SpecTcl version 1.0 from C:/Program 
Files/SpecTcl 1.0/SpecTcl/atomrad.ui 
# root is the parent window for this user interface 

proc atomrad_ui {rootargs} { 

# this treats as a special case 

if {$root="."} { 
set base"" 

} else { 
set base $root 

} 

toplevel $base 

scale $base.scale#l \ 
-bigincrement 0.1 \ 
-label scale \ 
-orient h \ 
-resolution 0.01 \ 
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-tickinterval 0.5 \ 
-to 1.0 \ 
-variable mscale 

button $base.button#l \ 
-command {eval $moIecuIescaIe $mscale} \ 
-text Ok 

button $base.button#2 \ 
-command "destroy Sbase" \ 
-text Cancel 

# Geometry management 

grid $base.scale#l -in $root -row 1 -column 1 \ 
-columnspan 2 \ 
-sticky ew 

grid $base.button#l -in $root -row 2 -column 1 
grid $base.button#2 -in Sroot -row 2 -column 2 

# Resize behavior management 

grid rowconfigure $root 1 -weight 0 -minsize 30 
grid rowconfigure Sroot 2 -weight 0 -minsize 30 
grid columnconfigure Sroot 1 -weight 1 -minsize 30 
grid columnconfigure Sroot 2 -weight 0 -minsize 30 

# additional interface code 
# end additional interface code 

} 

# interface generated by SpecTcl version 1.0 from C:/Program 
Files/SpecTcI 1.0/SpecTcl/isoneg.ui 
# root is the parent window for this user interface 

proc isopos_ui {root args} { 

# this treats as a special case 

if {Sroot { 
set base"" 
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} else { 
set base $root 

} 

toplevei Sbase 

scale $base.scale#l \ 
-bigincrement 0.1 \ 
-label "Positive Iso" \ 
-orient h \ 
-resolution 0.001 \ 
-tickinterval 0.25 \ 
-to 0.5 \ 
-variable positive_isosurface 

button $base.button#l \ 
-text Ok \ 
-command {eval $pos_iso $positive_isosurface} 

button $base.button#2 \ 
-command "destroy Sbase" \ 
-text Cancel 

# Geometry management 

grid $base.scale#l -in Sroot -row 1 -column 1 \ 
-colunmspan 2 \ 
-sticky ew 

grid Sbase.button#l -in Sroot -row 2 -column 1 
grid Sbase.button#2 -in Sroot -row 2 -column 2 

# Resize behavior management 

grid rowconfigure Sroot 1 -weight 0 -minsize 30 
grid rowconfigure Sroot 2 -weight 0 -minsize 30 
grid columnconfigure Sroot 1 -weight 1 -minsize 7 
grid columnconfigure Sroot 2 -weight 1 -minsize 8 

# additional interface code 
# end additional interface code 



213 

} 

# interface generated by SpecTcl version 1.0 from C:/Program 
Files/SpecTcI 1.0/SpecTcl/isoneg.ui 
# root is the parent window for this user interface 

proc isoneg_ui {rootargs} { 

# this treats as a special case 

if {$root = "."} { 
set base"" 

} else { 
set base $root 

} 

toplevei $base 

scale $base.scale#l \ 
-bigincrement 0.1 \ 
-label "Negative Iso" V 
-orient h \ 
-resolution 0.001 \ 
-tickinterval -0.25 \ 
-to -0.5 \ 
-variable negative_isosurface 

button $base.button#l \ 
-text Ok \ 
-command {eval $neg_iso $negative_isosurface} 

button $base.button#2 \ 
-command "destroy Sbase" \ 
-text Cancel 

# Geometry management 

grid $base.scale#l -in $root -row 1 -column 1 \ 
-columnspan 2 \ 
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-sticky ew 
grid $base.button#l -in $root -row 2 -column 1 
grid $base.button#2 -in $root -row 2 -column 2 

# Resize behavior management 

grid rowconfigure $root 1 -weight 0 -minsize 30 
grid rowconfigure $root 2 -weight 0 -minsize 30 
grid columnconfigure $root 1 -weight 1 -minsize 7 
grid columnconfigure Sroot 2 -weight 1 -minsize 8 

# additional interface code 
# end additional interface code 

} 

# get the interactor ui 
source vtklnt.tcl 

# Now create the RenderWindow, Renderer and both Actors 
# 

vtkRenderer renl 
vtkRenderWindow renWin 

renWin AddRenderer renl 
vtkRenderWindowInteractor iren 

iren SetRenderWindow renWin 

set typelist { 
{"VTK Files" {»vtk}} 
{"Tel Files" {».tcl}} 
{"AllFiles" {•}} 

} 

set atom_reader [tk_getOpenFile -filetypes Stypelist -title "Molecular Coordinates" ] 

vtkPolyDataReader reader; 
reader SetFileName $atom_reader 
reader Update 

vtkPolyDataMapper lineMapper; 
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lineMapper Setlnput [reader GetOutput]; 

vtkLOD Actor lineActor 
lineActor SetMapper lineMapper; 

vtkTubeFilter tube; 
tube Setlnput [reader GetOutput]; 
tube SetVaryRadius 0; 
tube SetRadius 0.09; 
tube SetNumberOfSides 20; 

vtkPolyDataNormals tubeNorm 
tubeNorm Setlnput [tube GetOutput]; 
tubeNorm SetFeatureAngle 75.0; 

vtkPolyDataMapper tubeMapper; 
tubeMapper Setlnput [tubeNorm GetOutput]; 
tubeMapper SetScalarVisibility 0; 

VtkLOD Actor tubeActor; 
tubeActor SetMapper tubeMapper, 
[tubeActor GetProperty] SetColor 0.5 0.5 0.5; 

vtkSphereSource sphere; 
sphere SetRadius 10; 
sphere SetThetaResolution 30; 
sphere SetPhiResoIution 30; 

vtkGlyph3D glyph; 
glyph Setlnput [reader GetOutput]; 
glyph SetSource [sphere GetOutput]; 
glyph SetScaleModeToScaleByVector; 
glyph SetScaleFactor 0.4; 
set mscale 0.4 
set moleculescale {glyph SetScaleFactor} 
atomrad_ui .radius mscale 

VtkPolyDataMapper atomMapper; 
atomMapper Setlnput [glyph GetOutput]; 
atomMapper SetLookupTable [[[[reader GetOutput] GetPointData] GetScalars] 
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GetLookupT able] 

vtkLOD Actor atomActor; 
atomActor SetMapper atomMapper; 
[atomActor GetProperty] SetSpecularColor 1.0 I.O 1.0; 
[atomActor GetProperty] SetSpecular 1.0; 
[atomActor GetProperty] SetSpecularPower 40; 

set ciensity_reader [tk_getOpenFiIe -filetypes Stypelist -title "Molecular Orbital File"] 

vtkStructuredPointsReader density; 
density SetFileName $density_reader 

vtkMarchingCubes pos; 
pos SetLiput [density GetOutput]; 
pos SetVdue 0 0.03; 
set positive_isosurface 0.03 
set pos_iso {pos SetValue 0} 
isopos_ui .pos_iso positive_isosurface 

vtkPoIyDataMapper posMapper; 
posMapper Setlnput [pos GetOutput]; 
posMapper SetScalarVisibility 0; 

VtkLOD Actor pos Actor; 
posActor SetMapper posMapper; 
posActor SetNumberOfCloudPoints 500; 
[posActor GetProperty] SetColor 0.0 0.0 0.9; 
[posActor GetProperty] SetSpecularColor 1.0 1.0 1.0; 
[posActor GetProperty] SetOpacity 0.8; 
[pos Actor GetProperty] SetSpecular 1.0; 
[posActor GetProperty] SetSpecularPower 40; 
[posActor GetProperty] SetlnterpolationToPhong; 
posActor RotateY 180; 

VtkMarchingCubes neg; 
neg Setlnput [density GetOutput]; 
neg SetVdue 0 -0.03; 
set negative_isosurface -0.03 
set neg_iso [neg SetValue 0} 
isoneg_ui .neg_iso negative_isosurface 
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vtkPoIyDataMapper negMappen 
negMapper Setlnput [neg GetOutput]; 
negMapper SetScalarVisibility 0; 

vtkLODActor negActor; 
negActor SetMapper negMapper, 
negActor SetNumberOfCloudPoints 500; 
[negActor GetProperty] SetColor 0,9 0.9 0.0; 
[negActor GetProperty] SetSpecuIarColor 1.0 1.0 1.0; 
[negActor GetProperty] SetOpacity 0.8; 
[negActor GetProperty] SetSpecular 1.0; 
[negActor GetProperty] SetSpecularPower 40; 
[negActor GetProperty] SetlnterpoIationToPhong; 
negActor RotateY 180; 

renl AddActor atomActor; 
renl AddActor lineActor; 
renl AddActor tubeActor; 
renl  AddActorposActor;  
renl AddActor negActor, 
renl SetBackground 111; 
renWin SetSize 300 300; 

set cam 1 [renl GetActiveCamera] 
$caml Azimuth -65 
$caml Elevation 15; 

# render the image 
# 
iren SetUserMethod {wm deiconify .vtklnteract}; 
iren Initialize; 

vtkLight myLight 
myLight Setlntensity 0.35; 
myLight SetPosition 1000 1000 1000; 
myLight PositionalOn; 

renl AddLight myLight; 

VtkLight myLight 1 
myLight 1 Setlntensity 0.35; 
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myLightl SetPosition -1000 -1000 -1000; 
myLightl PositionalOn; 

renl AddLight myLightl; 

# prevent the tk window from showing up then start the event loop 
wm withdraw. 

set vectors [[[reader GetOutput] GetPointData] GetVectors]; 
atomMapper SetLookupTable [[[[reader GetOutput] GetPointData] GetScaiars] 
GetLookupT able]; 
atomMapper SetScalarRange 0.037 [expr {[$vectors GetMaxNorm] + 0.03}]; 

The script has limited widget support at this time which allows manipulation of 

the relative atomic radii as well as isosurface manipulation. Information regarding 

commands can be found at the VTK website (www.kitware.com) or in the VTK book.'" 

Images in this dissertation were screen captures at 1280 by 1024 resolution with 24 bit 

color. Other output modes are available and are described in the VTK book. For best 

results, it is recommended to use the highest resolution possible with 24 bit color. 

http://www.kitware.com


219 

References 

L Jolly, P.W.; Pettit, R. J. Organomet. Chenu 1968,12,491. 

2. Green, M.L.H.; Mole, T. J. Organomet. Chem. 1968,12,404. 

3. Nast, R. Coord. Chem. Rev. 1982,47, 89. 

4. Manna, J.; John, KJD.; Hopkins, M.D. Adv. in Organomet. Chem. 1995,38, 79. 

5. St. Clair, M.; Schaefer, W.P.; Bercaw, J.E. Organometallics 1991,10, 525. 

6. Whirtal, LR.; Humphrey, M.G.; Hockless, D.C.R.; Skelton, B.W.; White, A.H. 
Organometallics 1995,14, 3970. 

7. Davison, A. Selegue, J.P. J. Am. Chem. Soc. 1980,102,2455. 

8. Lichtenberger, D.L.; Gruhn, N.E.; Renshaw, S.K. J. Mol. Struct. 1997,405, 79. 

9. Butler, L.S.; Harrod, J.F. Inorganic Chemistry: Principles and Applications', 
Benjamin/Cummings Publishing Company: Redwood City, CA, 1989. 

10. Lichtenberger, D.L.; Renshaw, S.K. Bullock. R.M. J. Am. Chem. Soc. 1993,115, 
3276. 

11. Lichtenberger, D.L.; Renshaw, S.K.; Wong, A.; Tagge, C.D. Organometallics 
1993,12, 3522 

12. (ti®-C5H5)Ru(CO)2C1: Eisenstadt, A.; Tannenbaum, R.; Efraty, A. J. Organomet. 
Chem. 1981,221,311. (T|̂ -C5H5)Ru(CO)2CsCMe: Latesky, S.L.; Selegue, J.P. J. 
Am. Chem. Soc. 1987,109,4731. [{(ri^-C5H5)Ru(CO)2}2(M-C=C)]: Latesky, S.L.; 
Selegue, J.P. J. Am. Chem. Soc. 1987,109,4731. 

13. Lichtenberger, D.L.; Jatcko, M.E. J. Coord. Chem. 1994,32,79. 

14. McMurray, J. Organic Chemistry, ed.; Brooks/Cole: Belmont, CA, 1988; 
Chapter 16. 

15. March, J. Advanced Organic Chemistry, 3"* ed.; Wiley: New York, 1985; Chapter 
9. 

16. Bakke, A.A.; Chen, H.-W; Jolly, W.L. Journal of Electron Spectroscopy and 
Related Phenomena 1980,20, 333. 



220 

17. Cotton, F.A.; Walton, R.A. Multiple Bonds Between Metal Atoms; 2°^ ed.; Oxford 
University Press: Oxford, 1993. 

18. D.L. Lichtenberger, and RX. Johnston, in Metal-Metal Bonds and Clusters in 
Chemistry and Catalysis, ed. J.P, Fackler Jr., Plenum Press: New York, 1990. 

19. John, K.D.; Stoner, T.C.; Hopkins, M.D. Organometallics 1997,16,4948. 

20. Perrin, DJD. Armarego, W.L.F. Purification of Laboratory Chemicals: 3"* 
Edition; Pergamon Press: New York, 1988. 

21. Lichtenberger, D.L.; Calabro, D.C.; Kellogg, G.E. Organometallics 1984,3, 1623. 

22. Calabro, D.C.; Hubbard, J.L.; Blevins, C.H., II; Campbell, A.C.; Lichtenberger, 
D.L. J. Am. Chem. Soc. 1981,103,6839. 

23. Lichtenberger, D.L.; Kellogg, G.E.; Kristofzski, J.G.; Page, D.; Turner, S.; 
Klinger, G.; Lorenzaen, J. Rev. Sci. Instrum. 1986,57, 2366. 

24. Jatcko, M.E.; Diss. Abstr. Int. B1990,51 (1), 200. 

25. Renshaw, S.K. Diss Abstr. Int. B 1992,51 (10), 5259. 

26. The He n P line is a secondary wavelength emitted by the source and gives a 
spectrum that appears as a shadow on the He II a spectrum (at 7.568 eV lower 
binding energy and 12% the intensity of the He II a line). 

27. Graphite and MoSj suspension, Acheson Colloid Company 

28. Lichtenberger, D.L.; Copenhaver, A.S. /. Elec. Spec.Rel. Phen. 1990, 50, 335. 

29. Chandramouli, G.V.R.; Lalitha, S.; Manoharan, P.T.; Comput. Chem. 1990,14, 
257. 

30. Lichtenberger, D.L.; Fenske, R.F.; J. Am. Chem. Soc. 1976, 98, 50. 

31. Mealli, C.; Proserpio, D.M. Journal of the Chemical Education 1990, 67,399. 

32. Hall, M.B.; Fenske, R.F. Inorg. Chem. 1972,11, 1978. 

33. Spartan IBM version 4.0.2,1991-1995, Wavefunction, Inc. 18401 Von Karman, 
Suite 307, Irvine, CA , 92715. 



221 

34. Gaussian 94, Revision B.3 , Revision E.2, Frisch, M. J., Trucks, G. W., Schlegel, 
H. B., Gill, P. M. W., Johnson, B. G., Robb, M. A., Cheeseman, J. R., Keith, T. 
A., Petersson, G. A., Montgomery, J. A., Raghavachari, K., Al-Laham, M. A., 
Zakrzewski, V. G., Ortiz, J. V., Foresman, J. B., Peng,, C. Y., Ayala, P. A., 
Wong, M. W., Andres, J. L., Replogle, E. S., Gomperts, R., Martin, R. L., Fox, D. 
J., Binkley, J. S., Defrees, D. J,, Baker, J., Stewart, J. P., Head-Gordon, M., 
Gonzalez, C., and Pople, J. A., Gaussian, Lie., Pittsburgh PA, 1995. 

35. MOPLOT2 is a program written by Dr. Dennis L. Lichtenberger to plot electron 
density from molecular orbital calculations. 

36. Schroeder, Will; Martin, Ken; Lorensen, Bill; The Visualization Toolldv. Prentice 
Hail PTR: Upper Saddle River, New Jersey 1996. 

37. Lichtenberger, D.L.; Renshaw, S.K.; Bullock, R.M. J. Am. Chem. Soc. 1993,115, 
3276-3285. 

38. Lichtenberger, D.L.; Renshaw, S.K.; Wong, A.; Tagge, C.D. Organometallics 
1993,12,3522. 

39. Yeh, J.J.; Lindau, L Atomic Data and Nuclear Data Tables, 1985,32, 1. 

40. Lichtenberger, D.L.; Kellogg, G.E. Acc. Chem. Res. 1987,20, 379. 

41. Lichtenberger, D.L.; Fenske, R.F. J. Am. Chem. Soc. 1981, 98,50. 

42. Lichtenberger, D.L.; Sarapu, A.S.; Fenske, R.F. Inorg. Chem. 1973,12, 702. 

43. Moore, C.E. Atomic Energy Levels as Derived from the Analyses of Optical 
Spectra: Vol. II, Vol. HI; National Standard Reference Data System, National 
Bureau of Standards: U. S. Government Printing Office, Washington D.C., 1971. 

44. Lichtenberger, D.L.; Gruhn, N.E.; Renshaw, S.K. J. Molec. Structure 1997,405, 
79-86. 

45. Whittall, LR.; Humphrey, M.G.; Hockless, D.C.R.; Skelton, B.W.; White, A.H. 
Organometallics 1995,14, 3970-3979. 

46. Lichtenberger, D.L.; Renshaw, S.K.; Bullock. R.M. J. Am. Chem. Soc. 1993,115, 
3276-3285. 

47. Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S.; Handbook of He 
I Photoelectron Spectra of Fundamental Organic Molecules', Japan Scientific 



222 

Societies Press: Tokyo, 1981. 

48. Yeh, J. J.; Lindau, L At. Data Nucl. Data. Tables 1985,32(1), 7. 

49. Lichtenberger, D.L.; Kellogg, G.E. Acc. Chem. Res. 1987,20, 379. 

50. Rempe, M.E. Diss. Abst. Int. 1994,68. 

51. Lichtenberger, Di.; Kellog, G. E.; Landis, GJI. /. Chem. Phys. 1985,83, 2759. 

52. Kellogg, G.E. Diss. Abstr. Int. B1986,46, 82-105. 

53. Lichtenberger, D.L.; Kellogg, G.E. Acc. Chem. Res. 1987,20, 379. 

54. Lichtenberger, DX.; Jatcko, M.E. J. Coord. Chem. 1994,32, 79. 

55. Albright, T.A.; Hofmann, P.; Hoffmann, R. /. Am. Chem. Soc. 1977,99, 7546. 

56. Unpublished results. 

57. Moore, C.E. Atomic Energy Levels as Derived from the Analyses of Optical 
Spectra: Vol. II, Vol. Ill; National Standard Reference Data System, National 
Bureau of Standards: U.S. Government Printing Office, Washington D.C., 1971. 

58. Cotton, F.A., Wilkinson, G. Advanced Inorganic Chemistry, 5"" ed.; Wiley: New 
York, 1988: Chapter 10. 

59. March, J. Advanced Organic Chemistry, 3"* ed.; Wiley: New York, 1985; Chapter 
9. 

60. McMurry, J. Organic Chemistry, 2°^ ed.; Brooks/Cole: Belmont, CA, 1988; 
Chapter 16. 

61. Whittall, LR.; Humphrey, M.G.; Hockless, D.C.R.; Skelton, B.W.; White, A.H. 
Organometallics 1995,14,3970-3979. 

62. Lichtenberger, D.L.; Renshaw, S.K.; Bullock. R.M. J. Am. Chem. Soc. 1993,115, 
3276-3285. 

63. Khalil, O.S.; Meeks, J.L.; McGlynn, S.P. J. Am. Chem. Soc. 1973, 95,5876. 

64. Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S.; Handbook of He 
I Photoelectron Spectra of Fundamental Organic Molecules', Japan Scientific 



223 

Societies Press: Tokyo, 1981. 

65. Spartan IBM version 4.0.2,1991-1995, Wavefunction, Inc. 18401 Von Karman, 
Suite 307, Irvine, CA, 92715. 

66. Bakke, A. A.; Chen, Jolly, Journal of Electron Spectroscopy and 
Related Phenomena 1980,20,333-366. 

67. Jolly, Wi.; Eyermann, C.J. J. Phys. Chem. 1982,86,4834. 

68. Lichtenberger, D.L.; Renshaw, S.K.; Bullock, R.M. J. Am. Chem. Soc. 1993,115, 
3276-3285. 

69. Whittall, LR.; Humphrey, M.G.; Hockless, D.C.R.; Skelton, B.W.; White, A.H. 
Organometallics 1995,14,3970-3979. 

70. Manna, J.; John, K.D.; Hopkins, M.D. Adv. in Organomet. Chem., 1995,38, 79. 

71. Cotton, F.A.; Walton, R.A. Multiple Bonds Between Metal Atoms', 2°^ Edit., 
Oxford University Press: Oxford, 1993. 

72. D.L. Lichtenberger and R.L. Johnston, in Metal-Metal Bonds and Clusters in 
Chemistry and Catalysis, ed. J.P. Fackler, Jr, Plenum Press, New York 1990. 

73. This work. 

74. Chapter 4 this dissertation. 

75. John, K.D.; Stoner, T.C.; Hopkins, M.D. Organometallics 1997,16,4948. 

76. Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S.; Handbook of He 
I Photoelectron Spectra of Fundamental Organic Molecules; Japan Scientiflc 
Societies Press: Tokyo, 1981. 

77. Jolly, W.L.; Eyermann, C.J. J. Phys. Chem. 1982, 86,4834. 

78. Bakke, A. A.; Chen, H.-W.; Jolly, W.L. Journal of Electron Spectroscopy and 
Related Phenomena, 1980,20, 333-366. 

79. Renshaw, S.K. Diss. Abstr. Int. B., 1992,51(10), 57. 

80. Pollard, J.R. PhD Dissertation, 1996,46. 



224 

81. Szepes, I; Naray-Szabo, G.; Colonna, F.P.; Distefano, G. J. Organomet. Chem. 
1976,117, 141. 

82. Chang, R. Chemistry, 3"* Edit; Random House: New York, 1988; p. 318. 

83. Lichtenberger, D.L.; Rai-Chaudhuri, A. J. Am Chem. Soc. 1991,113,2923. 

84. Patai, S. The Chemistry of the Carbon-Carbon Triple Bond-, John Wiley & Sons: 
New York, 1978: pp. 11,63. 

85. McQuarrie, D.A.; Rock, P.A. Descriptive Chemistry, W.H. Freeman and 
Company: New York, 1985. 

86. Stoner, T.C.; Geib, S. J.; Hopkins, M.D. Angew. Chem. Int. Ed. Engl. 1993,32, 
409. 

87. Hall, M.B.; Fenske, R.F. Inorg. Chem. 1972,11,768. 

88. Lichtenberger, D.L.; Kellog, G.E.; Landis, G.H. J. Chem. Phys. 1985,83,2759. 

89. Cotton, F.A.; Hubbard, J.L.; Lichtenberger, D.L.; Shim, L /. Am Chem. Soc. 1982, 
104, 679. 

90. Yeh, J.J.; Lindau, L Atomic Data and Nuclear Data Tables, 1985, 32, I. 

91. Unpublished results. 

92. Lichtenberger, D.L.; Gruhn, N.E.; Renshaw, S.K. Journal of Molecular Structure 
1997,405,79. 

93. This dissertation Chapter 6 

94. Whittall, I.R.; Humphrey, M.G.; Hockless, D.C.R.; Skelton, B.W.; White, A.H. 
Organometallics 1995,14, 3970-3979. 

95. John, K.D.; Stoner, T.C.; Hopkins, M.D. Organometallics 1997,16,4948. 

96. Perrin, D.D. Armarego, W.L.F. Purification of Laboratory Chemicals: 3"* 
Edition; Pergamon Press: New York, 1988. 

97. Stoner, T.C.; Dallinger, R.F.; Hopkins, M.D. J. Am. Chem. Soc. 1990,112,4201. 

98. Ebner, J.R.; Walton, R.A. Inorg. Chem. 1975,14,1987. 



225 

99. Lichtenberger, DJ-.; Calabro, D.C.; Kellogg, G.E. Organometallics 1984,3, 1623. 

100. Calabro, D.C.; Hubbard, J.L.; Blevins, C.H., E; Campbell, A.C.; Lichtenberger, 
D.L. /. Am. Chem. Soc. 1981,103,6839. 

101. Lichtenberger, DJL.; Kellogg, G£.; Kristo&ski, J.G.; Page, D.; Turner, S.; 
Klinger, G.; Lorenzaen, J. Rev, Set Instrum. 1986,57,2366. 

102. Jatcko, M.E.; Diss. Abstr. Int. B1990,51 (1), 200. 

103. Renshaw, S.K. Diss Abstr. Int. B1992,51 (10), 5259. 

104. Graphite and MoSj suspension, Acheson Colloid Company 

105. Lichtenberger, D.L.; Copenhaver, A.S. J. Elec. Spec.Rel. Phen. 1990,50, 335. 

106. Chandramouli, G.V.R.; Lalitha, S.; Manoharan, P.T.; Comput. Chem. 1990,14, 
257. 

107. Lichtenberger, D.L.; Fenske, R.F.; J. Am. Chem. Soc. 1976, 98, 50. 

108. Hall, M.B.; Fenske, R.F. Inorg. Chem. 1972,11, 1978. 

109. MOPLOT2 is a program written by Dr. Dennis L. Lichtenberger to plot electron 
density from molecular orbital calculations. 

110. Schroeder, Will; Martin, Ken; Lorensen, Bill; The Visualization Toolkit. Prentice 
Hall PTR; Upper Saddle River, New Jersey 1996. 

111. Root, D.P.; Blevins, C.H.; Lichtenberger, D.L.; Sattelberger, A.P.; Walton, R.A. 
J. Am, Chem. Soc. 1986,108,953. 

112. Chapter 3, Chapter 4 this dissertation. 

113. Schroeder, Will; Martin, Ken; Lorensen, Bill; The Visualization Toolkit. Prentice 
Hall PTR: Upper Saddle River, New Jersey 1996. 

114. Hall, M.B.; Fenske, R.F. Inorg. Chem,, 1972,11, 1978. 

115. MOPLOT2 is a program written by Dr. Dennis L. Lichtenberger to plot electron 
density from molecular orbital calculations. 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

IIVMGE. Inc 
1653 East Main Street 
Rochester. NY 14609 USA 
Phone: 716/482-0300 
Fax: 716/288-5989 

01993. Applied Image. Inc.. All Rights Reserved 


