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ABSTRACT 

Principles of transition metal electronic structure are pre-

sented to enable an understanding of the activation of C-H and C=C 

bonds by metals. A multitechnique approach utilizing core and valence 

photoelectron spectroscopies (p.e.s.) and molecular orbital calcula-

tions has been used to gain these insights. In the first half of the 

dissertation three principles are developed: ligand additivity, core-

valence ionization correlation, and ring methylation. In the latter 

half of the dissertation these principles are seen to be crucial for 

understanding ionization data for the C-H and C=C activated species. 

Additive (with respect to ligand substitution) electronic effects, in-

cluding additive core and valence ionization potentials, are shown in 

the p.e.s. of phosphine substituted molybdenum carbony13. These addi-

tive effects demonstrate that the electronic effects of ligand substi-

tution are predictable from empirical models. The core-valence ioniza-

tion correlation enables direct comparison of XPS (core) and UPS (va-

lence) ionization data and allows separation of bonding and overlap 

induced valence 'shift effects from Coulombic and relaxation shift ef-

fects. In the study of trimethylphosphine substituted cyclopentadien-

ylmanganese tricarbonyl complexes, both the ligand additivity and core-

valence ionization correlation principles are less valid than for the 

molybdenum carbonyl complexes because of loss of the very influential 

carbonyl backbonding. Methylation of the cyclopentadienyl ring in this 

xvii 
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system adds another independent variable of electronic structure per

turbation and enables separation of the one-center and two-center Cou1-

ombic contributions to the core shifts. 

The above principles are used in the later chapters to show 

that the initial activation of the C-H bond in a1keny1manganese tricar

bony1 complexes is dominated by the interaction of the C-H sigma bond

ing level with empty metal acceptor levels. The activation stops at 

the agostic stage rather than proceeding to full B-hydride abstraction 

because there is, in these molecules, no gain in the number of pi elec

trons between the allyl and diene hydride endpoints of the abstraction 

cycle. Activation of the C=C bond in the cyc10pentadieny1meta1 olefins 

is similar for Co and Rh complexes despite little similarity in the va-' 

lence ionization spectra. The spectral differences are largely caused 

by the relaxation energy differences between Co and Rh. These complex

es also provide interesting examples of electron deloca1ization through 

the metal. Permethy1ation of the cyc10pentadieny1 ring shifts the ole

fin pi ligand ionizations more than the expected Cou10mbic shift. 



CHAPTER 1 

INTRODUCTION 

The activation of small molecules by metals is a major focus of 

the ongoing studies of transition metal-mediated synthesis and cataly-

sis. Use of transition metal catalysts enables the economic production 

of hundreds of materials that would be otherwise impossible or prohibi-

tively expensive to obtain. In most cases, the mechanism, active cata-

lyst, and important intermediates for industrial catalysis are unknown. 

Catalysis is industrial "black magic".1 An understanding of these 

specific mechanisms, active catalysts, and important intermediates 

could lead to improved yields and selectivity by major or minor pertur-

bations of the catalytic system. The most important class of catalysis 

is that using hydrocarbons as feedstock. Aliphatic hydrocarbons are 

the most available, but least reactive, starting materials because of 

the extremely strong carbon-hydrogen bond and the relative steric in-

availibility for attack. Olefins are also used extensively, mostly due 

to the weaker sp2 C-H bond and the ability of the C=C bond to become 

pi-coordinated and activated itself. Excitation of these bonds by the 

catalyst is clearly one of the most important steps in catalytic cycles 

/ 
2-6 where these bonds are broken and or formed. 

Most catalysis is heterogeneous, where the active catalyst is 

insoluble.
1 

This is most often a surface or collection of materials 

supported by a polymer or finely divided powder such as silica. This, 

1 



2 

coupled with the extremes in conditions (temperature and pressure) re-

quired for the reaction, yield systems that are nearly impossible to 

study in situ. The most common approach is to attempt to create ho-

mogeneous catalysts that are discrete, soluble, and relatively low mo-

lecular weight compounds, and that can be studied with conventional 

methods. Major advantages of homogeneous catalysts are that selectiv-

ity, yield, etc. can be used as design criteria, and that systematic 

(and planned) ligand changes can alter the catalyst performance. Many 

groups (academic and industrial) have succeeded in synthesizing homo-

1,7 
geneous catalysts usable for a variety of processes. These usually 

are less reactive than the heterogeneous analogues, but have improved 

our understanding of some aspects of catalysis. However, many of the 

most basic questions remain. 

The approach of this work is to learn about the specific elec-

tronic interactions between metals and ligands, and thus, gain infor-

mation about the stabilities and reactivities of catalysts and inter-

mediates. The techniques of gas-phase photoelectron spectroscopy 

(p.e.s.) are used to probe the electronic structure of organotr~~sition 

metal complexes. The types of compounds reported here have many of the 

features proposed for active catalysts and intermediates including typ-

ical metals and ligands in familiar bonding arrangements. These stud-

ies point out some fundamental principles of the interactions between 

metals and ligands. Photoelectron spectroscopy utilizes photon sources 

(UV and x-ray) to ionize molecules. The kinetic energies of the eject-

ed electrons are analyzed to obtain spectra. Characteristic ionization 



energies, ionization band shapes, and intensity variations can ident-

ify the origin of the ejected electron, if the molecular system is 

8-11 properly chosen. This dissertation illustrates the type of e1ec-

tronic interaction information and bonding principles that can be ob-

3 

tained from gas-phase photoelectron spectroscopy for four well-defined 

organotransition metal systems. 

Chapter 3 is a valence and core poe.so study of phosphine-sub-

stituted hexacarbony1mo1ybdenum complexes. Both carbony1s and phos-

phines are common ligands in many catalytic reactions. The data in 

Chapter 3 show that the electronic effects of systematic replacement of 

ligands are additive and the electronic structure of unknown complexes 

12 
can be predicted based on empirical models. Thus, it should be pos-

sible to rationally design more effective catalysts by ligand rep1ace-

mente In addition, a relationship between the core and valence e1ec-

13 
tronic structure is shown. This principle of core-valence ionization 

correlation will be useful for ionization band assignment and inter-

pre tat ion in the later chapters. 

Chapter 4 expands many of the principles of Chapter 3 in a 1ig-

and replacement system with two independent parameters. The parent 

molecule of cyc10pentadieny1manganese tricarbony1 (CpMn(CO)3) is per-

9,14 
turbed by methylating the cyclopentadieny1 ring and phosphine for 

carbonyl substitutions to produce a wide range of ionization energies 

in the core and valence. There are significant differences between 

these results and the Chapter 3 results yielding information about the 

limitations of the Chapter 3 empirical models. The electronic effects 
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of ring methylation are also an important focus of this chapter. This 

principle will be utilized in the later chapters for band assignment 

and as a probe for electron delocalization. 

The electronic mechanism of C-H bond activation is explored in 

Chapter 5 for molecules structurally related to cyclopentadienylmanga-

nese tricarbonyl. In this chapter, the electronic structure of cyclo-

15,16 
hexenylmanganese tricarbonyl, a molecule displaying an agostic C-H 

17 
bond, is described as a permutation on the structure of CpMn(CO)3 

from Chapter 4. The electronic origin of the carbon-hydrogen bond act-

ivation in this class of molecules can be categorized with two limiting 

* cases. These are defined as sigma or sigma modes of activation, de-

pending on whether the C-H bond is acting as a donor or acceptor with 

respect to the metal. The photoelectron spectroscopy results of Chap-

ter 5 isolate the dominant electronic mode of activation for complexes 

with agostic C-H bonds. Electronic factors influencing the partial 

activation (to the agostic stage) of C-H bonds are also discussed in 

Chapter 5. 

The activation of olefins by metals has been studied for many 

years with many different techniques. In Chapter 6, core and valence 

p.e.s. results are reported for ethylene and butadiene activated by 

rhodium and cobalt fragments in CpM(C2H4)2 and CpM(butadiene). This 

system is extremely complex because there are eight discrete orbitals 

ionized below 12 eVe In order to completely assign these electronic 

structures, the core-valence ionization correlation of Chapter 3 and 

the ring methylation principle of Chapter 4 must be invoked. 



Interesting electronic structure principles such as electron delocal

ization and relaxation8 are observed in these studies, leading to in-

18 sight into the activation of olefins by metals. 

5 

This dissertation reports several significant electronic 

structure principles for organotransition metal complexes. Catalysis 

is clearly an extremely complicated arena of study. Understanding the 

metal/ligand electronic interactions leading to activation of small 

molecules is definitely an important step for understanding catalysis. 



CHAPTER 2 

EXPERIMENTAL 

The experimental chapter describes techniques of sample prepar-

ation, data collection, data reduction, and molecular orbital calcula-

tions that were used to obtain and interpret the photoelectron spectro-

scopic data presented in the later chapters. The syntheses presented 

below were generally literature preparations or adaptations of litera-

ture preparations. This experimental chapter does not contain a com-

plete description of data collection procedures. Reference is fre-

19 
quently made to the dissertations of Dr. Charles H. Blevins II and 

20 Dr. John L. Hubbard, which discuss some aspects of these procedures 

in detail. This dissertation emphasizes the points that Blevins and 

Hubbard treat in a brief manner. 

Preparation of Compounds 

The preparations described here were performed using accepted 

Schlenk/inert atmosphere techniques. Solvents were generally used 

freshly distilled except where noted below. Starting materials were 

obtained from commercial suppliers and were usually used without furth-

er purification. CpCo(CO)2, RhCl3·3H20, CpMn(CO)3, Mn2(CO)10, PMe3, 

Mo(CO)6, and Fe(CO)s were obtained from Strem Chemicals. Methylcyclo-

pentadienylmanganese tricarbonyl (Cp'Mn(CO)3) was a gift of the Ethyl 

Corporation. The C - H bond activated complexes and some of the 

6 
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precursors (C6H9Mn(CO)3, CsHgMn(CO)4, CSHgMn(CO)3, C4H7Mn(CO)4, 

and C4H7Mn(CO)3) were sent from the Maurice Brookhart research group at 

the University of North Carolina, Chapel Hill. Some of the phosphine

substituted complexes of Mo(CO)6 (Mo(CO)S(PEt3), Mo(CO)S(PBu3n), trans

Mo(CO)4(PEt3)2, and trans-Mo(CO)4(PBu3n)2) were sent by Donald J. Dar

ensbourg of Texas A and M University, College Station. 

Purification of complexes was generally by preparative chroma

tography followed by solvent removal and sublimation. The sublimation 

step ensured volatility of the complex before loading into the spectro

meter vacuum chamber and improved sample purity. Progress of reactions 

where either the starting material(s) or product had carbonyls was mon

itored by infrared using a Perkin Elmer 983 Spectrometer with Data Sta

tion. The final products (where there were carbonyls) were also char

acterized using infrared. Compounds were stored in either the dry box 

or the freezer at -23°C to maintain their integrity. Most materials 

reported in this study were mildly air-sensitive. Brief exposures to 

air did not appear to degrade these samples. Several compounds, how

ever, were very air-sensitive. These were CpMn(CO)(PMe3)2, 

Cp'Mn(CO)(PMe3)2, Cp*Mn(CO)(PMe3)2, CpMn(CO)(dmpe), CpCo(C4H6), and 

Cp*CO(C4H6) where Cp* indicates the pentamethylcyclopentadienyl ring. 

These samples were never exposed to air in the course of the reaction 

or as they were loaded into the spectrometer vacuum chamber as they 

rapidly decomposed. 



Specific Preparations 

~able I indicates the preparations and references for the com-

plexes reported in this work. 

Cp*Mn(CO)3. A previous preparation of this complex utilized 

the sealed tube reaction of Cp*H and Mn2(CO)10.9 Here is reported an 

alternative method: The direct reaction of pentamethylcyclopentadiene 

with manganese decacarbonyl. A small Schlenk vessel (50 ml) was fit 

with a reflux condenser and charged with 5.0 g (36.8 mmol) of Cp*H and 

4.5 g (11.5 mmol) of Mn2(CO)10. This was submerged in a 165°C oil 

8 

bath under a positive pressure of N2 for 12 hours. * The excess Cp H was 

removed in vacuo to a liquid nitrogen cooled Schlenk flask through a 

U-bridge. The residue was dissolved in ether and washed on a deactiv-

ated silica gel pad· supported on a frit. The yield was 3.20 g (50%). 

CpMn(CO)2(PMe3). A preparation for CP'Mn(CO)2(PPh3)33 was 

used as a reference for all of the CpMn(CO)3-n(PMe3)n complex prepar-

ations. For a typical preparation of this material, the Hanovia reac-

tion vessel was filled with a portion (250 ml) of hexanes and degassed 

for 45 minutes with Ar. The tricarbonyl, CpMn(CO)3, was added (0.85 

grams / 4 mmoles) as a solid and 0.45 ml (6 mmoles) of PMe3 was inject-

ed into the solution with a disposable syringe. The Hanovia was cooled 

with a H20/ice circulator pump and submerged in a H20/ice bath to keep 

the temperature close to 0 °C. Irradiation (while stirring was main-

tained) proceeded for close to two hours. The orange solution was 

transferred to a Schlenk vessel and the solvent was reduced (in vacuo) 

to a total of 20 ml. A Schlenk florisil/hexanes column (approximately 



Table I: Sample Preparation. 

Sample Reference 

Mo(CO)5(PMe3) 21 

Mo(CO)5(PEt3) 22 

Mo(CO)5(PBu3n) 21 

cis-Mo(CO)4(PMe3)2 

trans-Mo(CO)4(PMe3)2 

trans-Mo(CO)4(PEt3)2 

trans-Mo(CO)4(PBu3n)2 

fac-Mo(CO)3(PMe3)3 

pentamethylcyclopentadienylmanganese 
* tricarbonyl (Cp Mn(CO)3) 

CpMn(CO)2(PMe3) 

Cp'Mn(CO)2(PMe3) 

Cp*Mn(CO)2(PMe3) 

CpMn( CO) (PMe3)z 

Cp'Mn(CO)(PMe3)2 

Cp*Mn(CO) (PMe3)2 

CpMn(CO) (dmpe) 

cyclohexadienylmanganese tricarbonyl 
(C6H7Mn( CO h) 

cyclohexadieneiron tricarbonyl 
(C6HaFe(COh) 

cyclohexenylmanganese tricarbonyl 
(C6H9Mn(CO)3) 

23 

24 

22 

22 

24 

this work 

this work 

this work 

this work 

this work 

this work 

this work 

this work 

25 

26 

27 

9 



Table I continued 

Sample 

methylbutenylmangaHese tetracarbonyl 
(CSHgMn(CO)4) 

methylbutenylmanganese tricarbonyl 
(CSHgMn(CO)3) 

isopreneiron tricarbonyl (CSHsFe(CO)3) 

butenylmanganese tetracarbonyl (C4H7Mn(CO)4) 

butenylmanganese tricarbonyl (C4H7Mn(CO)3) 

butadiene iron tricarbonyl (C4H6Fe(CO)3) 

cyclopentadienylcobalt diethylene (CpCo(C2H4)2) 

pentamethylcyclopentadienylcobalt diethylene 
(Cp*CO(C2H4 h) 

cyclopentadienylcobalt butadiene (CpCo(C4H6» 

pentamethylcyclopentadienylcobalt butadiene 
* (Cp Co(C4H6» 

cyclopentadienylrhodium diethylene (CpRh(C2H4)2) 

pentamethylcyclopentadienylrhodium diethylene 
(Cp*Rh(C2H4h) 

cyclopentadienylrhodium butadiene (CpRh(C4H6» 

pentamethylcyclopentadienylrhodium butadiene 
(Cp*Rh(C4H6» 

10 

Reference 

27 

27 

26 

27 

27 

26 

28 

29 

30 

this work 

31 

this work 

32 

this work 
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60 cm) was prepared and the solution was loaded. The starting material 

(CpMn(CO)3) moved with hexanes and was removed. The product, 

CpMn(CO)2(PMe3), was eluted with CH2C12 and was collected. The diphos

phine substituted impurity, CpMn(CO)(PMe3)2, decomposed on the column 

and did not move. After this chromatography the product / methylene 

chloride solution was pulled to dryness (in vacuo) and the bright yel

low solid was stored in the dry box. Yield for this reaction was 

around 0.40 g (40%). Infrared bands at 1940 cm-1 (vs) and 1878 cm-1 

(vs) identify the product as Cp~1(CO)2lPMe3). For Cp'Mn(CO)2(PMe3) 

the observed IR bands are at 1942 cm-1 and 1874 cm-1 • For 

Cp*Mn(CO)2(PMe3) they are at 1921 and 1859 cm-1 • 

CpMn(CO)(PMe3)2" The differences between the preparations of 

this class of molecules and the monophosphine derivatives are minor. 

For the most part these differences are in.the relative concentrations 

of r~actants, sample handling due to higher air-sensitivity, and final 

workup. In a typical preparativn, 300 m1 of hexanes were degassed for 

20 minutes in the Hanovia with bubbling Ar. The reactants, CpMn(CO)3 

(0.40 g / 2 mmo1) and PMe3 (0.45 m1 / 6 mmo1), were added to the sol

vent. After irradiation for about one hour (0 DC), the infrared showed 

95% conversion. Solvent was removed (in vacuo) and the brownish-or

ange solid was scraped from the Sch1enk vessel into a sample vial in 

the dry box. The high degree of air-sensitivity of this complex pre

cluded an exact yield measurement but there was about 0.50 g (80%) of 

product. The infrared shuws one strong band at 1843 cm-1 • 



(Cp'Mn(CO)(PMe3)2 shows one band at 1839 cm-1 and Cp*Mn(CO)(PMe3)2 

shows a single band at 1827 em-I •. 

CpMn(CO)(dmpe). Preparation is very similar to 

CpMn(CO)(PMe3)2. Approximately 200 ml of hexanes were degassed in 

the Hanovia for 15 minutes with N2. The reactants, CpMn(CO)3 (0.20 g 

/ 1 mmol) and Me2PCH2CH2PMe2 (dmpe) (0.25 ml / 1.5 mmol), were added 

to the reactor. After 40 minutes of irradiation (0 DC with stirring) 

the infrared showed complete conversion (>95%). The solvent was re-

12 

moved (in vacuo) and the residue was sublimed (70 DC). Yield was 0.10 

g (34%), but problems in the sublimation setup caused some decomposi-

tion. The product is a bright yellow solid which has a single CO 

infrared absorption at 1844 em-I. 

* Cp Co(C4H6). This preparation is very similar to that of the 

30 
Cp analogue. The solvent, 250 ml of freshly distilled tetrahydrofur-

an (THF) was degassed for 10 minutes with Ar in the Hanovia photochem-

* 34 / ical reactor. The starting material, Cp Co(CO)2 (1.70 g 7 rumol) 

was added and butadiene was bubbled into the cooled (0 DC) Hanovia for 

5 minutes. Over the next four hours, the solution was irradiated for 

approximately two and one-half hours and butadiene was periodically in-

troduced by bubbling for 20 minutes. Infrared was checked periodically 

to monitor the reaction (disappearance of the CO bands). After the ir-

~adiation time, conversion was estimated at > 90%. The solution was 

reduced (in vacuo) to about 100 ml and run through a medium frit to 

remove particulates. The filtered solution was pulled to dryness and 

the solid and flask were readied for sublimation. Sublimation at 50 DC 
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yielded approximately 1.50 g (90%) of an air-sensitive reddish brown 

solid. 

* Cp Rh(C2H4)2. This complex is prepared in essentially an iden-

tical method to CpRh(C2H4)2.31 In a small Schlenk flask (100 ml) 50 

ml of freshly distilled THF, 0.80 g [RhCI(C2H4)2]2 (2.1 mmol), and 

1.42 g LiCp* (10.0. mmol) were combined. A stirbar was added and the 

solution was stirred under N2 for 18 h. The dark brown solution was 

pulled to dryness and the residue was dissolved in pentane and washed 

on a Schlenk frit. The reddish-brown solution was pulled to dryness 

(in vacuo) and a sublimation finger was inserted. At 50 DC 0.30 g of 

yellow crystals (25%) were obtained. 

Cp*Rh(C4H6). This preparation is based on the literature 

preparation of CpRh(C4H6),32 but a satisfactory yield has not been ob-

tained. In the typical experiment, 15 ml of freshly distilled THF, 

0.2 g (1 mmol) Rh(CI)(C4H6)2,35 and 0.4 g (3 mmol) LiCp* were stirred 

in a 50 ml Schlenk flask overnight. After the THF was removed, subli~ 

ation was attempted on the residue. Yield was only a few drops of an 

oily yellow material (less than 0.02 g). 

Spectrometer and Operating Conditions 

All data were collected on an extensively modified McPherson 

ESCA 36 photoelectron spectrometer. The analyzer of the spectrometer 

36 
is essentially unchanged, but the sources (HeI, Hell, MgKa) , sample 

handling and sample cells, vacuum system, and data collection are quite 

different from those of the original McPherson instrument. Much of the 
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sample handling, sample cell, vacuum system, and lamp modifications 

were performed by Dr. John L. Hubbard and are described in the liter-

8 9 20 ature 'and in detail in his dissertation. This work describes, in 

Appendices A and B, the data collection hardware and software modifi-

cations to the McPhe~son analyzer. 

Sample Handling 

Depending on the characteristics of the sample, three different 

techniques were used to load the samples into the spectrometer for data 

collection. In all cases the heated sample cells built by Dr. John L. 

Hubbard were used. The cells generally were cleaned after each use by 

a bakeout where the temperature of the cell was raised 10-20 °c over 

the vaporization temperature of the previous sample. Solid, nonvola-

tile material -was manually removed. Periodically the cells were rinsed 

with a solvent (acetone or contact cleaner) and heated with a heat gun 

(to drive off the solvent). Volatile liquids were run from the out-

side. Samples that were not extremely air-sensitive were loaded in air 

into the sample reservoir of the cell, and air-sensitive compounds were 

handled with glove bag technique. Descriptions of these three proced-

ures are described below. 

Samples Run From Outside Through Needle Valve. This tech-

nique was used for some very volatile liquids and solids, namely 

being the only solid. These complexes were loaded into glass sample 

tubes (1/4" O.D.) which were swage-locked onto the va~or admission port 
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using teflon ferrules. Most of the actual sample tube loading was per-

formed in the dry box because of the air-sensitive nature of these 1i-

quids. Only the iron tricarbony1s were loaded into the tubes in air. 

The liquids were degassed using either the repeated freeze - thaw tech-

nique or by alternately opening and closing the two valves (in series) 

until a pure vapor was obtained. The needle valve setting was experi-

mentally determined with the ionization gauge (to measure sample pres-

sure) and the observed spectral signa1-to-noise to get the best spect-

rae Nitrogen leaks were occasionally a problem in this mode. The best 

method for isolating and correcting a leak was to carefully (l/l6th 

turn at a time) tighten the glass to metal seal (swage-lock) while mon-

37 itoring the N2 lone pair ionization at 15.579 eV (UPS) or the N Is 

38 ionization at 409.92 eV (XPS). In HeI experiments there generally 

was a residual N2 signal due to leaks around the lamp/base seal but in 

XPS there was no N2 background. 

Samples Loaded Into Cell In Air. This technique w.~s the one 

most often used in this study. Most complexes were only mildly air-

sensitive, meaning that brief « one-half hour) exposures to air did 

not degrade the sample quality. These were loaded into the sample cell 

reservoir in air to conserve time. The unused sample was purged with 

N2 by being placed in the dry box entry port (with the vial cap loose) 

and experiencing the standard dry box pumpdown/purge cycle. Inside the 

dry box the vials were closed and the unused sample was either stored 

in the dry box or removed for storage in the -23°C freezer. 
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Glove Bag Technique. A few samples (CpMn(CO)(PMe3)2, 

Cp"Mn(CO)(PMe3)2, Cp*Mn(CO)(PMe3h, CpMn(CO)(dmpe), and Cp*CO(C4H6)) 

were treated as being extremely air-sensitive and effort was made to 

keep them in an 0Z/H20 free environment. The closed sample vial, the 

sample cell or cup (XPS), and two zip-10k type bags were brought into 

the dry box with standard pumpdown/purge procedure. The cell was load

ed and placed within the two plastic bags (one within the other). 

Meanwhile, a positive pressure of N2 through the sample chamber door 

on the spectrometer kept the sample chamber mostly 02/H20 free and 

provided a Schlenk-type protection for the sample cell and sample while 

it was mounted within the spectrometer. At worst case with this tech

nique, the time between leaving the dry box and sample chamber pump

down was five minutes, during which time the sample was protected with 

either dual plastic bags or Schlenk purge. 

Data Collections 

After the sample was loaded into the spectrometer and the in

strument reached operating vacuum, the sample ionization / sublimation 

temperature had to be reached. As this was most often experimentally 

determined with the HeI experiment, the description of this is below. 

Table II lists the ionization / sublimation temperatures of the samples 

studied. 

HeI. The HeI source used in this study was a water cooled 

quartz capillary discharge lamp. The top of the lamp is air cooled and 

kept at a potential of 800-1000 volts and the discharge current was 150 

mAmps. Excess He was removed by a differential pump (mechanical) 
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Table II: Vaporization Temperatures of Studied Compounds. 

Vaporization Temperatures (OC) 
Complex 

HeI He II XPS 

Mo(CO)6 25 35 

Mo(CO)5(PMe3) 25 35 

Mo(CO)5(PEt3) 25 

Mo(CO)5(PBu3n) 60 

cis-Mo(CO)4(PMe3)2 50 55 

trans-Mo(CO)4(PMe3)2 30 35 

trans-Mo(CO)4(PEt3)2 55 

trans-Mo(CO)4(PBu3n)2 95 

fac-Mo(CO)3(PMe3)3 90 100 

CpMn(CO)2(PMe3) 25 35 

Cp'Mn(CO)2(PMe3) 30 35 

* Cp Mn(CO)2(PMe3) 45 50 

CpMn( CO) (PMe3 h 50 55 

Cp'Mn(CO)(PMe3)2 50 55 

* Cp Mn(CO)(PMe3h 65 70 

CpMn( CO) (dmpe) 50 

C6H7Mn(CO}J 25 35 



Table U continued 

Vaporization Temperatures 

Complex 
HeI HeU XPS 

C6H9Mn(CO)3 2Sa 3S 

C6HSFe (CO)3 2S a 2Sa 

CSHgMn(CO)4 2S a 2S a 

CSHgMn(COh 2S a 2S a 

CSHsFe(COh 2S a 2S a 

C4H7Mn (CO)4 2S a 2S a 

C4H7Mn (CO)3 2S a 2Sa 

C4H6Fe (CO)3 2S a 2S a 

CpCo(C2H4)2 25 30 35 

* Cp Co(C2H4)2 30 35 40 

CpCo(C4H6) 2Sa 2S a 3S 

* Cp Co(C4H6) 30 3S 40 

CpRh(C2H4)2 25 30 3S 

* Cp Rh(C2H4)2 30 3S 40 

CpRh(C4H6) 25 30 3S 

* Cp Rh(C4H6) 30 35 40 

a - These samples were run from the outside 
(through the needle valve). 

IS 

(OC) 
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attached to the lamp base. The energy scale of the spectrometer was 

calibrated using a mixture of Ar and CH3I. Ar was metered in with a 

precision Granville - Phillips variable leak valve. Methyl iodide was 

loaded in a glass sample tube, swage-locked onto the vapor admission 

port of the spectrometer, and admitted to the sample cell through a 

needle valve. Separation between the two calibration ionizations, Ar 

37 
3P3/2 at 15.76 eV and the first ionization potential of CH31 at 9.55 

37 
eV, is 6.21 eVe The instrument constant determined through calibra-

tion represents the factor that the voltage output of the inner sphere 

power supply (positive) must be multiplied by to focus electrons of ap-

propriate kinetic energy. For example, electrons of kinetic energy 

8.00 eV will be focused at the detector when a potential of 2.00 volts 

is held at the positive sphere (and -80% of that on the negative 

sphere) and the instrument constant is 4.00. Thus, to calibrate the 

instrument the experimental positions of the two calibration ioniza-

tions were determined and the separation, Eold, was calculated. The 

new instrument constant, Knew, is: 

Knew = Kold * ( Enew / Eold ) (1) 

where Enew = 6.21 and Kold is the old instrument constant associated 

with the collection and calculation of Eold. The calibration tech-

nique reported above generally was precise to better than 0.01 eV and 

was repeated only biweekly. Unless major instrument revisions (sphere 

cleaning, detector position, etc.) had been made, the variations in 

Eold were always less than 0.01 eV over this time period. 
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All HeI data were collected while a stable pressure of Ar (5 

X 10-7 - 5 X 10-6 Torr) was maintained in the sample cell. (This is 

as-measured at the ion gauge on the turbomolecular pump column. The 

actual pressure in the ionization region of the cell was probably much 

higher - as much as 100 mTorr.) This acted as an internal "lock" to 

monitor spectral drift. Ge~erally the following procedure was used. 

The sample cell was heated (for samples with sublimation temperatures 

higher than ambient) until a reasonable signal-to-noise level was ob

tained. This was found to be best done by systematically raising the 

cell temperature (10 DC / 10-20 minutes) in incremental steps while 

monitoring the full (16 - 6 eV) spectral region. Reasonable sensitiv

ity and signal-to-noise was (loosely) defined as being when a signal of 

100-500 counts/second (cps) over the· "metal" or "Cp" bands was recorded 

and the spectral features were baseline-resolved. The best sample 

temperature is easily bracketed to 10 DC by this method. 

Since the sample pressure in the cell varies with temperature 

and time; and since the apparent work function of the spectrometer var

ies with sample pressure; the sample lock is necessary to accurately 

measure the band positions. The technique is described below. The Ar 

standard region was scanned and the position of the 3P3/2 peak was de

termined. The difference between that and the known value of 15.759 eV 

is the necessary correction to the apparent work function, the .~" var

iable. After this correction was made, scanning the Ar standard region 

again should put the position of the 3P3/2 peak much closer to 15.759 

eV (typically within 0.001 eV). This is how the accurate signal 
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averaging reported in this work ~as done. By checking and correcting 

the Ar region between each added scan on the sample regions, the time-

averaged collection was as accurate in band positions as an individual 

scan. One variable of the collection, the collect time (in seconds per 

data channel), was constantly monitored and updated after each scan to 

maximize collection efficiency. During a signal averaging experiment, 

the drift per scan was kept smaller than the spacing between data 

points (in eV). Thus, the collect time affects the drift by control-

ling the actual amount of time between corrections of the apparent work 

function. A collect time too small wasted too much time scanning over 

Ar rather than the sample. 

The resolution in ReI experiments, as indicated by the full-

width-half-maximum (FWHM) of the Ar 3P3/2 ionization, was kept below 

35 meV in all experiments and was often below 20 meV. Dr. Charles H. 

Blevins perfected many of the techniques for resolution enhancement and 

maintenance. These procedures are described in detail in his disserta-

19 
tion. A typical data collection in HeI proceeded with two or more 

phases once the operating conditions of temperature, etc. had been met. 

The first phase was to collect a very good full spectrum (16-6 eV). 

Then, if the sample ran out before closeups (second phase) were com-

pleted, the full spectrum could be used as a closeup by changing the 

plot window. The second goal was to collect the closeup region (12-6 

eV) necessary for HeI/HeII comparisons. If a good quality spectrum was 

obtained here, then further closeups on the metal and ligand bands were 

initiated. These, however, were the lowest priority because they 
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seldom showed features not visible in the 12-6 eV closeup and usually 

did not present an attractive package for publication. Since signal-

to-noise improves only at the rat.e of square root of time, a point of 

diminishing returns is reached in the collection of these type of spec-

tra for long data collections. Typically 2-5 seconds per data channel 

(501 channels) gave good full spectra and 10-20 seconds per channel 

(301-501 channels) gave good closeup spectra for Hel. 

Hell. Hell radiation was obtained with a charged particle os-

20 cillator lamp originally built by Dr. John L. Hubbard and later im-

proved by George Holladay of the Chemistry machine shop by replacing 

the brass and aluminum components with stainless steel. Operating con-

ditions were usually 1650 volts, 250 mArops for the lamp. The only var-

iable was the He pressure - too much He caused the voltage to drop -

too little caused the current to drop. It was also found that the lamp 

performance was best when it was allowed to run hot (50-60 DC). The 

temperature was controlled by varying the coolant water flow rate until 

the output side is hot but still flowing. Samples were heated (when 

necessary) about 5-10 DC hotter than the Hel sublimation/ionization 

temperature. 

The Hell experiment was not calibrated for two reasons: (1) the 

power supply used as the analyzer sphere source was the same as Hel, 

and the Hel calibration was assumed accurate; and (2) the Hell band 

positions are not important - only the relative band intensities are 

reported from the Hell experiment. A spectral drift lock was again 
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used for Hell. Since Ar has a very low Hell ionization cross-section, 

the He self-ionization at 24.6 eV was used as the lock. 

Spectra were obtained in essentially the same manner as HeI. 

The count rate was much lower (10%) than HeI and resolution was not im

portant so the analyzer was usually set for maximum sensitivity by 

opening the baffles. Hell data collection has only two phases. First, 

a full spectrum (usually 20-5 eV) was collected for later use in satel

lite subtraction. This collection did not need to be at high signal

to-noise as only the general spectral features are necessary. The 

closeup (12-6 eV region) was collected with as high signal-to-noise as 

possible. This spectrum was used for the HeI/HeII comparisons reported 

here. Smaller window collections are rarely collected in Hell because 

the importance of Hell data is in the comparisons between peak inten

sities. 

XPS. The gas phase XPS experiment was developed in-house. 

Very little documentation exists in the literature because few groups 

do these experiments. It is not, however, without precedent. The cell 

was designed and built by Dr. Hubbard 20and has been modified only 

slightly. Reusable primary slits machined from molybdenum foil have 

replaced the original home-made aluminum foil knife-edge design and re

usable high temperature silicon gasket material has replaced the one

use caulking for the cell seal. The x-ray source was the McPherson de

signed Mg-Ka anode and filaments. Some of the experiments were per

formed using filaments built in this laboratory using a technique de

veloped by Mr. Gary P. Darsey. A potential of 7 kVolts and a current 
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of 35 mAmps were the typical lamp operating conditions. Hardware and 

software modifications to improve data collection capabilities are de-

scribed in Appendices A and B. 

Some description must be made of the XPS calibration proce-

dures. This is an extremely critical factor as errors of 0.1% in cal-

ibration corresponds to an error of 0.60 eV. All data reported here 

were collected after an Ar 2P3/2 / Ne 1s calibration. Both Ne and Ar 

were metered through precision leak valves into the ionization cell. 

The separation between these two ionizations is 621.69 eV (Ar = 248.62, 

38 Ne = 870.31). It was assumed that the energy scale is linear between 

39 40 these two points, as previous workers have done. ' Calibration 

was performed at least daily, and often three times a day. Either Ne 

or Ar was admitted to the cell as a lock during XPS data collections. 

The noble gas was chosen so that it was closest to the sample ioniza-

tion in energy. Ne Is was used for 0 Is, Mn 2P3/2, and Co 2P3/2. Ar 

2P3/2 was used for C 1s, P 2P3/2, Mo 3d5/2, and Rh 3d5/2. Any non-lin-

earities in the energy scale are reduced by the proximity to the known 

lock value. For example, C Is ionizations were always within 50 eV of 

the Ar line and were very accurate. If the Ne 1s line had been used as 

the lock for C Is, the difference between the lock and the unknown 

would be greater than 570 eV where non-linearities would have been much 

more significant. It is also worth noting that if a curvature is found 

at a later date in the spectrometer calibration curve, all data report-

ed in this work can be easily corrected. 
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Resolution of sample ionizations was very dependent on the sam

ple, but usually reproducible. The resolution of the cali brant lines 

were constant. The FWHMs of Ne 1s and Ar 2P3/2 were 1.0 + 0.1 eV and 

1.5 + 0.1 eV, respectively when the spectrometer was functioning cor

rectly. These values would be as much as 20% higher if the baffles 

were b~d1y contaminated or the cell slits needed cleaning and refin

ishing. 

The methodology of data collections were quite a bit different 

from UPS. As a sample began to sublime, the apparent work function 

changed to smaller values. In an XPS experiment, it was impossible to 

constantly update the apparent work function because in the length of 

time (>2 min) it required to determine the apparent work function, it 

had shifted again. However, with the assumption that these drifts were 

more or less linear with time, a reproducible methodology for data 

collection was developed. A series of regions, alternating between 

standard and unknown (and beginning with the standard), were scanned 

sequentially, and the data was saved. The standard and unknown regions 

were fit (deconvoluted) for position (see below). The difference be

tween the known value of the standard position and the average of the 

first and second standard experimental positions was the correction for 

drift for the first unknown region. What this assumed was that if the 

standard was scanned halfway (in time) between the first and second 

standards, the position of that standard peak would have been the same 

as the average of the first and second standards. 
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In order to obtain reasonable signal-to-noise over both sample 

and standard ionizations, mUltiple scans (at 1 second per channel per 

scan) were generally required. Typically 1-2 scans over Ne, 2-4 scans 

over Ar, and 4-8 scans over the sample regions were collected for each 

region. There was a very significant trade-off here. To be able to 

calculate meaningful statistics, several independent regions (usually 

4-8) of data were collected for each ionization. This prevented col

lection of high signal-to-noise data because of sample size and drift 

as a function of time considerations. The XPS spectra presented in the 

diagrams of this work are summed from the individual regions after cor

recting each region for drift. 

Because of the ability to collect data simultaneous to data re

duction (Appendices A and B), a running average and standard deviation 

was calculated during the collection. Then the quality of the data was 

known concurrent to the collection and informed decisions were possible 

about continuation or abortion of the collection. The criteria usually 

used was that the corrected average of at least four sample regions 

should have a standard deviation of around 0.04 eVe If this criteria 

was met, the collection on that ionization was discontinued and collec

tion for another ionization was started. If the standard deviation was 

larger than this benchmark value, collection for this first ionization 

was continued in more regions. Near the end of the next section fur

ther discussion on XPS data reduction is presented. 
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Data Reduction 

The goal of the data reduction for the results reported here 

was not to synthesize results, but instead, to provide reproducible, 

analytical, numerical representations of the data that could be com

pared to the results of other workers and be internally consistent 

within this work. Three levels of computing were used, in order of 

increasing sophistication, to convert raw data to the analytical data 

provided in this work. Data was collected on an in-house DEC LSI-11/23 

minicomputer using hardware and software described in Appendices A and 

B. This computer was also programmed for many of the early data reduc

tion steps to save computing time and expense. Data preprocessed by 

the LSI was carried on floppy disc to the campus computer center for 

further reduction on the DEC-10 and Cyber 175 main-frame computers. 

The Cyber was used only for band deconvolution (described below). 

Pre-Deconvolution 

HeI. Several data reduction steps were performed before band 

fitting. The first step was smoothing (if necessary) to increase the 

data signa1-to-noise. A three-point weighted-average smooth routine 

was used. Data sets were then corrected for the experimentally deter

mined analyzer transmission function by multiplying by a ramp. The 

third data reduction step was used in cases where the Ar standard peaks 

were more intense than the sample ionizations. Because the plotting 

programs automatically scale the y-axis (counts) for minimum and maxi

mum, the Ar peaks were sometimes manually reduced so that maximum 
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counts were centered on the sample ionizations rather than Ar. 

HeII. All of the HeI steps were used for the reduction of 

HeII data. Smoothing and transmission function corrections were used 

as described above. The peak reduction (and removal) function was used 

in HeII for the removal of He satellites and noise spikes from the data 

set. An additional step, satellite subtraction, was necessary to re-

move the contribution in intensity from the HeII-8 lamp satellite at 

48.36 eVe The satellite had an intensity of 12% of the major, HeII-a 

line at 40.8 eVe Experimentally, this means that a spectrum with the 

same features as the original but only 12% of the intensity is superim-

posed on the original at 7.56 eV lower binding energy. The SATSUB pro-

41 gram written by Dr. Dennis Lichtenberger provided a convenient method 

for removal of the 8lamp satellite by using the full (20-5 eV) collec-

tion to synthesize the contribution. This is subtracted from the 

closeup (12-6 eV) data set. 

Band Deconvolution 

These techniques of band deconvolution have been extensively 

8,9,42 
described previously. Peak positions, half-widths, and relative 

intensities are calculated from asymmetric Gaussian curves using the 

functional form: 

C(E) = A exp { -k[(E - P) / W ]2} (2 ) 

C(E) is the counts at energy E; P is the position in eV of the vertical 

ionization potential; A is the peak amplitude;. W = Wh, the high energy 
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half-width when E > P; W = WI, the low energy half-width when E < P; 

and k = 4 In 2. The analytical results presented in the tables of HeI 

and Hell ionization potentials were obtained from the program GFIT:3 a 

Gaussian band fitting routine utilizing Marquardt's method 44 and the 

equation above. Only the minimum number of Gaussians to represent the 

observed band contour were used. The appropriate number of Gaussians 

was further determined from parallel experiments (e.g. comparison of 

* the number of observed bands for Cp and Cp analogues) where the num-

ber of distinct ionizations did not change but the order and position 

did. Choice of baseline for fitting was very important for relative 

band intensity calculations. It was generally unacceptable to choose 

the first and last data points as representing the baseline. Instead 

two low points, preferrably separated by several eV, were chosen as the 

endpoints. Often the left (high binding energy) side of the closeup 

spectra showed the tail of a peak that was not completely collected. 

In these cases, a Gaussian fixed in position and high energy half-width 

(but free to vary in amplitude and low energy half-width) was placed to 

the high energy side of the data to more accurately simulate the tail 

and the baseline in that vicinity. The analytical data presented in 

this work have estimated error limits of 0.02-0.05 eV in band posi-

tions, 0.05-0.20 eV in half-widths, 5-10% in HeI relative intensities 

and 10-20% in Hell relative intensities. 

XPS Data 

In a previous section data collection procedures for XPS were 

discussed. It is difficult to separate data collection and reduction 
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for XPS because the two phases are nearly concurrent. XPS ionizations 

were fit using ?ymmetric Gaussians with the GAUFIT method (Appendix B) 

to determine band positions and half-widths. In most cases the C Is 

region showed more than one peak because of chemically different carb-

ons. These were fit with constraints to reduce the number of independ-

ent variables. The half-widths were constrained to be the same for 

each peak (yielding a FWHM) and in cases of band overlap the intensity 

ratios were usually constrained. For example, in CpMn(CO)3, the ratio 

of 3:5 for the carbonyl:Cp C Is ionizations was appropriate. Data with 

high signal-to-noise was obtained by summing individual collections af-

ter correcting each for drift. These data sets allowed fits of fewer 

constraints and often indicated experimental intensity ratios that were 

used in the fits for the individual collections. The plotted spectra 

displayed in this work are these summed data sets. 

The numerical data presented in the tables of XPS ionizations 

are average values for several (usually 4-8) collections. The devia-

tion reported with each value is the standard deviation calculated in 

the usual manner. A data point (collection) was deleted from the aver-

age and standard deviation calculation if its value fell outside two 

sigma. The average and standard deviation were then recomputed. 

Molecular Orbital Calculations 

d
.. 45 46,47 

Calculations using the Extende Huckel and Fenske-Hall 

methods were performed on several of the molecules described in this 

work. For Fenske-Hall, a fragment basis transformation approach was 
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used to enable clearer conceptualization of the interactions. The 

specifics of each calculation including basis sets and molecular geom

etries are footnoted in the appropriate chapters. 



CHAPTER 3 

ADDITIVE LIGAND EFFECTS AND CORE-VALENCE IONIZATION CORRELATIONS 
IN THE PHOTOELECTRON SPECTROSCOPIES OF Mo(CO)6-n(PR3)n 

WHERE R = Me, Et, AND Bun AND n = 0, 1, 2, 3. 

Two recently proposed fundamental principles of electronic 

structure, ligand additivity12,24,48 and core-valence ionization cor

relation, 13,49-59 can have a major impact on understanding the elec-

tronic structure of transition metal complexes from experimental meas-

urements. The first, seemingly trivial, principle states that the met-

al orbitals are systematically and reproducibly shifted in an amount 

directly proportional to the number and type of ligand replacements on 

the metal center. Knowledge of consistent ionization shifts with lig-

and substitutions would allow prediction of the ionizations of unknown 

metal species, would assist assignment of complex spectra, and would 

contribute to identification of new metal complexes. Additivity of 

ligand electronic effects can occur only if there is no significant 

"dampening" of the bonding capabilities of the metal, and if the elec-

tron donor/acceptor capacities of the metal do not approach any limits. 

Although there is no apparent a priori reason to expect absolute lig-

and additivity, recent experiments indicate that the principle may ap-

ply in a wide variety of circumstances. Bursten's work on additivity 

in the electrochemistry of M(CO)6-n(CNR)n complexes 12 ,60 has fit the 

model extremely well if the El/2 for oxidation was assumed to be the 

ionization potential of the highest occupied molecular orbital (HOMO). 

32 



In a more rigorous experiment, Bancroft's p.e.s. results for 

61 
W(CO)6-n(PR3)n have shown the model to correctly predict the ioni-

zation potentials and relative band intensities for the d6 valence 
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metal electrons. The Bancroft work was of low signal-to-noise and was 

hampered by the added distraction of W spin-orbit splitting of the t2g 

orbitals. A useful core ionization analogue to the valence ligand ad-

ditivity model is Feltham and Brant's group ligand shift principle for 

62 
XPS of solids. These workers did not study cases of successive 1ig-

and substitution but did calculate absolute metal core shifts for phos-

phines and carbonyls. However, the broad solid XPS ionization features 

and low reproducibility yielded error bars in many cases approaching 

the shift value in magnitude. 

The second principle, core-valence correlation, is important in 

that it brings together two large bodies of data, core and valence ion-

ization studies. 
13,49-59 

As the recent work of Jolly has shown, these 

data have complementary information. In the core, ionization poten-

tials are a function of charge distribution and relaxation. Valence 

ionization potentials also respond to charge distribution and re1axa-

tion, but in addition, are sensitive to bonding (orbital overlap or hy-

perconjugative) effects. Core-valence ionization correlation has been 

developed by Jolly as an aid to assignment and interpretation of va-

1ence ionization spectra. Simply stated, the principle is that eight-

tenths of an observed core binding energy shift for the atom of inter-

est should be the shift for a nonbonding valence lone pair orbital 10-

cali zed on the atom. This principle is most clearly illustrated for 
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main group molecules in which one atom contains an orbital that is 

. 50-53 
strictly nonbonding and localized ~n the valence. 

It is important. to further investigate the core-valence ioni-

zation correlation principle for delocalized transition metal centers 

that have strong pi-acceptor ligands as well as those with strong sigma 

donor ligands. Substantiating the relationship between core and va-

lence photoelectron spectroscopies can lead to an increased understand-

ing of interactions between ligands and metals in discrete molecules as 

well as on surfaces. This chapter presents the core and valence photo-

electron spectroscopies for Mo(CO)6-n(PR3)n; (R = Me, n = 0, 1, 2-cis, 

2-trans, 3-fac; R = Et, n = 0, 1, 2-trans; R = Bun, n = 0, 1, 2-

trans). (Only HeI data are presented for the PEt3 and PBu3n deriva-

tives.) Because this study presents results for a series of system-

atically ligand substituted complexes, with a wide range of ionization 

shifts, it provides an unprecedented test of the ligand additivity and 

core-valence ionization correlation principles. Both Jolly's and Fel-

tham's results have been limited to monosubstituted species where re-

producibility was developed only by changing the entire molecule and, 

with it, the supporting electronic structure. 

Models for both ligand additivity and core-valence ionization 

correlation principles are presented in the next section. There it 

will be shown that models for both of these principles are natural ex-

tensions of simple molecular orbital theory and electrostatics. Thus 

the stage will be set for assessment of the results and later discus-

sion of the models. In the results section, the core and valence data 
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for the above named species are displayed and experimental evidence for 

the two principles is shown. The importance of these data in the con-

text of the principles and models is described in the Discussion 

section. 

Models 

Ligand Additivity 

Bursten's ligand additivity model predicts the ionization pot-

i 12 entials of metal d pi orbitals, E , with the following equation for 

octahedral MA6-nBn: 

(1) 

In the system reported in this chapter, A is CO and B is PMe3. 

the ionization potential associated with removal of an electron from 

molecular orbital i. i The first term, EO, is the ionization potential 

of the corresponding orbital of the unsubstituted complex MA6 (i.e. n 

= 0). The second term represents shifts in ionization potential due to 

changes in overlap interaction, such as backbonding between the metal 

and ligands B compared to A. In this case, mi is the number of B lig-

and orbitals each having the same overlap interaction S with orbital i 

i 
(a function of the ligand geometry about the metal) and ~ES is a term 

representing ionization energy shifts from the changes in these overlap 

interactions (orbitals of A being replaced by those of B). The third 

term represents shifts due to changes in the charge distribution where 

i 
n is the total number of B ligands that have replaced A ligands and ~EQ 
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is a term representing the charge potential changes experienced by orb

ital i when one A is replaced by one B. The parameters E~, ~E~, and 

i 
~EQ can be empirically determined from the ionization data for MA6-nBn 

complexes. This form of the ligand additivity model assumes that 

changes in relaxation energy are negligible or at least additive 

throughout the series. Relaxation energies are inherently contained in 

the empirically determined parameters, but discussion of the model is 

typically in terms of orbital energies and interactions. Additional 

comments on electron relaxation effects will be made in the Discussion 

section. 

It is instructive to consider the model in terms of a simple 

molecular orbital theory simulation of the ~E~ (overlap) and the ~E& 

(coulombic) terms. i The ~S term can initially be represented by ex-

pressions for the changes in eigenvalues resulting from changes in orb-

ital interactions with 0, 1, and 2 pi accepting ligands. Starting with 

a metal orbital that does not interact with pi-accepting ligands, the 

single Fock matrix element is FM and the eigenvalue is E = F • o M 

When interaction with a pi-accepting ligand is added to the 

metal orbital the second diagonal matrix element is FL and the off-

diagonal terms are FML (where the overlap between the pi-acceptor orb-

ital and the metal donor orbital is SML). Using perturbation theo-

63 
ry, the eigenvalue for the predominately metal orbital back-bonding 

into the ligand is (to second order): 

F -M 

F ML - sML F M ) 2 

( FL - FM ) 
(2) 
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It is assumed here that the diagonal metal orbital energy FM is not 

perturbed at the initial level of substitution. Changes in FM are 

largely due to the charge potential term. 

There are two distinct cases of interaction between two ligands 

and a metal d orbital. For the cis case a second off-diagonal term 

FLL' (and SLL') is necessary to represent the interactions between the 

two pi-acceptor ligands. Initial diagonalization of the interligand 

interactions provides one ligand group orbital that is symmetry adapted 

for interaction with the metal orbital. The other ligand group orbital 

is not the correct symmetry for interaction with this metal d orbital. 

Perturbation treatment of interaction of the symmetry adapted group 

orbital with the metal orbital leads to: 

2 FML - SML F )2 
F - M 

(3) e: 2- cis M 1 + SLL' FL + FLL , 

1 + SLL' 
- FM ) 

Assuming in the trans case that there is essentially no inter ligand ov-

erlap leads directly to: 

F ML - sML F M ) 2 

( FL - FM ) 
(4) 

The ligand additivity model of equation (1) indicates that the 

cis and trans overlap effects with a particular metal orbital should be 

the same. It is clear from equations (3) and (4) that interligand in-

teractions in the cis case can lead to deviations from additivity. The 
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existence of this type of interaction for strong pi acceptors was dis-

64 
cussed by Hall for cis-nitrosyls. If, however, interligand interac-

tions are neglected by setting FLL' = SLL' = 0, then £2-cis = £2-trans • 

A linear correlation in overlap shifts from the monosubstituted complex 

. is also indicated by these expressions. Each successive pi acceptor 

contributes [ ( FML - SML FM )2 / ( FL - FM ) ] to the orbital eigenval

i ue. This represents the term ~ES' The molecules studied in this work 

have no more than two ligand substitutions per metal d pi orbital, but 

the additivity relationships can be derived similarly for higher sub-

stitutions. It should be pointed out that the features of the ligand 

additivity model shown above are also inherently contained in the ang-

65-67 ular overlap model. 

i The ~EQ term can be investigated by examining changes in metal 
, 

orbital population terms and two-center charge effects. From first or-

der perturbation theory the total orbital ¢MO resulting from interac

tion of a pi-accepting ligand orbital XL with the metal d pi orbital X
M 

has the general form (without renormalization): 

(5) 

The c term represents the first order correction to the vector coeffic-

ient and the subscript denotes interaction with a single ligand accept-

or orbital. The density removed from the metal orbitalXM by the lig

and-based XL is generally proportional to this coefficient squared. In 

this case: 



39 

= (6) 

The population lost by a metal orbital interacting with two cis ligands 

is: 

2 2 [( F ML - SML F M ) 
[c2-cia] ::z 

1 + SLL' (_F_L_+_F_L_L_, 
- FM 

1 + SLL' r (7) 

while the loss by an orbital interacting with two trans ligands is: 

(8) 

Note that the cis and trans population losses will be identical if in-

terligand interactions are neglected as above. 

The total one-center density lost at the metal center can be 

determined by summation of the population losses for all d pi orbitals 

that are backbonding into ligand orbitals. In the molecules of this 

study the ligands have three-fold and higher symmetry, and therefore 

have a pair of equivalent acceptor orbitals rotated 90° from each 

other. For MLl, two of the metal orbitals interact with one ligand 

orbital and the other interacts with none, yielding a total density 

loss of 2[Cl1 2 • For both cis and trans-ML2, the total density lost is 

4[Cl1 2 (in the absence of interligand overlap). In the former case 

there are two orbitals with a [cl1 2 contribution and one with a 2[Cl1 2 

contribution. For the trans complex there are two orbitals with a 
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2[Cl]2 contribution each. The fac-ML3 complex has a change in charge 

of 6[Cl]2, with each d pi metal orbital backbonding into two ligand ac-

ceptor orbitals. Thus, there is a linear correlation of the change in 

charge on the metal center as a function of n, the number of ligands on 

the metal. The total change in charge potential felt by the metal, 

EQ, also involves changes in the two-center potentials. An expres-

sion for the two-center contributions to the charge potential at the 

metal is given by the point charge model68 as: 

n k Q 
liE =--

Q R 
(9) 

This form assumes n identical ligands with charge Q a distance R from 

the metal. Thus, the total change in charge potential at the metal is 

additive through first-order perturbation theory, and the change in 

orbital eigenvalues is additive through second-order in this perturba-

tion theory model. 

Higher levels of perturbation analysis will show some devia-

tions from additivity. One purpose of this experimental and calcula-

tional study is to demonstrate the magnitude of perturbations that re-

main additive and the possible importance of interligand interactions 

in the pi systems. A point to particularly note is that the shifts of 

the diagonal energy elements FM and FL were treated as second-order 

perturbations. This might not appear to be valid for 2e- donor ligands 

substituting at a positively charged metal center, where there will be 

substantial shifts in each term. This can have important consequences 
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because the difference between the energy of the ligand and metal orbi-

tals, FL - FM, is the important denominator term in each of the pertur-

bation expressions. The experiments will provide an interesting in-

sight into this term for these systems. 

Core-Valence Correlation 

Although Bursten's ligand additivity model was designed for va-

lence ionization data, it can also be applied directly to core ioniza-

tions. In this case, overlap and hyperconjugative interactions between 

metal core orbitals and ligand valence orbitals are insignificant. 

i Thus, the 6ES term in the model is negligible and the ionization po-

tential of a core orbital is: 

(10) 

k 
The~EQ term is. not necessarily the same value for a core orbital ion-

ization as for a valence orbital ionization. The Jolly model for core-

valence ionization correlation is that eight-tenths of a core binding 

energy shift is the LOIP (Localized Orbital Ionization Potential) shift 

for a valence orbital localized on the atom. In terms of the ligand 

additivity model this is: 

(11) 

(where the superscript i denotes valence and k denotes core on a given 

atom). 
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It may seem counter-intuitive that the core should shift more 

than the valence from the change in charge potential caused by ligand 

substitution. 54 Jolly has shown with SCF-Xa-SW calculations and exper-

iments on a variety of molecules that 0.8 is a reasonable ratio between 

the core ionization shift and the LOIP. It can be seen from Figure 1 

that simple electrostatics also support this notion. When a test 

charge is outside the valence sphere the potential felt by the valence 

and core is identical. When it penetrates the valence density distrib-

ution the potential felt by the valence electrons decreases relative to 

the potential felt by the core electrons. 

This core-valence correlation may also be simply viewed in 

69 70 terms of Slater Screening Rules ' and the Slater - Zener expression 

71 for tr.e energy of an atom. Snyder presented an expression for the 

core binding energy and calc~lated th~se for first and second row main 

group elements. 72 The first shell (Nk) in the model is the core. The 

second (Ni) is the valence. Change in charge potential at the atom 

can be simulated initially by placing an additional electron in the 

third shell (N'). For the valence, the shift in ionization potential 

between the neutral atom (N' = 0) and the anionic atom (N' = 1) is 

simply: 

1 

~ (12) 

where Zeff' is the effective nuclear charge felt by the electron in 

the third shell, Si' is the screening of the extra electron by an 
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Potential Felt by Core and Valence as a Point Charge Ap
proaches and Penetrates the Valence. 

The valence electrons are modeled by a charge on a sphere 
of radius b and the core electrons are modeled by a 
sphere of radius a. 
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electron in the valence shell, and n' is the principle number (Slater) 

of the third shell. The shift in core ionization is similarly: 

(13) 

where Sk' is the screening of the extra electron by an electron in the 

core of the atom. As the extra electron penetrates the valence shell, 

the screening by the valence decreases while the core screening remains 

constant. In this manner the core shift,~E~ will always be larger 

i 
than the valence shift ~EQ. 

Although the principles of ligand additivity and valence/core 

ionization ratio of 0.8 might be expected on first order analysis of 

the electronic perturbation caused by ligand substitutions, there are 

also reasons to expect deviations from this behavior depending on the 

extent of substitution, the magnitude of differences between ligands, 

the extent of delocalization in the metal orbitals, or the extent of 

interligand interactions. Successive replacement of strong pi-acceptor 

CO ligands with up to three extremely weak pi-acceptor PMe3 ligands 

provides a wide core and valence ionization shift range for examination 

of these principles. 

It is worth a brief digression to describe the octahedral geo-

metry of MA6-nBn complexes. The choice of coordinate system is nat-

ural: the x, y, and z axes are coincident with the ligand axes. In the 

octahedral ligand field the valence five d-orbitals split into a filled 

t2g set (d6 ) and an empty eg set. (See Figure 2.) The t set orbitals 
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are available for back donation into the ligands and the e set are 

available as acceptors from the ligands. Lichtenberger and Hubbard 73 

have shown that, in M(CO)6 complexes, ionization of the degenerate 
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t2g orbitals activates the C-O stretch on the ligands and vibrational 

fine structure is observed on the metal ionization. This is direct ex

perimental evidence for pi-backbonding. Substitutions of ligands (B 

for A) in this octahedral system will perturb the metal orbitals in a 

way easily understood from first principles. 

Results 

Ionization Data 

The valence spectra in the range of 5 to 16 eV ionization ener

gy for the Mo(CO)6-n(PR3)n complexes are shown in Figures 3 - 5, for 

R = Me, R = Et, and R = Bun, respectively. The predominately metal va

lence 4d ionization region is from about 6.5 to 8.5 eV and closeups of 

these are shown in Figures 6 - 8. An analytical representation of the 

valence data is presented in Table III. The observed metal ionization 

band profiles can be easily assigned from first principles. Bands are 

labeled with Roman numerals in the Figures (6 - 8) and in Table III. 

In all cases note the shift to lower binding energy as the number of 

phosphines is increased. This point will be quantified in a later sub

section. As the valence metal band profiles are clearly a function of 

geometry, assignments will be made for the L = PMe3 complexes, recog

nizing that they are general for all phosphines. 
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Full Spectra (valence) for A) Mo(CO)6, B) Mo(CO)S(PBu3n), 
and C) trans-Mo(CO)4(PBu3n)2' 



Table III: HeI Band Positions, Half-widths, and Relative 
Intensities for Mo(CO)6-n(PR3)n Comp1exes. a 

Complex Bandb Position Halfwidth Relative 
(eV) High Low Intensity 

Mo(CO)6 I 8.42 0.38 0.29 1.00 
I' 8.68 

Mo(CO)5(PMe3) IC 7.60 0.48 0.30 1.00 
IIc 7.87 0.40 0.21 0.69 
II' 8.17 
P1 9.90 0.59 0.37 0.60 

cis-Mo(CO)4(PMe3)2 I 6.84 0.62 0.29 1.00 
II 7.14 0.62 0.25 1.51 
P1 c 9.53 0.61 0.53 1.04 
P2c 9.56 0.61 0.53 1.04 

trans-Mo(CO)4(PMe3)2 I 6.82 0.60 0.29 1.00 
II 7.31 0.29 0.19 0.50 
II' 7.57 
P1 8.92 0.79 0.46 0.99 
P2 10.22 0.79 0.46 1.29d 

fac-Mo(CO)3( PMe3)3 I 6.48 0.59 0.42 1.00 
P1 c 9.06 0.52 0.41 0.77 
P2c 9.44 0.52 0.41 0.56 

PMe3 (free) P1 8.58 0.74 0.51 1.00 

Mo(CO)5(PEt3) IC 7.54 0.50 0.28 1.00 
IIc 7.82 0.33 0.21 0.62 
II' 8.09 
P1 9.54 0.97 0.38 1.23d 

trans-MO(CO)4(PEt3)2 I 6.71 0.54 0.32 1.00 
II 7.21 0.29 0.21 0.57 
II' 7.47 
P1 e 8.61 0.59 0.29 0.72 
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Table III continued 

Complex Bandb Position Halfwidth Relative 
(eV) High Low Intensity 

Mo(CO)5(PBu3) IC 7.40 0.49 0.29 1.00 
IIc 7.69 0.26 0.22 0.56 
II' 7.93 
PI 9.37 0.69 0.41 0.77 

trans-Mo(CO)4(PBu3n )2 I 6.59 0.69 0.36 1.00 
II 7.09 0.35 0.25 0.48 
II' 7.36 
PIe 8.49 0.56 0.43 0.75d 

a - Uncertainty of these deconvolution parameters are as follows: 
Band positions are accurate to + 0.02 eV, Half-widths are ac
curate to + 0.05 eV and intensities are accurate to + 10%. 
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b - Metal bands are denoted by Roman numerals. The primed bands are 
vibrational fine structure (CO stretch) shoulders of the unprim
ed main bands. Phosphorous lone pair ionizations are labeled as 
PI or P2. 

c - The overlapping features for this ionization indicate a larger 
uncertainty. The band positions are accurate to + 0.05 eV, 
Half-widths to + 0.10 eV, and intensities to + 15 %. 

d - The uncertainities for the intensity and half-widths of this 
band are large because of the sloping baseline. 

e - The P2 ionization is completely obscured by the C-H bond ioni
zations in the 9.5 - 10.5 eV region. 
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Figure 8: 
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Mo(CO)6 has pure 0h symmetry with a degenerate t2g set of metal 

orbitals. The three filled orbitals, dxy , dxz , and dyz , all backbond 

into CO ligands, symmetrically. Each of the three backbond into four 

carbony1s. Band I has associated with it a shoulder, I', which is a 

component of the vibrational progression of co. If the first rep1ace-

ment of a carbonyl with a phosphine (i.e. Mo(CO)S(PMe3» occurs on the 

z axis, the orbital splitting will be as described below. One orbital, 

the dxy, still backbonds into four carbony1s. It is stabilized (to 

higher binding energy) because CO is a better pi-acceptor than PMe3. 

It also shows the characteristic vibrational fine structure of an orb-

ita1 backbonding symmetrically into four carbony1s. The other two orb-

ita1s, I, backbond into three carbony1s and the phosphine. The differ-

ence in ionization potentials between I and II represents the dif-

ference in pi-accepting ability between CO and PR3. Assuming the sec-

ond phosphine replaces a carbonyl on the x axis for cis-Mo(CO)4(PMe3)2, 

the dxz , I, will be destabilized and backbond into two carbony1s and 

two phosphines while the dxy and dyz , II, will each backbond into three 

carbony1s and one phosphine. No vibrational fine structure is observed 

because none of these metal orbitals backbond symmetrically into four 

carbony1s. The ionization profile of the trans-Mo(CO)4(PMe3)2 spectra 

are very similar to that of the monophosphines. The dxy orbital, II, 

backbonds into four carbony1s and shows vibrational fine structure. 

Band I represents the dxz and dyz orbitals. The difference in ion-

ization potential between I and II in the trans geometry is twice the 

difference in pi-accepting ability between CO and PMe3. Finally for 
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fac-Mo(CO)3(PMe3)3, with one PMe3 ligand on each axis, the metal orbit

als are degenerate. There is no observed vibrational structure as each 

orbital backbonds into two carbonyls and two phosphines. 

Ionizations from the predominately phosphorus lone pairs, which 

are sigma bonding to the metal, occur in the region from 9 to 10.2 eV. 

The cis isomer shows only one phosphorus lone pair ionization band, 

which is slightly broadened with respect to the phosphorus lone pair 

ionization of the monophosphine complex. The intensity of this ioni

zation in the cis complex indicates that the ionizations of the two 

lone pairs are essentially degenerate. In the trans complex these ion

izations are widely split (1.3 eV), and in the fac isomer these ioniza

tions are again close (within O.S eV). Some comments on these lone 

pair ionizations will be made in the Discussion section. The next ion

izations (beginning at 11 to 12 eV) are from the C-H bonds of the meth

yl groups, followed at higher energy by other sigma and pi bonds within 

the ligands. 

The core ionization data for the L = PMe3 series of complexes 

are tabulated in Table IV. XPS ionization peaks were fit with symmet

ric Gaussian bands. Due to band overlap some constraints were made in 

the C 1s region fits for Mo(CO)S(PMe3), Mo(CO)4(PMe3)2 (cis and trans) 

and ~lo(CO)3(PMe3)3. The two halfwidths for the chemically distinct 

ionizations (CO and PMe3) were constrained to be identical since most 

of the peak broadening is instrumental. Experimental peak intensity 

ratios for CO:PMe3 were determined by fitting (without constraints) 

high signal-to-noise spectra obtained by summing the individual' 



Table IV: Mo(CO)6-n(PMe3)n Core Ionizations. 

Complex Ionization 

Mo(CO)6 Mo 3d5/2 
C Is 
o Is 

Mo(CO)5(PMe3) Mo 3d5/2 
C Is - co 
C Is - PMe3 
o Is 
P 2P3/2 

cis-Mo(CO)4(PMe3)2 Mo 3d5/2 
C Is - co 
C Is - PMe3 
o Is 
P 2P3/2 

trans-Mo(CO)4(PMe3)2 Mo 3d5/2 
C Is - CO 
C Is - PMe3 
o Is 
P 2P3/2 

fac-Mo(CO)3(PMe3)3 Mo 3d5/2 
C Is - co 
C Is - PMe3 
o Is 
P 2P3/2 

PMe3 (free) P 2P3/2 
C Is 

Position 
(eV) 

234.47(2) 
293.19(/~) 

539.29(3) 

233.73(2) 
292.30(3) 
290.63(2) 
538.59(3) 
136.88(8) 

233.09(2) 
291.60(4) 
290.34(2) 
537.84(4) 
136.45(2) 

233.03(6) 
291. 68(6) 
290.32(4) 
537.83(7) 
136.41(7) 

232.55(1) 
290.87(8) 
290.05(3) 
536.94(4) 
136.12(3) 

136.10(14) 
290.30(3) 

FWHM 
(eV) 

1.59(10) 
1.65(13) 
1.65(1) 

1.49(22) 
1.67(7) 
1.67(7 ) 
1.83(9) 
1.82(14) 

1.41(9) 
1.49(11) 
1.49(11) 
1.70(12) 
1.55(12) 

1.12(5) 
1. 48(6) 
1.48(6 ) 
1. 70(10) 
1.55(16) 

1.60(7) 
1.67(7) 
1.67(7) 
1.80(9) 
1. 52(9) 

1.76(11) 
1. 73(10) 

57 



58 

collections. The triphosphine ratio was extrapolated from the mono and 

diphosphine ratios. These were then used as constraints to fit the 

data from the individual collections. As an alternative, band posi-

tions we~e also determined using as constraints the inLeger ratios bas-

ed simply on the number of CO:PMe3-type carbons. These results were 

within one standard deviation of the reported values in Table IV. Dis

played data (Figures 9 and 10) are the summed and fit high signal-to-

noise spectra. Gas-phase core data for the unsubstituted Mo(CO)6 are 

also available from the literature38 ,74-76 and the results agree within 

reported error limits. 

The ionization energies of all the core orbitals shift to lower 

values as the number of phosphines on the metal center increases. Note 

that the cis and trans-Mo(CO)4(PMe3)2 core data are identical within ex

perimental certainty. These two species have significantly different 

vaporization temperatures yielding spectra for pure isomers for both 

the valence and core. Spectra for the molybdenum 3d and carbon Is re-

gions are shown in Figures 9 and 10. For the carbon Is region of 

Mo(CO)6 only one peak is observed, corresponding to ionization of the 

carbonyl carbons. Two distinct peaks are evident in the carbon Is 

spectra of the monophosphine substituted species, due to the carbonyl 

carbons at higher binding energy and the trimethylphosphine carbons at 

lower energy. The spectra of the diphosphine complex (cis is shown) 

clearly shows a shoulder on the high binding energy side whereas the 

trisphosphine complex spectra indicates two chemically distinct carbon 

Is ionizations only by an asymmetry and broadening of the ionization 
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Figure 10: 
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band. Evidently the carbonyl carbon ionizations are shifting more rap-

idly upon phosphine substitution than the trimethylphosphine carbon 

ionizations. This is not surprising because the one-center terms are 

not as important for the methyl shifts as they are for the carbonyl 

shifts and because the two-center term is normalized by the distance 

between the interacting atoms. The phosphine carbon peak is, of 

course, growing three times faster than the carbonyl carbon peak is 

shrinking with successive substitution. At the limit of Mo(CO)3(PMe3)3 

the phosphine peak is nominally three times more intense than the car-

bonyl peak. The carbonyl peaks in all metal carbonyls lose a substan

tial amount of intensity due to shake-up structure 74 and this reduces 

the apparent contribution of CO:PMe3 in the spectra to about 0.7:3 

(instead of 1:3). 

Ligand Additivity. 

mans' 

The application of ligand additivity, in conjunction with Koop-

77 theorem, leads to predicted patterns for the ionization poten-

tials of the Mo(CO)6-n(PR3)n complexes. The predicted ionization po-

iii tentials are calculated with equation (1) in terms of EO, ~ES' and~EQ. 

Table V predicts the ionization potentials for the complexes in these 

terms. To determine the best empirical constants the experimental data 

were least squares fit to these expressions. The empirical values for 

iii 
EO, ~ES' and ~EQ are listed in Table VI and the empirically calculat-

ed ionization potentials are in the rightmost column of Table V. Ion-

ization potentials for unknown complexes in these series are predict-

able from these parameters. For example, the ionization potential for 



Table V: Predicted Ionization Potentials for 
Mo(CO)6-n(PR3)n Complexes. a 

Complex Ionization Constants Intensity 
n mi 

Mo(CO)6 I 0 0 3 

Mo(CO)5(PMe3) I 1 1 2 
II 1 0 1 

cis-Mo(CO)4(PMe3)2 I 2 2 1 
II 2 1 2 

trans-Ho(CO)4 (PMe3)z I 2 2 2 
II 2 0 1 

fac-Mo(CO)3(PMe3)3 I 3 2 3 

Mo(CO)6 I 0 0 3 

Mo(CO)5(PEt3) I 1 1 2 
II 1 0 1 

trans-Ho(CO)4(PEt3)2 I 2 2 2 
II 2 0 1 

Mo(CO)6 I 0 0 3 

Mo(CO)5(PBu3n) I 1 1 2 
II 1 0 1 

trans-Mo(CO)4(PBu3n )2 I 2 2 2 
II 2 0 1 

a - Predictions from Equation (1): 

iii' . 
E = E +. ~E~ + n ~E~ 
nOs 0 

iii b - EO, tl ES, and tl EQ from Table VI. 

62 . 

8.37 

7.62 
7.87 

6.88 
7.13 

6.88 
7.37 

6.38 

8.41 

7.56 
7.81 

6.70 
7.21 

8.37 

7.46 
7.72 

6.56 
7.07 
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Table VI: Least Square De~ermination of Parameters 
l. l. EO, ~S, and ~Q. 

L EO ~E~ ~Ei Q 

PMe3 8.367 -0.246 -0.497 

PEt3 8.417 -0.256 -0.601 

PBu3n 8.372 -0.258 -0.649 



iii homoleptic phosphines would be given by EO + 4 b. ES + 6 b. EQ. This 
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corresponds to ionization potentials for MoL6 of 4.40 eV, 3.79 eV, and 

3.45 eV for L = PMe3, PEt3, and PBu3n, respectively. 

i Since three data points are necessary to uniquely determine EO, 

b.Ef, and b.E~, the most valid test for ligand additivity should involve 

a system with many more than three ionization potentials. The best 

ligand system in this study is L = PMe3 where there are eight unique 

ionization bands. The agreement between the observed ionization poten-

tials (Table III) and the predicted potentials (Table V) is very good. 

The largest deviation is 0.10 eV for the most highly substituted comp-

lex, Mo(CO)3(PMe3)3. The mean deviation is only 0.04 eV. For L = PEt3 

the mean is 0.01 eV but this system is not as over-determined as the L 

= PMe3 one. For L = PBu3n the mean deviation is 0.03 eV. ~xperimental 

band intensities are consistent with predicted values. Although not 

78 generally valid, the assumption that the three d orbitals have equal 

cross sections for ionization yields theoretical intensity ratios of 

2:1, 1:2, and 2:1 for Mo(CO)5(PR3), cis-Mo(CO)4(PR3)2, and trans-

Mo(CO)4(PR3)2, respectively. The observed ratios for the R = Me series 

are 2:1.37, 1.32:2, and 2:1.00 for these complexes. There is consider-

able uncertainty in determinations of relative areas for overlapping 

bands, so an agreement this good is quite acceptable. 

Shift Comparisons 

A graphical presentation of the core and valence data is made 

in the shift comparison diagrams shown in Figures 11 - 13. The 
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abscissa of these diagrams is the number of phosphines in the complex 

and the ordinate is shift in electron volts from the parent complex, 

Mo(CO)6. The valence metal shifts shown in the shift comparison dia

grams are the Coulombic-only shifts (i.e. the 6E~ contribution has been 

removed). Figure 11 shows the core Mo 3d5/2 shifts. These are plotted 

with + 2 sigma error bars. Plainly, core ligand additivity holds. The 

ionizations correlate linearly well within the error bars. Figure 12, 

which plots the core carbonyl ionizations (C Is and 0 Is), shows that 

the carbonyl ionizations are shifting slightly more than the metal ion

izations. The shifts per trimethylphosphine for the metal (Mo 3d5/2), 

carbonyl (C Is), and carbonyl (0 Is) are consistent. They are -0.65 + 

0.10 eV, -0.75 + 0.11 eV, and -0.78 + 0.09 eV, respectively. 

Shifts for the phosphine core and valence ionizations (Figure 

13) show the response of the incoming phosphine. The origin for these 

comparisons is free PMe3. When the first PMe3 coordinates to Mo(CO)6, 

the phosphorus core 2P3/2 ionization is stabilized by about 0.8 eV and 

the methyl carbon Is ionizations are stabilized by about 0.4 eVe The 

phosphorus lone pair ionization is stabilized about 0.5 eV more than 

the phosphorus core. This additional stabilization of the phosphorus 

lone pair is largely due to the bonding interaction with the metal cen

ter. After the initial large shift observed due to the first phosphine 

bonding, the phosphine lone pair levels for higher substitution show 

destabilization from the monophosphine levels much as the other core 

and valence levels. This additivity of the phosphorus lone pair is in

teresting, especially when comparing the phosphorus lone pair 
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Figure 12: Shift Comparison Diagram for Carbonyl Ionization Shifts, 
C Is - CO (core), 0 Is (core), and Mo 4d (valence). 
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ionizations for the cis and trans isomers of Mo(CO)4(PMe3)2' Clearly 

these are quite different (Figure 3 and Table III), but the averages of 

the two lone pair ionization potentials for each complex are identical, 

yielding the single data point on the shift comparison diagram (Figure 

13). This will be a topic for the Discussion section. 

Molecular Orbital Calculations 

We have performed calculations using both the extended ~uckel 45 

46 47 * and Fenske-Hall ' methods to model the MLA6-nBn system. Because 

extended HUckel ignores charge potentials and uses only overlap to cal

i culate eigenvalues, only changes in the ~ES term from the model con-

tribute to the orbital eigenvalues. This is -0.20 + 0.02 eVe The 

charge potential term is reflected by the calculated charge on the met-

al center. Fenske-Hall uses both charge distribution and overlap con- . 

tributions to calculate eigenvalues and should be able to simulate both 

i i features (lIES and ~EQ) of the ligand additivity model. Table VII lists 

the eigenvalue shifts for the extended Huckel method. For the metal 

orbitals the eigenvalues are referenced to Mo(CO)6 at -12.37 eVe In 

Table VIII the calculation results for the Fenske-Hall method are re-

ported. The shifts are referenced to Mo(CO)6 at -9.53 eV and free PH3 

*Calculations were performed for the Mo(CO)6-n(PH3)n series. 
Geometries were assumed to be octahedral for all com~lexes. Bond 
lengths were 2.00~, 1.16 R, 2.516 g,2! and 1.49 R8Z for Mo-C, C-o, 
Mo-P, and P-H, respectively. Extended Huckel basis sets were from the 
program default for H, C, 0, and P. Mo functions were from the liter
ature. 79The P 3d exponent was 2.0. Fenske-Hall basis sets were from 
Clementi 80 for C, 0, and P. The Mo+l functions were created using the 
method of Bursten, Jensen, and Fenske. 8! The P 3d exponent was 2.0, 
the Mo 5s and 5p exponents were 2.0, and the H 1s exponent was 1.2. 



Table VII: 

Complex 

Calculated Extended Huckel Eigenvalue 
Shiftsa for Mo(CO)6-n(PH3)n. 

MZ 

-0.19 -0.19 -0.00 

-0.39 -0.19 -0.18 

-0.41 -0.41 0.00 

-0.39 -0.39 -0.38 

a - in eV from Mo(CO)6 at -12.37 eV. 
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Table VIII: 

Complex 

Calculated Fenske-Hall Eigenvalue 
Shiftsa for Mo(CO)6-n(PH3)n. 

M2 

-1.07 -1.07 -b.58 2.92 

P2 

-2.18 -1.63 -1.62 2.74 2.30 

trans-Mo(CO)4(PH3)2 -2.22 -2.22 -1.21 3.34 1.93 

-2.73 -2.72 -2.71 2.57 1.94 1.93 

a - in eV from Mo(CO)6 at -9.53 eV and PH3 at -11.19 eVe 
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at -11.19 eV. As mentioned above, these shift results do show both the 

Coulombic and overlap terms of the ligand additivity model. 

i 
term is -0.56 + 0.04 eV and the~Es term is -0.51 + 0.06 eV. 

i 
The ~EQ 

One ad-

vantage of the Fenske-Hall method over the extended Huckel method is 

that the purity of the phosphorus lone pair orbitals is much higher in 

Fenske-Hall and these orbitals can be identified. Eigenvalues for the 

phosphorus lone pair orbitals are also presented in Table VIII and 

these show additivity similar to the experiment (-0.39 + 0.08 eV). 

The general trend of additivity is ,reproduced by Fenske-Hall, but there 

are deviations, and these provide interesting insight into the origin 

of the additivity. This will be one focus of the next section. Calcu-

lated d orbital population charge on the Mo atoms from both the extend-

ed Huckel and Fenske-Hall calculations are presented in Table IX. 

These indicate some additivity also. Again, there are deviations, and 

these ,will be discussed later. 

Discussion 

The shift comparisons in the previous section show that the 

principle of additivity in both the core and valence is valid within 

the Mo(CO)6-n(PMe3)n series of complexes. Evidence for valence ligand 

additivity was also shown for L = PEt3 and L = PBu3n complexes. Even 

at the extreme of three phosphine substitutions the model holds remark-

ably well: the deviation of the observed valence band position from the 

predicted value is only 0.10 eV. One of the c~ucial assumptions of the 

model is that the d orbitals do not rehybridize because of the descent 



Table IX: Calculated change in chargea 
on the Mo Atom. 

Complex Extended Huckel 

Mo(CO)6 0.00 

Mo(CO)S(PH3) -0.11 

cis-Mo(CO)4(PH3)2 -0.24 

trans-Mo(CO)4(PH3)2 -0.29 

fac-Mo(CO)3( PH3)3 -0.39 

Fenske-Hall 

0.00 

-0.09 

-0.20 

-0.20 

-0.32 

a - from Mo(CO)6 (0.98 for Extended Huckel and 
1.03 for Fenske-Hall) 
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in symmetry from 0h. This is most important for the prediction of orb-

ital degeneracies for cis-Mo(CO)4(PMe3)2 and fac-Mo(CO)3(PMe3)3. The 

former has C2v symmetry where there are no e-type representations, yet 

the model predicts a degeneracy. Similarly, the fac geometry is pre-

dicted to have one triply degenerate ionization although the d orbit-

als in C3v transform as al + e. The HeI spectra confirm both these 

predictions. The spectrum of fac-Mo(CO)3(PMe3)3 provides especially 

compelling support for the assumption of retained octahedral hybridiza-

tion; the band is well represented by a single Gaussian and is peaked 

sharply at the top. Another way to look at this effect is to think of 

the ligand field of fac-Mo(CO)3(PMe3)3 as an average of the fields of 

Mo(CO)6 and Mo(PMe3)6. This "average" ligand field has 0h symmetry 

leading to a triply degenerate ionization band. 

i i ( The ~S and~EQ parameters of equation 1) provide measures 

of the donor/acceptor properties of the ligands relative to co. 
i The ~EQ parameter compares the total donor ability (sigma donation -

i pi accepance) of L to CO while~ES is a measure of the difference in 

pi accepting between L and CO. In comparing the results for the three 

i 
phosphines, the ~ ES parameters are nearly identical (0.25 + 0.01) while 

there are large differences in the donating abilities of the three. 

i 
For PMe3, PEt3, and PBu3n, ~EQ values of -0.50, -0.60, and -0.65 are 

obtained, respectively. This indicates that the order of donor abili-

ties of these ligands is PMe3 < PEt3 < PBu3n. This order agrees with 

several other examinations of this phenomenon in the literature.83- 86 
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The molybdenum core shift (~E~) was -0.65 + 0.10 eV per phos

phine substitution. The reported variances of shifts are the standard 

deviations from simple averages of the individual shifts. These are, 

actually, approximately the same as the uncertainty of the individual 

shifts. If the core shift is converted into charge at the metal with 

the point charge potential model one-center term, 68 an increase of 

around 0.05 to 0.10 electrons at the metal center is observed for each 

phosphine addition. This is similar to the calculated metal charge 

shifts in Table IX. 

The carbonyl ionization shifts are somewhat larger than the 

metal ionization shifts. Carbon and oxygen shifts are -0.75 + 0.11 and 

-0.78 + 0.09 eV, repectively. The results above can be compared to two 

other sets of data in the literature. When PMe3 replaces CO in Fe(CO)5 

shifts of -1.05, -1.29, and -1.15 eV are observed for the Fe 2P3/2, C 

55 Is, and 0 1s ionizations, respectively. For a study of Mn(NO)3L (L 

= CO to PMe3), shifts of -0.74, -0.96, and -0.80 eV were observed for 

38 the Mn 2P3/2, N Is, and 0 Is levels. Note that the first row main 

group (C, N, 0) shifts are always larger than the metal shifts. Al-

though the potentials felt by the metal and neighboring ligands are 

nearly the same, first row atoms shift more because they have a larger 

one-center constant in the point charge potential model. 68 
In fact, 

the one-center constants for these atoms are nearly three times larger 

than the transition metal constants. The calculated one-center gain in 

charge at the carbon and oxygen of the carbonyls for the 



Mo(CO)6-n(PMe3)n system turns out to be about one-half of the gain at 

the metal. 
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The phosphine ionizations show an initial large stabilization 

when the first phosphine bonds to the metal because the metal can ac

cept some of the localized density from the phosphorus lone pair. All 

observed phosphine ligand ionizations in Mo(CO)S(PMe3) show this trend. 

The P lone pair is stabilized by 1.32 eV, the P 2P3/2 by 0.78 eV, and 

the phosphine C Is level by 0.33 eV. With further phosphine substitu

tions, the phosphine levels show destabilization from the monophosphine 

complex ionizations. In fact, this destabilization is additive much 

like the metal and carbonyl levels with shifts of -0.36 + 0.02 for the 

phosphorus valence lone pair, -0.38 + 0.08 for the P 2P3/2 core, and 

-0.29 + 0.02 for the C Is core. An excellent example of this additiv

ity is the identical averages of the phosphorus lone pair ionizations 

for cis and trans-Mo(CO)4(PMe3)2. The identical averages result from 

the cis and trans acceptor orbitals having identical totals of d and p 

character. These are, however, distributed differently in the two iso

mers. The symmetric and antisymme~ric combinations of the phosphorus 

lone pairs in the trans isomer are stabilized by interaction with pure 

dz2 and Pz orbitals, respectively. The large splitting of the trans 

lone pairs is due to the energy differences between the dz2 and Pz 

stabilizations. The symmetry combinations of the lone pairs in the cis 

isomer each interact with d and p sigma orbitals in the metal. The an

tisymmetric combination has a slightly stronger interactions with the d 
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orbitals, and the resulting ionization becomes essentially degenerate 

with that of the symmetric combination. 

Another example is the identical core ionizations for the cis 

and trans isomers of Mo(CO)4(PMe3)2. This arises because core ioniza

tion potentials are only dependent on the ~E~ charge potential term in 

the ligand additivity model. Hence, geometric arrangements of the lig-

ands do not affect the core'ionization potentials. This can be visual-

ized as the perturbation of point charges on a spherical charge distri-

bution. As long as the distance between the sphere and point charges 

remains the same, cis-type or trans-type interactions will yield the 

same potential felt at the sphere. 

In the Models section ligand additivity was derived from second 

order perturbation theory. This showed that either interligand inter-

actions or large ligand changes could cause deviations from additivity. 

The data presented above contain ionization energy shifts of nearly 2 

eV over the series for both the core and valence. This corresponds to 

62 
a change of close to two oxidation states. This is a very substan-

tial perturbation to electronic structure, yet the data presented above 

indicate that ligand additivity largely holds throughout this range. 

The data also indicate a compensating factor that assists in maintain-

ing additivity. As the CO ligands are systematically replaced at the 

metal center, the metal and ligand orbitals shift together. The chang-

ing charge potential causing these shifts is due to both the extremely 

fluid electron density in this system and the substantial two-center 

effects from ligand substitutions. Figure 13 displayed the shift 
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comparison for the metal ionizations and the phosphine ionizations. 

Note that the energy separation between the phosphorus lone pair and 

molybdenum t2g ionizations is constant across the series. In terms of 

the perturbation theory model for ligand additivity, this results in a 

nearly constant difference FL - FM, which is a key term in defining 

i i 6EQ and 6ES with substitution. Ligand additivity is apparently in 

part the result of a nearly constant energy separation between the do-

nor and acceptor orbitals. Since bonding is a function of energy sep-

aration between orbitals, each new incoming ligand is bonded essential-

ly as strongly as the last. 

The molecular orbital calculations show some deviations from 

additivity. A detailed examination of the results from both the ex-

tended Huckel and Fenske-Hall computations shows that interligand in-

teractions are very important in the ground state, especially with cis 

carbonyls. There is evidence for additivity at Mo(CO)3(PMe3)3, but 

some dampening is observed. This deviation, at the highest substitu-

tion, indicates that the ligand additivity model is breaking down, 

probably due to limitations in the perturbation theory. However, it 

should be remembered that observed ionization potentials from photo-

electron spectroscopy are most exactly a probe of the positive ion 

state. Interligand interactions are much less important in the excited 

state because of reduced overlap between the more contracted positive 

ion orbitals. For this reason, the experimental observation of ligand 

additivity with photoelectron spectroscopy and electrochemistry is ac-

tually more likely than indicated by theoretical calculational methods 
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77 based on Koopmans' Theorem. The model derived above was for a MLn 

system, and it showed additivity in the absence of interligand interac-

tions. Another possible contribution to the observation of ligand ad-

ditivity is electron relaxation, which greatly reduces the backbonding 

73 
into the carbonyls. The models assume that relaxation is constant, 

or at least additive across the series. 

Since the chemical system reported here was shown to have va-

lence and core ligand additivity for the metal ionizations, it follows 

that a correlation is observed between the core and valence shifts in 

these complexes. The ratio of the Coulombic-only portion of the pre-

dominately metal valence shifts to the metal core shifts is 0.74 + 

0.06. 
55-57 In recent papers, Jolly showed the correlation between core 

and valence shifts in Fe(CO)4L complexes. In (axial) Fe(CO)4(PMe3) a 

valence shift (for replacement of CO by PMe3) for the equatorial metal 

V 
87,88 55 

of 0.76 e was compared to the core shift of 1.05 eV yielding a 

ratio of 0.72. Our value of 0.74 + 0.06 fits well within Jolly's pre-

dictions and is very similar to the Fe(CO)4L results. 

49-53 In several studies of main group compounds, Jolly showed 

that the application the Localized Orbital Ionization Potential prin-

ciple (LOIP) is a powerful tool for valence band assignment and inter-

58 
pretation. For example, definitive assignments of Mn(CO)5X and OEF3 

49 
(E = N, P) lone pair valence orbitals have been made. Application of 

the LOIP principle to the phosphine ligand ionizations allows the 

amount of bonding between the lone pair and the metal acceptor to be 

qualitatively assessed. Eight-tenths of the core shift for the 
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phosphine in Mo(CO)5(PMe3) is 0.6 eVe The difference between this and 

the observed valence lone pair shift is the bonding stabilization of 

the valence lone pair orbital. This is 0.7 eV for Mo(CO)S(PMe3)' Jol-

ly showed a stabilization of 0.9 eV for the valence phosphorus lone 

55 
pair orbital in Fe(CO)5(PMe3)' Both represent a significant degree 

of overlap interaction between the metal and ligand centers in addition 

to the large Coulombic induced shift. The initial large shift in phos-

phorus core binding energy (0.78 eV) between free PMe3 and 

Mo(CO)5(PMe3) is from a combination of one-center and two-center con-

tributions. The dominating factor is the charge transfer from the lig-

and lone pair to the metal center. Decreased relaxation from the de-

localization of the phosphorus lone pair into the metal acceptor may 

89 
also contribute to this large shift. At higher substitutions both 

the core and valence ionizations shift consistently to lower energies. 

Assuming that bonding and relaxation remain approximately the same for 

a coordinated phosphine through each step of substitution at the metal 

(mono to cis or trans to tris), the relative valence to core shift can 

be determined between each step. The ratio is found to be 1.0 + 0.3 

with the larger uncertainty caused by the relatively small shifts and 

the comparison of second-order differences. 

The primary point is that the predominately metal ionizations 

fit accurately with the Jolly model for core-valence correlation even 

in this type of system where the valence metal orbitals are clearly not 

lone pair/non-bonding in character. The t2g set of metal orbitals of 

Mo(CO)6 and the phosphine derivatives .reported here are backbonding 
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73 (strongly) into the carhonyls and to a lesser extent into the phos-

90,91 
phine d orbitals. The observation of the core-valence ionization 

correlation in the phosphorus ionizations is even more unexpected be-

cause of the large bonding stabilization of the phosphorus lone pair 

orbital by the metal. The observation of core-valence correlation in 

these systems represent an extension of this principle to many well de-

fined systems of transition metal complexes where strong pi backbonding 

ligands are replaced for weak pi acids in either direction. 

Clearly, ligand additivity and core-valence ionization corre1a-

tion occur for many of the same reasons and they are intimately re1at-

ed. There are apparently several electronic factors that can contri-

bute to the observation of these principles. Dominant is the extensive 

charge de10ca1ization that forces all the orbitals to shift together. 

As an extension to the Localized Orbital Ionization Potential approach, 

this de10ca1ization contributes to the core-valence ionization correla-

tion, and lone pair orbitals are not a prerequisite for the correla-

tion. Analysis of these principles has also provided some insight into 

their potential limitations. Application of either principle to other 

systems is likely, but individual cases must be carefully considered. 



CHAPTER 4 

ELECTRONIC FACTORS INFLUENCING LIGAND ADDITIVITY IN THE 
CYCLOPENTADIENYLMANGANESE TRICARBONYL SYSTEMS 

In the previous chapter core and valence ligand additivity and 

12 13 core-valence ionization correlation were shown for the 

Mo(CO)6-n(PR3)n series of complexes. Although there was evidence for 

saturation in electron density at the metal center for n = 3 

(Mo(CO)3(PMe3)3), the experiments of Chapter 3 were unable to convinc-

ingly demonstrate the breakdown of the ligand additivity model. The 

deviation from additivity in the valence metal ionizations for the tri-

substituted complex was small, only 0.10 eV. The core levels of the 

ligands in this series showed that the carbonyls stabilize these mole-

cules by absorbing through backbonding some of the electron density do-

nated to the metal by the phosphines. Thus, to push the principles 

further, a system with fewer carbonyls was desired •. In this chapter, 

core and valence photoelectron spectroscopic results for 

[Cp]Mn(CO)3-n(PMe3)n (n = 0, 1, and 2) are reported. For the purposes 

of clarity, [Cp] will be used to denote any cyclopentadienyl ring, i.e. 

rep] is cyclopentadienyl (Cp), methylcyclopentadienyl (Cp'), and pent-

* amethylcyclopentadienyl (Cp). In addition to having fewer carbonyls, 

this system also has the independent parameter of ring methylation to 

control the electronic structure. This effect has been discussed pre-

9 14 
viously for [Cp]Mn(CO)3 and ferrocenes. 

82 
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The electronic structure of [Cp]Mn(CO)3 is described in terms . 

of pseudooctahedral geometry. 92 The cyclopentadienyl ring is formally 

a six electron, mononegative donor ligand. Manganese is in the +1 oxi

dation state and is d6 • Three 2 electron donor ligands (CO and PMe3) 

complete the shell for EAN (effective atomic number) of eighteen. Thus 

the electronic structure of the [Cp]Mn(CO)3-n(PMe3)n molecules should 

be very similar to Mo(CO)6 and its derivatives. The backdonation (del

ta in symmetry) from the metal to the [Cp] ring is negligible, so that 

it, unlike the carbonyls, is more or less a spectator ligand with re

spect to phosphine substitution. Its presence neither greatly stabil

izes nor destabilizes the complexes electronically, but mostly acts to 

hold three coordination sites. Because these [Cp]Mn(CO)3-n(PMe3)n com

pounds have fewer pi-acceptor ligands, the combination of phosphine 

substitution and ring methylation yields ionization shifts that are 

larger than those observed in the Mo(CO)6 system. 

Based on the discussion in Chgpter 3, two major effects-are ex

pected in this ligand additivity probe system because of the change in 

number of carbonyls. The first is the obvious loss of pi-backbonding 

stabilization of the metal levels. It was shown in Chapter 3 that this 

was a major factor in the ionization additivity and core-valence cor

relation of the Mo(CO)6-n(PR3)n complexes. A second effect is inter

ligand interactions. Although these were assumed to be small or ad

ditive in the molybdenum complexes, this factor should be more import

ant for [Cp]Mn(CO)3 because the carbonyls in the present system are 

stronger backbonders. There are also important geometrical structure 
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factors that contribute to the observed electronic structure and ioni-

zations, and affect the observations of ligand additivity in this 

system. 

In the next section the core and valence ionizations for the 

[Cp]Mn(CO)3-n(PMe3)n complexes are displayed and assigned. The dis-

cussion section will compare these results to those of Chapter 3. A 

discussion in terms of the models from Chapter 3 and in terms of the 

electronic factors influencing the additivity will also be made. 

Results 

Valence 

The HeI full spectra for the 16 to 5 eV region of CpMn(CO)3, 

CpMn(COh(PMe3)' and CpMn(CO)(PMe3h are shown in Figure 14. Spectra 

for Cp'Mn(CO)3-n(PMe3)n (n = 0, 1, 2) are displayed in Figure 15 and 

Figure 16 displays the HeI 16 to 5 eV spectra for * Cp Mn(CO)3, 

* * Cp Mn(CO)2(PMe3), and Cp Mn(CO)(PMe3)2. Closeups for the 11 to 5 

eV region are shown in Figures 17 (Cp), 18 (Cp'), and 19 (Cp*). Figure 

20 displays the closeup spectral comparison for CpMn(CO)(PMe3)2 and 

CpMn(CO)(dmpe), where dmpe = 1,2-bis(dimethy1phosphino)ethane. The 

minor electronic perturbation caused by the difference between dmpe and 

two PMe3 ligands provides significant structure information. Table X 

lists analytical repre~entations of the valence ionization data in 

terms of band positions, half-widths, and relative intensities. 
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Table X: 

Complex 

CpMn(CO)3 C 

CpMn(CO)2(PMe3) 

CpMn( CO) (PMe3)z 

Cp'Mn(CO)3 C 

HeI Band Positions, Half-widths, and Relative Inten
sities for [Cp]Mn(CO)3-n(PMe3)n Complexes.a,b 

[Cp] = CSHS (Cp), C5H4(CH3) (Cp'), and C5(CH3)5 (Cp*). 

Ionization Position Half-width Intensity 
(eV) High Low 

M1d 7.97 0.65 0.38 1.00 
M2d 8.33 0.65 0.38 0.58 
Cp1 9.84 0.58 0.33 0.91 
Cp2 10.25 0.58 0.33 0.46 

M1 7.01 0.66 0.47 1.00 
M2 7.40 0.66 0.29 0.53 
Cp1 9.12 0.77 0.36 1.42 
Co2d 9.57 0.77 0.36 0.54 pid 9.87 0.77 0.36 0.77 

M1 5.94 0.40 0.33 1.00 
M2 6.47 0.60 0.37 2.35 
Cp1 8.60 0.57 0.40 2.91 
Cp2d 9.03 0.57 0.40 1.36 
P1d 9.17 0.55 0.40 1.79 
P2 9.69 0.55 0.40 2.72 

M1d 7.85 0.63 0.38 1.00 
M2d 8.19 0.63 0.38 0.52 
Cp1 9.54 0.56 0.36 0.86 
Cp2 9.96 0.56 0.36 0.49 

Cp 'Mn( CO)z (PMe3) M1 6.94 0.67 0.49 1.00 
M2 7.32 0.67 0.24 0.44 
Cp1 8.87 0.54 0.37 1.02 
Cp2 9.30 0.54 0.37 0.71 
P1 9.79 0.58 0.35 0.85 

Cp 'Mn( CO )(PMe3)2 M1 5.79 0.42 0.33 1.00 
M2 6.33 0.59 0.38 2.22 
Cp1 8.30 0.64 0.40 2.69 
Cp2d 8.74 0.64 0.40 1.37 
P1 9.07 0.65 0.38 1.74 
P2 9.55 0.65 0.35 2.07 

92 



Table X continued 

Complex Ionization Position Half-width Intensity 
(eV) High Low 

Cp*Mn(CO)3 C M1d 7.46 0.55 0.39 1.00 
M2d 7.82 0.55 0.39 0.58 
Cp1 8.72 0.67 0.25 1.26 
Cp2 9.09 0.67 0.25 0.37 

* Cp Mn(CO)2(PMe3) M1 6.60 0.63 0.50 1.00 
M2 7.01 0.63 0.30 0.58 
Cp1 8.11 0.73 0.28 1.40 
Cp2 8.51 0.73 0.28 0.35 
P1 9.49 0.74 0.30 0.88 

* Cp Mn(CO)(PMe3)2 M1 5.53 0.43 0.32 1.00 
M2 6.13 0.58 0.38 2.10 
Cp1 7.59 0.65 0.32 2.88 
Cp2 7.99 0.65 0.32 1.14 
PI 8.89 0.73 0.36 2.04 
P2 9.36 0.76 0.30 1.88 

CpMn(CO) (dmpe) M1 5.99 0.6·4 0.36 1.00 
M2 6.33 0.64 0.36 0.79 
M3 6.62 0.64 0.36 0.97 
Cp1 8.51 0.52 0.38 2.14 
Cp2d 8.94 0.52 0.38 1.00 
P1d 9.01 0.63 0.45 1. 70 
P2 9.73 0.63 0.45 2.12 

a - Ionizations are labeled as metal (M1, M2, or M3), cyclopenta
dienyl e1" (Cp1 or Cp2), or phosphorus lone pair (P1 or P2). 

b - Uncertainty of these deconvolution parameters are as follows: 
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Band positions are accurate to ± 0.02 eV, Halfwidths are accur
ate to ± 0.05·eV, and intensities are accurate to ± 10%. 

c - These ionizations were reported earlier in reference 9. 

d - The overlapping features for this ionization indicate a larger 
uncertainty. The band positions are accurate to ± 0.05 eV, 
Half-widths to ± 0.10 eV, and intensities to ± 15 %. 
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Valence Band Assignments 

The ionizations for [Cp]Mn(CO)3 complexes have been discussed 

previously.9,92 Above 11-12 eV, carbonyl, C-C, C-H, and the cyclopent-

adienyl al" pi orbitals are ionized. These ionizations are for the 

most part a continuum, and do not yield much significant information. 

There is, however, rich information available from the ionizations be-

low 11 eV (Figures 17 - 19). In this region the metal valence, Cp pi 

el", and phosphorus lone pair ionizations are expected. At lowest 

binding energy, the three filled d metal orbitals are ionized in the 

tricarbonyls as an e and a set. The second pair of orbitals in the 

tricarbonyls (at about 10 eV) are from the Cp el" set of pi orbitals. 

These are not degenerate because of ring distortion. 9 Note that the 

largest shift effect of ring methylation is in these orbitals. They 

shift by about -1.2 eV in ionization energy between CpMn(CO)3 and 

* Cp Mn(CO)3. 

In the monophosphine complexes ([Cp]Mn(CO)2(PMe3)) all bands 

shift to lower binding energy much like in Chapter 3 for 

Mo(CO)6-n(PR3)n complexes. The metal orbitals are more severely split, 

with an obvious inflection between the peaks. The lower binding energy 

band represents two metal orbitals donating into one phosphine and one 

carbonyl and the higher energy band is from a metal orbital backbonding 

into two carbonyls. This is directly analogous to the Mo(CO)S(PR3) va-

lence spectra in Chapter 3. The cyclopentadienyl pi ionizations main-

tain their characteristic band profile, but are destabilized by about 

-0.8 eV from the tricarbonyls. The additional bands in the valence 
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region for the monophosphines, at about 9.5 - 10.0 eV, are from ioniza-

tion of the phosphorus lone pairs on the phosphine ligands. 

Assignments for the spectra of the [Cp]Mn(CO)(PMe3)2 complexes 

are relatively easy. The metal valence levels are split in a 1:2 pat-

tern reminiscent of the cis-Mo(CO)4(PMe3)2 spectrum. The lowest energy 

band is from ionization of a metal orbital interacting with the two 

phosphines~ The higher energy band is from ionization of the two metal 

orbitals that each donate into one phosphine and the carbonyl. The 

ring pi bands follow. At highest binding energy in the closeup spect-

ra, the two phosphorus lone pair orbitals are ionized. The splitting 

between them is about 0.5 eV, which contrasts sharply with their near 

degeneracy in cis-Mo(CO)4(PMe3)2. There is only one major difference 

between the spectra of CpMn(CO)(PMe3)2 and CpMn(CO)(dmpe). The metal 

levels in the bridging phosphine ligand complex are split in a 1:1:1 

pattern, but are split in a 1:2 pattern in CpMn(CO)(PMe3)2. This is 

apparently caused by the different bite angle of dmpe ~s opposed to two 

trimethylphosphines. This feature will be discussed more later. 

Core 

Core ionizations are tabulated in Table XI for the 

[Cp]Mn(CO)3-n(PMe3)n complexes. These were reported earlier for the 

9 
unsubstituted tricarbonyls. Figure 21 shows the carbon 1s region for 

the CpMn(CO)3-n(PMe3)n series. It is representative of the other ser-

ies. Cyclopentadienyl-type and trimethylphosphine-type carbons are 

ionized at essentially the same core binding energy and are represented 

as a single band in the C 1s fits of [Cp]Mn(CO)2(PMe3). Only one C 1s 
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Table XI: [Cp]Mn(CO)3-n(PMe3)n Core Ionizations. a 

[Cp] = CSHS (Cp), CSH4(CH3) (Cp'), and CS(CH3)S * (Cp ). 

Complex Ionization Position (eV) FWHM (eV) 

CpMn(COh b Mn 2P3/2 646.76 1.33 
C 1s - CO 292.76 1.30 
C 1s - Cp 291.01 1.54 
o 1s 538.85 1.58 

CpMn( CO h (PMe3) Mn 2P3/2 645.36(4) 1.32(13) 
C 1s - CO 291. 67 (6) 1. 55 (4) 
C 1s - Cp/PMe3 290.27 (3) 1. 55(4) 
o 1s 537.53(4) 1. 63 (2) 
P 2P3/2 136.54(4) 1. 75(30) 

CpMn( CO) (PMe3 h Mn 2P3/2 644.44(2) 1.42(9) 
C 1s 289.91(5) 1.69(8) 
o 1s 536.80(6) 1. 80(15) 
P 2P3/2 135.98(8) 1.61(10) 

Cp'Mn(CO)3b Mn 2P3/2 646.69 1.26 
C 1s - CO 292.58 1.30 
C 1s - Cp 290.89 1.56 
o 1s 538.79 1.65 

Cp' Mn( co h (PMe3) Mn 2P3/2 645.30(3) 1.40(4) 
C 1s - co 291.58(9) 1.69(5) 
C 1s - Cp/PMe3 290.25(2) 1. 69(5) 
o 1s 537.50(2) 1. 62(9) 
P 2P3/2 136.43(5) 1.70(9) 

Cp 'Mn( CO) (PMe3 h Mn 2P3/2 644.35(2) 1.41(12) 
C 1s 289.86(4) 1.74(3) 
o 1s 536.65(6) 1.57(19) 
P 2p3/2 135.92(6) 1.49(21) 
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Table XI continued 

Complex Ionization Position (eV) FWHM (eV) 

Cp*Mn(Co}Jb Mn 2P3/2 646.08 1.34 
C Is - CO 292.35 1.30 
C Is - Cp 290.71 1.63 
o Is 538.37 1.59 

* Mn 2P3/2 644.90(2) 1.99(17) Cp Mn(CO>2(PMe3) 
C Is 290.63(2) 2.75(10) 
o Is 537.35(4) 3.4(1) 

* . 
Mn 2P3/2 644.09(6) 1.51(28) Cp Mn(CO)(PMe3)2 
C Is 289.87(1) 2.03(6) 
o Is 536.23(12) 1. 81 (8) 

a - Uncertainties of each ionization potential and FWHM are reported 
for [Cp]Mn(CO)2(PMe3) and [Cp]Mn(CO)(PMe3)2. 

b - The ionizations for [Cp]Mn(CO)3 were reported earlier in refer
ence 9. 
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band is evident in the spectra of [Cp]Mn(CO)(PMe3)2' This single band 

represents the three types of carbon (CO, PMe3, and [Cp]) in these co~ 

plexes. At first glance, the response of the carbonyl core ionization 

energies is very similar to what was observed in Chapter 3. It will be 

shown below, however, that there is nonadditivity in these ionizations, 

and that this is a very significant observation. 

Ligand Additivity 

Additive ligand electronic effects have been seen in the liter-

12 24 61 ature ' , and above, in Chapter 3, for Mo(CO)6-n(PR3)n' In Chapter 

12 3 the simple model of Bursten was applied directly to the observed 

i 
valence ionization energies to obtain very consistent values of ~EQ and 

i 
~S, the Coulombic and overlap portions of the ionization shifts. This 

first-order approach can be applied to the [Cp]Mn(CO)3-n(PMe3)n valence 

i i data (Table X) to calculate the ~EQ and ~ES parameters for each series. 

The direct application of the ligand additivity model in this manner 

assumes that pseudo-octahedral symmetry is maintained at the metal cen-

/. i /.Esi ter. Table XII shows that very different values of uEQ and u are 

calculated for shifts between [Cp]Mn(CO)3 and [Cp]Mn(CO)2(PMe3) than be

tween [Cp]Mn(CO)3 and [Cp]Mn(CO)(PMe3)2. There is a degree of consist-

ency between the series (i.e. Cp compared to cpt), but there appear to 

i i 
be slight trends in the ~EQ and ~ES values with ring methylation, and 

these will be focused on later. 

Clearly the first-order approach of testing for ligand additiv-

ity is not appropriate for this system. 
i 

The calculated coulombic ~ EQ 



Table XII: 

Complex 

CpMn(CO)3 

CpMn(CO>2 (PMe3) 

Cp'Mn(CO)3 

Cp'Mn(CO)2(PMe3 

* Cp Mn(CO)3 

100 

Calculation of Empirical Ligand Additivity Parameters 
for [Cp]Mn(CO)3-n(PMe3)n Complexes. 

[Cp] = C5H5 (Cp), C5H4(CH3) (Cp'), and C5(CH3)5 (Cp*). 

Ionization Shift 
Ionization Prediction Observed 6E~ 6E~ 

I 
II 

I 
II 

I 
II 

I 
II 

I 
II 

o 0.00 

6EQ + 6ES -1.08 
6EQ -0.69 

26EQ 26ES -2.15 
26EQ + 6ES -1.62 

o 0.00 

6EQ + 6ES -0.98 
6EQ -0.60 

26EQ + 26ES -2.13 
26EQ + 6ES -1.59 

o 0.00 

6EQ + bES -0.98 
6EQ -0.57 

-0.69 -0.39 

-0.55 -0.53 

-0.60 -0.38 

-0.52 -0.54 

-0.57 -0.41 

Cp*Mn( CO) (PMe3 >2 I 
II 

26EQ + 26ES -2.05 
2MQ + 6ES -1.l~5 -0.43 -0.60 

a - Weighted average of the a + e components of the metal 
ionization. 
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term is much larger for the tricarbony1 to monophosphine substitution 

than for the tricarbony1 to diphosphine substitution. Also, the~E~ 

term shows ~he reverse trend (larger for the tricarbonyl to diphosphine 

substitution). Nevertheless, the data analysis will be carried forth 

in a similar manner to Chapter 3 in order to learn more from these 

data. The discussion section will provide a "second-order" analysis of 

the data, including a description of some of the factors influencing 

the non-additivity in this system. A graphical method for comparing 

ionization energy shifts between complexes that differ only in ligand 

substitutions was presented in Chapter 3. These shift comparison dia-

grams will be used again in this chapter to document both phosphine 

substitution and ring methylation effects. 

Phosphine Substitution. Figures 22 - 24 show the ionization 

energy shifts for the [Cp]Mn(CO)3-n(PMe3)n series where Figure 22 shows 

* Cp, Figure 23 shows cpt, and Figure 24 shows Cp complexes. The three 

parts of each diagram ere as follows: A compares -the valence Coulombic

i 
only metal shift (~EQ) and the valence [Cp] el" pi shifts to the core 

k 
Mn 2P3/2 shifts (~EQ); B compares the valence metal shift to the core 

carbonyl shifts; and C shows the shifts felt by phosphine ligand ioni-

zations. All of the core ionization shifts show significant deviations 

from additivity similar to the valence results. To illustrate this, 

compare the observed Mn 2P3/2 core shifts of the diphosphine complexes 

to twice the manganese core shifts for the monophosphine complexes. 

The "predicted" shift is around 0.5 eV larger than the observed shift. 
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The 0 Is data show a similar damping. There must be a breakdown in the 

ligand additivity model for these complexes. 

The general trends in phosphine substitution are essentially 

the same for the three different series with differing Cp Fings. The 

major difference is that all of the levels are destabilized with in

creasing ring methylation. 

Ring Methylation. Shift Comparisons diagrams showing the ef

fects of ring methylation on the ionization energies for the 

[Cp]Mn(CO)3-n(PMe3)n complexes are shown in Figures 25 - 27. The 

first, Figure 25, shows the valence metal and core metal shifts. Fig

ure 26 shows the shifts for the C Is and 0 Is carbonyl ionizations. 

Phosphine shifts are shown in Figure 27. In all of these diagrams the 

parent molecule is CpMn(CO)3 and the shift symbols are as in Figures 

22 - 24. The different degrees of phosphine substitution are shown as 

parallel curves in each diagram. There appears to be additivity in the 

valence ionizations with respect to the degree of ring methylation. 14 

Phosphine substitution and ring methylation in this system have 

apparently forced the breakdown of the ligand additivity model. This 

is a rigorous test of the model. These complexes show a huge range of 

ionization energy shifts in both the core and valence. The Mn 2P3/2 

ionization shifts -2.7 eV between CpMn(CO)3 and Cp*Mn(CO)(PMe3)2 and 

the valence first ionization potential shifts -2.4 eV between these ex

tremes. Because there are two independent parameters, information 

about the nature and origin of the shifts may be obtained from a care

ful analysis of the data. One of the most interesting features in this 
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regard is the "spectator" ligand aspect of the Cp ring with respect to 

phosphine substitution. Some comments on the one-center and two-center 

68 
terms of the point charge potential model will be made in the next 

section based on this data. 

Discussion 

Ligand Additivity 

The previous section showed that the simplistic application of 

12 
Bursten's model for ligand additivity used in Chapter 3 did not indi-

cate either core or valence additivity for the [Cp]Mn(CO)3-n(PMe3)n 

complexes. There are several important electronic iactors that contri-

bute to the observed additivity or non-additivity in ligand electronic 

effects. One major contribution to the additivity in the molybdenum 

system and one apparent cause of the breakdown of it here was mentioned 

briefly in the introduction to this chapter. This is the smaller num-

ber of carbonyls acting to absorb charge. The carbonyls in [Cp]Mn(CO)3 

9,85 
are actually stronger backbonders than the carbonyls of Mo(CO)6. 

There are two major effects from the loss of carbonyls. One is the 

loss of pi backbonding stabilization for the metal levels. The second 

is the influence of non-linear inter1igand interactions. Each of these 

factors will be examined in detail. 

The first probe of the carbonyl backdonation is the core 0 1s 

ionizations. As described in the previous section, these levels are 

not showing additive trends. The carbonyl oxygen is shifting by a 

large amount after the first phosphine substitution (1.32 eV for Cp, 
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1.29 eV for Cp', and 0.98 eV for Cp*), but by a much smaller amount for 

the second substitution (0.73 eV for Cp, 0.85 eV for Cp', and 1.12 eV 

for Cp*). (The 0 Is data for the Cp* complexes is considerably less 

reliable because of the relatively small cross-section for ionization 

for the small number of oxygens in these complexes.) This seems to 

contradict the common description of carbonyl as an electron sponge be-

cause the shift per carbonyl should increase with fewer carbonyls re-

maining in the system. The two terms of the point charge potential 

68 model represent one-center and two-center contributions to observed 

ionization shifts. The two-center term should not easily reach any 

limit because it is based only on the simple electrostatic repulsion 

between pOint charges. The one-center term indicates the transfer of 

electron density because of bonding interactions and thus can reach a 

limit when the bonding capacity of the atom's orbitals is exceeded. 

The 0 Is data for these complexes indicate a saturation in one-center 

electron density for the second phosphine substitution. 

The synergistic model of metal/carbonyl bonding includes two 

interactions. The first is CO Sa to metal donation and the second is 

metal to CO n* donation. These both serve to strengthen the M-C bond 

and weaken the C-O bond. Carbonyl IR stretching frequencies for the 

[Cp]Mn(CO)2(PMe3) and [Cp]Mn(CO)(PMe3)2 complexes (Chapter 2) show that 

the CO pi bonds weaken substantially as the number of phosphines on the 

metal center increases. The effects of sigma and pi metal/CO bonding 

85 can be separated using the Cotton-Kraihanzel method to calculate the 

C-O force ·constants. Infrared stretching frequencies emphasize the pi 
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contribution to the CO bond strength. Surprisingly, the calculated 

force constants are additive: CpMn(CO)3 (15.75 mdyne/i), 

CpMn(CO)2(PMe3) (14.72 mdyne/i), CpMn(CO)(PMe3)2 (13.72 mdyne/R). This 

suggests that the non-additivity in the 0 Is core ionizations is aris-

ing from the sigma framework and not the pi system, and that there is 

electron density saturation in the sigma system. 

Comparison of the CO core levels to the [Cp] core ionizations 

is also interesting. Unfortunately, however, the [Cp] core shifts are 

somewhat distorted by the PMe3 - C Is ionizations which are coincident 

with the Cp - C Is. The observed [Cp] core shifts for the first phos-

phine substitution (where the PMe3 contribution to the ionization bands 

* is less dominant) are 0.74 eV (Cp), 0.64 eV (Cp'), and 0.08 eV (Cp ). 

(Again, the Cp* results are not especially reliable because only one 

. * peak was observed in the C Is region for Cp Mn(CO)2(PMe3).) The [Cp] 

shifts should be two-center dominated because there is little back-don-

ation from filled metal levels to the ring. The carbonyl C Is core 

shifts are much larger: 1.09 eV (Cp) and 1.00 eV (Cp'). Note that the 

co - C Is shift is similar to the first 0 Is shift, but that the Cp - C 

Is shift is more similar to the second CO - 0 Is shift. These compari-

sons suggest that a "typical" two-center shift is around 0.7 eV and 

that larger shifts indicate the presence of a significant contribution 

of backbonding density from the metal to the ligand. Because all three 

types of carbons are ionized as one peak in the [Cp]Mn(CO)(PMe3)2 com-

plexes, it is impossible to determine from C Is ionization data if the 

carbon is being sigma saturated with one-center charge. 



The core metal (Mn 2P3/2) ionizations show a trend nearly 

identical to the oxygen 1s ionizations. A large shift for the first 
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- * substitution (1.40 eV for Cp, 1.39 eV for Cp', and 1.18 eV for Cp ) is 

followed by a smaller shift for the second substitution (0.92 eV for 

Cp, 0.95 eV for Cp', and 0.81 eV for Cp*). Clearly, a saturation or 

near saturation of this level is also being reached. Note also that 

the second Cp* shift is smaller than the corresponding Cp or Cp' shifts 

and that this shift is similar to the "typical" two-center shift magni-

tude. The large initial shift for the Mn 2P3/2 ionizations is over 

twice as large as the corresponding shift for Mo(CO)6 to Mo(CO)5(PMe3) 

and the difference between the molybdenum and manganese shifts is close 

to 0.75 eVe The fact that the Mo system has at least three more car-

bonyls acting as one-center acceptors stabilizes the Mo system over the 

Mn system. After the first phosphine substitution and the large amount 

of one-center density the metal was forced to retain, the second phos-

phine substitution finds the metal and the one remaining carbonyl close 

to being one-center saturated. Thus neither the metal nor the sole 

carbonyl is able to absorb as much one-center charge in the change from 

the monophosphine to the diphosphine as they were able to at the mono-

phosphine substitution level. 

A very pertinent question, then, is where is the extra electron 

density going? Apparently the phosphine ligands have been forced to 

retain more of the density that they normally donate to the metal and 

other ligands. The shifts for the phosphine ligand based ionizations 

are larger in this system than they were for the earlier 
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Mo(CO)6-n(PMe3)n system. There the shifts- for the second and third 

substitutions were -0.36 eV for the phosphorus lone pair, -0.38 eV for 

the P 2P3/2 core, and -0.29 eV for the PMe3 - C Is core. For 

[Cp]Mn(CO)3-n(PMe3)n the corresponding shifts are -0.44 eV (Cp), -0.48 

eV (Cp'), and -0.36 eV (Cp*) for the phosphorus lone pair; -0.56 eV 

(Cp) and -0.51 eV (Cp') for the P 2P3/2 ionizations; and -0.36 eV (Cp) 

and -0.39 eV (Cp') for the Cp/PMe3 C Is ionizations. This last set of 

numbers may be somewhat inflated due to the contribution of Cp shifts. 

The phosphorus ligand ionizations are shifting more in the manganese 

complexes than in the molybdenum complexes and the phosphine ligands 

have retained more of their density for comparable phosphine 

substitution. 

The results above indicate that the loss of carbonyl backbond-

ers has had a large impact on the core ionization additivity in this 

system. An effect of the loss of carbony1s that is more important for 

valence ionization additivity is noh-linear inter ligand interactions. 

Because pi backbonding is more important for the [Cp]Mn(CO)3 complexes 

than for Mo(CO)6, inter1igand interactions will probably be more im-

portant here. 

In the [Cp]Mn(CO)3 complexes there are a total of three inter-

64 
ligand interactions from the conspiring carbonyls. These are dis-

tributed evenly among the three filled d orbitals. There is one total 

interaction in the monophosphines and zero interactions in the diphos-

phine complexes. The change in the number of conspiring interactions 

is not linear with respect to phosphine subBtitutions. This 
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non-linearity is an important consideration for ligand additivity in 

valence ionizations. The carbonyl interligand interaction effect is 

actually responsible for the splitting of the pseudo-octahedral Mn 3d 

levels into the observed a + e pattern. This splitting is 0.34 - 0.36 

eV. Calculations* on three free CO molecules (in the CpMn(CO)3 spatial 

* arrangement) show that the six CO TI levels sp~it into two a + e sets. 

* One set is stabilized from the isolated CO TI energy and is symmetry 

adapted for interaction (backdonation) with the filled metal levels. 

The second set is destabilized from a single free CO and does not in-

teract with the metal. The improved orbital energy match between the 

* interacting carbonyl TI levels and the metal levels is responsible 

for stabilizing the metal levels. 

Splitting between the a and e levels is further increased be-

cause some character from the empty e set of metal orbitals mixes into 

the filled t set of metal orbitals. This amounts to only a few percent 

of mixing, but it contributes to the e and a splitting an additional 

0.2 to 0.3 eV. This a + e splitting is similar to the magnitude of 

differences between the ligand additivity model and the observed ion-

izations, and represents an uncertainty for additivity in these sys-

tems. The two effects from interligand interactions are obviously im-

portant. The observed a + e splitting for [Cp]Mn(CO)3 proves this. 

Partly because of this, calculations reproduce additivity rather poorly 

and do not match the observed degeneracies of the metal levels for 

*Calculations were performed using the Fenske-Hall method and 
atomic basis functions from Clementi.80 
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CpMn(CO)2(PMe3) and CpMn(CO)(PMe3)2 despite the excellent agreement be

tween calculations* and experiment for CpMn(CO)3. 

Other important factors that must be considered are the effects 

of non-ideal geometry~4 A low temperature x-ray crystal structure for 

CpMn(CO)3 shows that the OC-Mn-CO angles are about 93° and that there 

is significant ring distortion. Eigenvalues from calculations with 

idealized and observed geometries are listed in Table XIII. Also in 

Table XIII is an ionization energy comparison between two-band and 

three-band fits for the metal band of CpMn(CO)3. The idealized geomet-

ry eigenvalues correlate very well with the two-band ionization ener-

gies, and the observed geometry eigenvalues match well with the three-

band ionization energies. Two structures on [Cp]Mn(CO)2(P(C6H5)3) com-

plexes show the OC-Mn-CO and OC-Mn-P angles to be between 91° and 

94°. 95 ,96 The idealized (90°) geometry of CpMn(CO)2(PH3) can be per-

turbed with calculations to determine a best correlation with the ob-

served ionization energies. Table XIV lists eigenvalues for the ideal-

ized and best perturbed geometry of CpMn(CO)2(PH3) and ionization ener-

gies for. two-band and three-band fits of the metal band of 

CpMn(CO)2(PMe3). The only reasonable agreement between calculation 

and experiment is for the perturbed geometry and the three-band fit of 

the data. Clearly even small geometry changes in the molecules are im-

portant factors in the breakdown of additivity. 

*Calculations were performed on CpMn(CO)3, CpMn(CO)2(PH3) and 
CpMn(CO)(PH3)2 using the Fenske-Hall method. Bond lengths and atomic 
basis functions are as reported earlier 92 ,93 except for the Mn-P bond 
length which was set at 2.416 A. 



Table XIII: Fenske-Hall Eigenvalues and Experimental Ionization 
"Energies for Metal-Based d Orbitals of CpMn(CO)3' 

Orbital Eigenvalues, eV Ionization Energies, eV 

Ml 

M2 

M3 

Idealized Observed Two-Band Three-Band 
Geometrya Geometryb FitC Fit 

-9.65 -9.60 7.97 7.91 

-9.65 -9.68 7.97 8.02 

-9.93 -9.85 8.33 8.33 

a - The idealized geometry has 90 0 angles between the carbon
yls and uses a planar Cp ring. 

b - The observed geometry is from a low temperature x-ray 
crystallographic study of CpMn(CO)3 (Reference 93). 

c - See Table X. 
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Table XIV: Fenske-Hall Eigenvaluesa and Experimental Ion
ization Energiesb for Metal-Based d Orbitals of 
CpM..,( CO)2 (PR3). 

Orbital Eigenvalues, eV Ionization Energies, eV 

M1 

M2 

M3 

Idealized Perturbed Two-Band Three-Band 
GeometryC Geometryd Fite Fit 

-8.20 -8.26 7.01 6.88 

-8.59 -8.51 7.01 7.06 

-8.95 -8.81 7.40 7.40 

a - R = H 

b - R = Me 

c - The idealized g.eometry has 90 0 angles between the carbon
yls and uses a planar Cp ring. 

d - The perturbed geometry has a 95 0 angle between the two 
carbonyls, which are in the xy plane. Thus, both carbonyls 
are at right angles to the phosphine. 

e - See Table X. 
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Ionization data for the [Cp]Mn(CO)(PMe3)2 complexes show a 

clean 1:2 pattern in the metal ionizations with no indication of split-

ting in the larger peak. Calculations using the idealized geometry and 

the simple perturbation approach used for the monophosphine complexes 

by varying the P-Mn-P angle between 85° and 105° does not reproduce the 

observed ionization pattern: three distinct eigenvalues are calculated 

for each perturbation. Another geometric distortion, more complex than 

the simple P-Mn-P bond angle change, is responsible for the difference 

between calculations and experiment. A crystal structure for 

CpMn(CO)(P(C6HS)3)z reports a ring "tip" of 7° away from the CO as well 

as a P-Mn-P angle of 104 0. 97 The net effect is similar to a "squashed" 

tetrahedron. As the P-Mn-P angle increases because of steric and Cou-

lombic repulsion between the phosphines, the angle between the CO and 

Cp centroid increases. Calculations on this type of perturbed geometry 

for CpMn(CO)(PH3)2 actually reproduce the observed metal ionization 

pattern (Table XV). 

Interestingly, the spectrum of CpMn(CO)(dmpe) (Figure 20) shows 

the 1:1:1 pattern that the unperturbed calculations for CpMn(CO)(PH3)2 

predict. It seems that the effects of strain relieved by the geometric 

distortion in the bis-trimethylphosphine complexes return with the che-

lating phosphine. The bite angle of dmpe has been close to 75° in sev-

98-101 98 eral complexes. Structures for CP2Mn(PMe3)2 and CP2Mn(dmpe) 

show a smaller Cp-Mn-Cp angle (137° vs. 142°) for the dmpe complex than 

for the bis-trimethylphosphine complex. Constraint of the P-Mn-P angle 

by dmpe in CpMn(CO)(dmpe) causes rehybridization of the metal acceptor 



Table X!V: Fenske-Hall Eigenvaluesa and Experimental Ion
ization Energiesb for Metal-Based d Orbitals of 
CpMn( CO) (PR3 h. 

Orbital Eigenvalues, eV 

Ml 

M2 

M3 

Ionization 
Idealized Perturbed Perturbed Energies, 
GeometryC Geometryd Geometrye eVf 

-7.06 -6.84 -6.86 5.94 

-7.54 -7.49 -7.66 6.47 

-7.82 -7.85 -7.68 6.47 

a - R = H 

b - R = Me 

C - The idealized geometry has 90 0 angles between the carbonyl 
and both phosphines and uses a planar Cp ring. 

d - The first perturbed geometry has a 100 0 angle between the 
two phosphines, which are in the xy plane. Thus, both 
phosphines are at right angles to the carbonyl. 

e - The second perturbed geometry has a 100 0 angle between the 
two phosphines, and has a 7 0 ring tilt away from the CO. 

f - See Table X. 
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orbitals leading to metal/ring bonding changes including loss of the 

ring "tip". The Cp eJ." ionizations of CpMn(CO)(dmpe) are at about 0.1 

eV lower binding energy than in CpMn(CO)(PMe3)2, an indication of 

some bonding differences. 

The contribution of geometric rearrangement of phosphine com

plexes to the ligand additivity model is quite complex. Thorough x-ray 

crystal structures of the monophosphine and diphosphine derivatives of 

CpHn(CO)3 are obviously needed, but clearly there is an uncertainty of 

several-tenths eV in predicted ionization potentials based on idealized 

geometries. The ligand additivity model can not be expected to produce 

valid results when the metal orbitals rehybridize due to geometric 

distortions. 

A final important factor is electron re1axatidn. The dramatic 

dropoff of backbonding stabilization of the metal levels can cause sig

nificant (and possibly nonlinear) changes in electron relaxation. 89 In 

the Mo(CO)6 system the electron relaxation was either insignificant or 

additiv2 and the empirical ligand additivity parameters inherently con

tained an electron relaxation contribution. 

There are numerous factors that can contribute to the ligand 

additivity phenonemon. When ,ldditivity is observed, as in the previous 

chapter for Mo(CO)6 derivatives, these factors can be considered to be 

insignificant or additive themselves. However, when the model breaks 

down, as it does for this system, understanding these factors becomes 

very important. As proposed in the introduction to this chapter the 

loss of carbonyl backbonding clearly has had a very large effect on 
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additivity in both the core and valence ionizations. The sole remain-

ing carbonyl in [Cp]Mn(CO)(PMe3)2 is unable to effectively stabilize 

the metal because it is saturated with sigma electron density. This 

apparently leads to non-additivity in the core ionizations. The val-

ence factors of ligand non-additivity are complex and interrelated and 

do not separate even under higher-order treatment of the data. These 

factors include nonlinear interligand interactions between the carbon-

yls and geometric distortions of the complexes. 

It is possible to estimate the values of ~E~ and ~E~ from spec

ific portions of the data sets that are less susceptible to the non-

linear factors. i A reasonable estimate for ~EQ' the Coulombic term, 

can be obtained as the difference between Ml of [Cp]Mn(CO)3 and M2 of 

[Cp]Mn(CO)2(PMe3). (See Table X.) i The cleanest example of ~ES is 

obtained from the difference between Ml and M2 of [Cp]Mn(CO)(PMe3)2. 

Table XVI lists these values for the three series of complexes. Note 

i i 'i the trends in ~ES and ~EQ with ring methylation. ~ ES increases with 

i creasing ring methylation but ~EQ decreases. Ring methylation increas-

9 14 the electron density at the metal center,' thus assisting metal to 

CO pi* backdonation. Infrared CO stretching frequencies also show this 

trend. The replacement of a CO with a PMe3 will have a larger overlap 

i 
(~ES) effect for the more ring methylated species. Note also that the 

i i 
size of ~ES for these complexes is about twice the magnitude of ~ ES for 

Mo(CO)6-n(PR3)n. This is because the carbonyl backbonding is much more 

important for the [Cp]Mn complexes. The ~E~ term behaves in an oppos-

ite manner with respect to ring methylation because the increased 



Table XVI: i i Best Ligand Additivity Parameters!::' ES and!::' EQ for 
[Cp]Mn(CO)3-n(PMe3)n Complexes. 

[Cp] 
i 

6Es !::'E6 

Cp -0.53 -0.57 

cpt -0.54 -0.53 

cp* -0.60 -0.45 
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electron density at the metal from the ring methylation dampens the 

ligand to metal (sigma) charge transfer. i 
These ~EQ values are compar-

able to the values obtained in Chapter 3 for the Mo(CO)6 system. 

Core-Valence Ionization Correlation 

In the previous chapter Jolly's Lone Orbital Ionization Poten-

tial (LOIP) principle was applied to the phosphorus lone pair and core 

ionizations to determine the bonding stabilization of the lone pair. 

The P 2P3/2 core ionization shift between free PMe3 and Mo(CO)S(PMe3) 

was multiplied by 0.8 and that was subtracted from the analogous val-

ence ionization shift to yield the bonding stabilization of the valence 

lone pair orbital. In this system, the metal again acts as an acceptor 

from the P lone pair (perhaps to a greater extent for Mn+ vs. MoO), but 

the Cp- ligand is f.orcing the ionizations (two-center) back to lower 

binding energy. Assuming the ratio of 0.8 for the valence/core ioniza-

tion shifts, the bonding stabilizations of the phosphorus lone pair for 

the first substitution are between 0.9 and 1.0 eVe This number is in-

dependent of Cp methylation, but the absolute core and valence binding 

energies are affected by the degree of ring methylation. 

14 
Lichtenberger and Darsey have made an extensive study of the 

core and valence ionizations of methylated ferrocenes, [Cp]2Fe. That 

system is better suited for understanding ring methylation effects be-

cause the valence and core Cp shifts are more accessible. In the 

[Cp]Mn(CO)3-n(PMe3)n series ring methylation has been used on a more 

basic level. The use of Cp* enabled a clear separation of the valence 

Cp e1" ionizations from the phosphorus lone pair ionization(s). It was 
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also used to increase electron density at the metal to contribute to 

the breakdown of the ligand additivity model. The [Cp] ring contribu-

tion is mostly to the two-center portion of the metal ionization shift, 

which does not have a limit. The ring methylation shift comparison di-

agrams in the previous section clearly show additivity in ring methyla-

tion, but this is entirely expected from two-center dominated 

interactions. 

There is a correlation of the core and valence ionization 

shifts in this system, but it differs substantially from the ideal 0.8 

ratio 13 0 £ valence to core shifts. The valence contributions to the 

i correlation, ~EQ' are calculated as follows: for the first substitution 

i 
~EQ from Table XII are used; for the second substitution the monophos-

i i 
phine ~Q is subtracted from twice the diphosphine ~EQ (also Table 

k 
XII). The core contributions to the correlation, ~EQ' are the simple 

differences from Table XI. Between [Cp]Mn(CO)3 and [Cp]Mn(CO)2(PMe3) 

the metal core to valence ionization ratios are 0.49 (Cp), 0.43 (Cp'), 

* . and 0.48 (Cp). For the second substitution these ratios are 0.45 

(Cp), 0.46 (Cp'), and 0.36 (Cp*). The average value with deviation is 

0.44 + 0.05. Apparently the very large electronic effects in this sys-

tem have caused a breakdown of the core-valence ionization correlation. 

As was emphasized in the previous chapter, it is the extensive delocal-

ization of electron density from the metal to the ligands that forces 

the correlation in the metal ionizations. For the [Cp]Mn(CO)3 complex-

es and phosphine derivatives there is a breakdown of the core-valence 

ionization correlation for the same reasons that ligand additivity 



failed: there are fewer pi-accepting ligands to help distribute the 

one-center electron density throughout the molecule. Since the two~ 

center portion of the core shift is based on electrostatics, it will 

consistently indicate a correlation. 
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Shifts that are two-center dominated for ferrocenes have been 

shown to give core-valence ionization correlations of unity.14 The 

correlation for the valence and core ionization shifts of the [Cp] 

rings also show this feature. The core ionization shifts are somewhat 

distorted by the presence of the PMe3 - C Is contribution, but this ef

fect is relatively small for the first phosphine substitution. For 

CpMn(CO)3 to CpMn(CO)2(PMe3) the correlation between the Cp e1" and the 

Cp/PMe3 C 1s ionization is 1.01. For the Cpr analogue the ratio is 

1.09, with an average of 1.05 + 0.04. The second substitution yields 

core shifts that have more PMe3 contribution, and hence, are not very 

good for the correlation. These ratios are 1.47 (Cp) and 1.46 (Cp'). 

The final observable correlation is that between the core and 

valence phosphine ionizations. In the previous chapter the ratio of 

the valence phosphorus lone pair shifts to the core P 2P3/2 shifts was 

calculated to be 1.0 + 0.3. The large uncertainty was mostly due to 

the rather large uncertainty in the individual core shifts. A similar 

correlation can be calculated for the Mn complexes, but only for the 

mono to disubstituted complex shifts. For [Cp] = Cp the ratio is 0.79 

and for [Cp] = Cpr the ratio is 0.94. (The average is 0.87 + 0.07.) 

Given the rather large uncertainty of the molybdenum correlation, the 

agreement is reasonable. At this point it should be commented that 
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although these numbers are quite self-consistent, the uncertainties for 

these correlations are high (+ 0.2). 

Obviously the core-valence ionization correlation is a more 

complex phenomenon than indicated by the results in Chapter 3 for 

Mo(CO)6 derivatives. There is the added complication of one-center 

saturation in this system, which can disrupt both the core-valence cor

relation and core ligand additivity principles. The presence of the 

[Cp] ring has forced much of this to happen by replacing three pi-ac

ceptor carbonyls. A second interestins feature of the [Cp] ring has 

been its utility as a spectator ligand which only responds to two

center (electrostatic) shifts. This has enabled many of the observa

tions above. Ligand additivity and core-valence ionization correlation 

are interesting and important electronic structure principles and are 

applicable in a variety of circumstances, but both actually are symp

toms of the greater effects of electron fluidity and delocalizations. 

Application of these principles to complexes of this type, with strong 

pi-acceptor ligands, is especially important because of the extensive 

electronic delocalizations. 



CHAPTER 5 

ELECTRONIC STRUCTURE FACTORS OF CARBON-HYDROGEN BOND ACTIVATION 
IN SOME ALKENYLMANGANESE TRICARBONYL COMPLEXES 

The study of small molecules activated by transition metals is 

an important aspect of the continuing investigations of metal-assisted 

chemistry and catalysis. One of the most important classes of small 

molecule - metal interactions is the specific activation of the C-H 

2-5 
bond. Aliphatic hydrocarbons are abundant industrial materials, but 

extremely unreactive in the absence of a catalyst because of the 
. 

strength of the C-H bond and its steric inavai1abi1ity for attack. 

f 
102-104 

Both sur ace and homogeneous systems to activate hydrocarbons 

have been reported. In fact the discrete molecules which activate C-H 

bonds include metals representing both ends of the transition series 

105-116 
and the lanthanides and actinides. There is no apparent corre1-

ation between the electron count at the metal (i.e. electron rich or 

poor) and the metal's ability to insert into the C-H bond. 

There are two limiting case electronic descriptions for carbon-

117 
hydrogen bond activation. These can be referred to by the names 

sigma activation and sigma* activation. The first occurs when the C-H 

sigma (bonding) orbital donates electron density into an empty metal 

level. This model is depicted in Figure 28 A. 
118 

Hoffmann advocates 

this model for the activation of H2 and CH4 by transition metal frag-

119,120 
ments. Anderson also proposes this model for alpha-hydrogen 
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abstraction at Pt and Fe surfaces. Obara 121 ,122 attributes the methyl 

group distortion in Ti(CH3)(PH3)Cl3 to this type of activation. The 

* other type of activation, sigma , occurs when filled metal levels do-

* nate into the empty C-H sigma antibonding orbital (Figure 2S B). 

Shustorovich,123,124 Sevin and Chaquin,125 and Lebrilla and Maier 126 

propose that this model is applicable in a variety of cases. Hoff-

mann11S uses this model to explain the activation of H2 and CH4 by 

surfaces. 

Molecules which represent intermediates for C-H bond activation 

by having distorted C-H bond geometries have been characterized in re

cent years. 15 ,16,127-135 These are of particular interest in under-

standing the activation of carbon-hydrogen bonds by transition metals. 

17 Brookhart and Green have systemized much of this chemistry and have 

proposed the term "agostic" to describe molecules where the carbon-hy-

drogen bond is activated by its interaction with the metal. This in-

teraction is typically referred to as a 3 center/2 electron bond in-

volving the metal, carbon, and hydrogen. Physical measurements s~ch as 

IH or 13C nmr and x-ray and neutron diffraction crystallography can be 

used to confirm the presence of an agostic C-H bond. 

Particularly interesting er.amples are provided by cyclohexenyl

manganese tricarbonyl (n3-C6H9Mn(CO)3),15,16 I, and some acyclic deriv-

atives which have been prepared and characterized by Brookhart. These 

molecules contain agostic C-H bonds. These complexes conform to the 

"EAN of IS" rule only if 3 center/2 electron bond descriptions are in-

voked for the manganese-carbon-hydrogen interactions. This description 
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is supported by a recent neutron diffraction crystallographic study of 

136 the methylcyclohexenylmanganese tricarbonyl species showing a C-H 

bond distance of 1.19 ~ and a Mn-H approach of 1.84 R. Incidentally, 

this carbon-hydrogen distance is the longest known bond of this type. 

Variable temperature nmr showed that there are two types of fluxional-

ity for the agostic cyclohexenylmanganese tricarbonyl complex, each 

with distinct, electronically significant transition states. 16 An im-

portant aspect of complexes with agostic C-H bonds is that they can be 

considered intermediates of the Beta-hydride elimination reaction as 

shown in Figure 29. Developing an understanding of the electronic 

structure of these types of intermediates will reveal important inform-

ation about the Beta-hydride abstraction process. 

The stability and volatility of these alkenylmanganese tricar-

bonyl complexes presents the first opportunity to study experimentally, 

in detail, the photoelectron spectral characteristics of C-H "activat-

edIt species. This chapter describes the electronic structure and ion-

izations,of the alkenyl ligands and the resultant effect on the metal 

electronic structure and ionizations. The cyclohexenylmanganese tri-

carbonyl molecule is especially attractive for these studies because 

comparison can be made to several electronically and structurally re-

lated complexes: methylcyclopentadienylmanganese tricarbonyl 

(n5-Cp'Mn(CO)3), II; cyclohexadienylmanganese tricarbonyl 

(n5- C6H7Mn(CO)3), III; and cyclohexadieneiron tricarbonyl 

(n4-C6H8Fe(CO)3), IV. The relations between the ionizations of these 

well-characterized species and the previously unreported ionizations of 
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I enable a clearer understanding of the unique stability of the "activ-

ated" species I. In this chapter, the electronic factors that contri-

bute to the agostic C-H bond in alkenylmanganese tricarbonyl complexes 

will be described, and experimental evidence for the sigma electronic 

mode of C-H bond activation will be presented. 

In the next section the ionizations of the cyclohexenylmanga-

nese tricarbonyl complex will be assigned based on the well understood 

ionizations for the closely related Cp'Mn(CO)3 and cyclohexadienylman-

ganese tricarbonyl molecules. The ionizations of the acyclic butenyl-

and methylbutenylmanganese tricarbonyl are shown to be extremely simi-

lar. The discussion section will correlate the experimental and theo-

retical observations of the two electronic modes of C-H bond activation 

to confirm the sigma mode of activation. Also, an understanding of the 

importance of agostic C-H activation in the context of oxidative addi-

tion and Beta'-hydride elimination will be developed. 

Results and Ionization Band Assignments 

93 The HeI full spectra of cyclohexadienylmanganese tricarbonyl, 

cyclohexenylmanganese tricarbonyl, and cyclohexadieneiron tricarbon-

137,138 
yl, are displayed in Figure 30 A-C, respectively. Figure 31 A-C 

shows the HeI full spectra for methylbutenylmanganese tetracarbonyl 

(VII), methylbutenylmanganese tricarbonyl (VIII), and isopreneiron tri-

carbonyl (IX). The HeI spectra for butenylmanganese tetracarbonyl (X), 

butenylmanganese tricarbonyl (XI), and butadieneiron tricarbonyl (XII) 

are shown in Figure 32 A-C. The HeI/HeII comparisons for the 11 to 6 
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eV range for cyclohexadienylmanganese tricarbonyl, cyclohexenylmanga-

nese tricarbonyl, and cyclohexadieneiron tricarbonyl are presented in 

Figures 33, 34, and 35. Closeup ReI spectra for the 11 to 6 eV range 

for VII, VIII, and IX are displayed in Figure 36 and Figure 37 shows 

closeups for X, XI, and XII. In addition, the ionization energies, 

half-widths, and relative intensities for all valence bands of inter-

est are in Table XVII. 

The starting point for all assignments is methylcyclopentadien-

ylmanganese tricarbonyl, II. The electronic structure of this complex 

9 92 was discussed in the previous chapter and in the literature.' The 

band assignments for cyclohexenylmanganese tricarbonyl are described 

below, but these are general for all of the alkenylmanganese tricarbon-

yl complexes. 

Cyclohexadienylmanganese Tricarbonyl 

When a sixth carbon is inserted into the cyclopentadienyl ring, 

as in cyclohexadienylmanganese tricarbonyl (Figure 30 A), the e1" pi 

93 
levels split into the bands at 8.5 and 10.2 eV. (These pi ioniza-

tions are at 9.6 and 10.0 eV in Cp'Mn(CO)3.) As is always the case 

139-141 
with first row transition metal complexes, the HeI/HeII compari-

son (Figure 33) can be used to show that these two bands are higher in 

ligand character than the band at 8.0 eV. Note that this metal ioniza-

tion feature shows that the 3d orbitals remain essentially degenerate 

and do not significantly shift between C6H7Mn(CO)3 and Cp'Mn(CO)3. As 

in Chapter 4 for methylcyclopentadienylmanganese tricarbonyl, the a1-
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Table XVII: 

Complex 

C6H7Mn(CO)3 

C6H9Mn ( CO >3 

C6H8Fe (CO >3 

C5H9Mn (CO)4 

C5H9Mn (CO)3 

C5H8Fe (CO)3 

142 

Valence Band Positions, Half-widths, and Relative Hell 
Hell Intensities for Alkenylmanganese Tricarbonyl and 
Related Complexes.a,b . 

Ionization Position (eV) Half-width (eV) Intensity 
High Low HeI HeI! 

M1 7.98 0.66 0.57 1.00 1.00 
L1 8.54 0.66 0.30 0.50 0.22 
L2 10.23 0.69 0.44 0.60 0.27 

M1 8.01 0.60 0.59 1.00 1.00 
L1 8.64 0.59 0.31 0.56 0.47 
L2 10.70 0.56 0.52 0.68 0.44· 

M1 c 7.92 0.72 0.41 1.00 1.00 
M2 c 8.55 0.72 0.65 2.50 1.85 
L1 9.23 0.72 0.30 1.53 0.61 
L2 10.91 1.11 0.49 2.30 0.74 

M1 c 7.97 0.58 0.44 1.00 
M2 c 8.33 0.58 0.44 1.46 
L1 8.72 0.68 0.38 1.08 
L2 10.49 0.85 0.67 1. 75 

M1 8.05 0.64 0.56 1.00 
L1 8.85 0.56 0.41 0.52 
L2 10.48 0.96 0.43 0.78 

M1 c 8.03 0.68 0.47 1.00 
M2 c 8.68 0.68 0.73 2.40 
L1 9.66 0.61 0.35 1.18 
L2 11.04 0.79 0.46 1.99 
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Table XVII continued. 

Complex Ionization Position (eV) Half-width (eV) Intensity 
High Low HeI Hell 

C4H7Mn(CO)4 M1 c 8.04 0.64 0.41 1.00 
M2 c 8.39 0.64 0.41 2.00 
L1 8.87 0.64 0.41 1.60 
L2 10.85 0.75 0.75 2.23 

C4H7Mn ( CO h M1 8.21 0.53 0.57 1.00 
L1 8.98 0.60 0.43 0.62 
L2 11.01 0.83 0.59 0.86 

C4H6Fe (CO)3 M1 c 8.06 0.86 0.36 1.00 
M2 c 8.77 0.86 0.78 2.79 
L1 9.87 0.69 0.36 1.17 
L2 11.48 0.87 0.50 1. 77 

a - Bands are labeled as metal (M1 or M2) and pi ligand (L1 or L2). 

b - Uncertainty of these deconvolution parameters are as follows: 
Band positions are accurate to ± 0.02 eV, Half-widths "are 
accurate to ± 0.05 eV, HeI intensiti.es are accurate to ± 10%, 
and Hell intensities are accurate to ± 20%. 

c - The overlapping features for this ionization indicate a larger 
uncertainty. The band positions are accurate to ± 0.05 eV, 
Half-widths to ± 0.10 eV, HeI intensities to ± 15 %, and Hell 
intensities to ± 30 %. 
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type totally symmetric pi band is under the envelope from 13-16 eV as 

are the carbonyl 5 a and 17f orbital ionizations. 

Cyclohexenylmanganese Tricarbonyl 

Comparison of the spectra of cyclohexadienylmanganese tricar

bonyl (Figure 30 A) and cyclohexenylmanganese tricarbonyl (Figure 30 B) 

indicates an immedfate tentative assignment of the observed ionizations 

of Figure 30 B. In the region from 7 to 11 eV, the three observed 

bands are assigned as a pair of ligand pi orbitals (10.7 and 8.6 eV) 

and a band at 8.0 eV high in metal character. (See the HeI/HeII com

parison, Figure 34). In the Discussion section this assignment will be 

described in detail in terms of the models for C-H bond activation. 

The region from about 11 to 13 eV shows many bands due to the large 

number of C-H bonds of different electronic environment. None of 

these, however, show any first-order unique characteristics indicating 

identification as the "activated" C-H bond. QUI confidence in the ob

servation of the agostic complex rather than some other isomer or de

composition product should be emphasized here. There is no evidence 

for broadening of any of the ionizations which would indicate decomp

osition or thermal population of other conformations. These spectra 

were run at around room temperature where kT is about 0.6 kcal/mole. 

The solution nmr studies of this complex have shown the lowest barrier 

to rearrangement to be 8.3 kcal/mole, and did not detect other conform

ations at temperatures up to 119 °C. 16 Thus the Boltzmann population 

for excited levels is very small. 
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Cyc10hexadieneiron Tricarbony1 

The photoelectron spectrum of the dB cyc10hexadieneiron tri

carbonyl complex (Figure 30 C) is strikingly similar to that of the d6 

cyc10hexeny1manganese tricarbony1 (Figure 30 B). The major difference 

occurs in the metal region (7.5 - 9.0 eV) where the fourth pair of d 

electrons are visible as a shoulder (at about 7.9 eV) on the low bind

ing energy side of the metal band~ The HeI/HeII comparison (Figure 35) 

shows the bands at 9.2 and 10.9 eV to be high in ligand pi character 

and are assigned to the diene ionizations.138 Interesting observations 

that will be referred .to again later are the stabilization energies of 

the two cyc10hexadiene pi orbitals upon bonding to the metal fragment. 

The more stable, totally symmetric, pi orbital is stabilized by only 

0.17 eV whereas the other, one-node, orbital is stabilized by 0.92 

eVe 138 Supporting this information is the HeI/HeII comparison for 

these ionizations. The aI-type ionization collapses more with Hell 

than does the other, indicating more carbon character and less mixing 

with the metal for the a1. 

Buteny1manganese Tetracarbony1 

The spectra of the tetracarbony1 complexes, VII and X, (Fig

ures 36 A and 37A) are fundamentally the same as the tricarbony1 spec

tra. There is a slight splitting of the predominately metal levels at 

8.2 eV because of the reduced symmetry of the Mn(CO)4+ fragment. The 

pi allyl-type ionizations show virtually no difference between the tri

carbonyl and tetracarbonyl complex spectra. This is an extremely 
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important observation that will be commented on further in the Discus-

sion section. 

Discussion 

The electronic and structural factors of activation of the C-H 

bond are very important aspects of all metal-assisted catalysis where 

the carbon-hydrogen bond is broken. The series of molecules studied in 

this paper provide a simple route to band assignment and enable an un-

derstanding of carbon-hydrogen bond activation in cyclohexenylmanganese 

tricarbonyl. This is, in fact, an unusual opportunity to experiment-

ally determine an electronic mechanism for an initial stage of C-H act-

ivation. In this section we present a detailed examination of the sig-

* ma and sigma C-H activation modes and their relationship to this in-

teresting species. 

The ionizations described in the previous section can be under-

stood in terms of the simple molecular orbital diagram based on the 

Fenske-Hall calculational method shown in Figure 38. The chosen coor-

dinate system is the one where the z-axis is coincident with the three-

fold of the Mn(CO)3+ fragment. The manganese tricarbonyl cation frag-

ment levels retain pseudo-octahedral symmetry, splitting into e and a 

levels separated by only 0.35 eV (left side of Figure 38). This "t .. 2g 

set is basically nonbonding with respect to the cyclopentadienyl ring 

and these levels are not significantly altered in going from the 

Mn(CO)3+ fragment to the methylcyclopentadienylmanganese tricarbonyl 

complex, II. The filled Cp ei n orbitals are donating into the empty 
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metal orbitals that are predominately dxz and dyz in this coordinate 

system. This is a four electron donation and forms the primary metal

ring bond. The el" set is split slightly because of ring distortion? 

Note that the al" level of the Cp ring does not overlap significantly 

92 with the metal orbitals and is only a poor two electron donor. 

Inserting the sixth carbon of the cyclohexadienyl ligand into 

the Cp- pi framework causes the pi levels of the C6 ligand to split 

further due to the reduction in symmetry. The el+ orbital 142 is de-

stabilized by loss of pi bonding character between the two ring carbons 

that have been separated by insertion of the sixth carbon, and the el-

is stabilized by loss of antibonding character between these ~wo car-

bons. The total bonding interactions of the cyclohexadienyl ligand to 

the metal are still very similar to those of the Cp- ligand and the 

non-bonding metal levels of III are not split or significantly shifted 

from Cp'Mn(CO)3 by the reduced symmetry. 

When changing from the nS-cyclohexadienyl to the n3-allyl of 

the cyclohexenyl ligand, the pi levels cross because the lower-lying 

symmetric allyl level is derived from the higher-lying cyclohexadienyl 

pi level. The sy~,:metry, however, has the same essential features with 

one exception. There is no level in cyclohexenyl analogous to the 

five-carbon al" pi orbital in the cyclopentadienyl and cyclohexadienyl 

ligands. But, as was mentioned above, this orbital is not a major fac-. 

tor in bonding. The pi levels of the cyclohexenyl fragment are the 

correct symmetry for donation into the empty metal levels much as those 

of Cp- in II and cyclohexadienyl in III. 
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-It is helpful to clarify the qualitative description of cyclo-

hexenylmanganese tricarbonyl. The simplest level of electron structure 

consideration is electron counting and the "EAN of 18" rule. Cyclohex-

enylmanganese tricarbonyl can be considered an eighteen electron mole-

cule only if the agostic C-H bond is considered as a two electron donor 

to a vacant coordination site at the metal. This interation would be 

interpreted as the sigma mode of C-H activation. However, there are 

numerous known violations of the 18 electron rule, and it is important 

to understand the individual factors that contribute to the overall 

stability of a complex. As pointed out above, the symmetric a1" orb

ital of cyclopentadienyl has a very weak interaction with the metal 

center. The a1" orbital is required for considering the Cp- a six 

electron donor in an eighteen electron complex, but this orbital is 

actually a very ineffective donor. In the case of cyclohexenylmanga

nese tricarbonyl (I), the nmr fluxionality studies of Brookhari6 dis

played an interesting order of stabilities for the two observed inter

mediates for the two dynamic ligand exchange processes. The first pro

cess (Figure 39 A) has a sixteen electron intermediate, V, best des

cribed as cyclohexenylmanganese tricarbonyl without the activated C-H 

bond. This process has a barrier of 8.3 kcal/mole (0.36 eV). The sec

ond dynamic ligand exchange process (Figure 39 B) is consistent with an 

eighteen electron intermediate, VI, which can be described as hydrido-

cyclohexadienemanganese tricarbonyl and has an activation barrier of 

15.4 kcal/mole (0.67 eV). Note that the more stable of the two inter

mediates is the 16 electron one. As Figure 38 shows, the bonding of 
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cyclohexenyl to Mn(CO)3+ is similar to the bonding of cyclopentadienyl 

to Mn(CO)3+ and the single bonding interaction lost by the cyclohexenyl 

complex is that between the five-carbon symmetric pi orbital and the 

metal. This was shown above to not be a major factor for the electron-

ic stability of -this class of complex. For example, the totally sym-

metric diene orbital of the iron complex (IV) was seen in the previous 

section to interact only weakly with the metal. 

The three descriptions of C6H9Mn(CO)3: cyclohexenyl manga-

nese tricarbonyl, and the two transition state complexes V and VI; can 

be arranged as in Figure 40 to mimic the beta-hydride abstraction pro-

cess that was shown generically in Figure 29. It will be shown below 

that there are important electronic factors that demonstrate the great-

er stability of I than V or VI. Extended Huckel calculations on these 

three isomers show that the parent agostic complex, I, is the most 

stable isomer. 
143 Ittel showed the optimum geometry for (butenyl)CoL3 

to vary with electron count at the metal center. When the complex was 

electron poor (CoIl or CollI) there was an agostic CH-M interaction, 

but for Col there was no distortion of the methyl C-H bonds. The pho-

toelectron spectroscopy of the agostic complex can be used to underline 

many of the factors leading to the activation of the C-H bond in cyclc-

hexenylmanganese tricarbonyl. 

The interactions between the C-H bond orbitals of cyclohexenyl-

manganese tricarbonyl and the metal fragment can be examined to gain 

insight into the specific activation of the carbon-hydrogen bond. Con-

sideration of the geometry and basic orbital occupations shows that 
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* . both the sigma and sigma modes of C-H activation are possible based on 

the geometry and overlap between the C-H and metal orbitals. The agos-

tic C-H bond in the cyclohexenylmanganese tricarbonyl complex (I) is 

nearly trans to' one of the carbonyls and on an octahedral coordination 

site. Two-dimensional orbital interaction contours 144 are presented in 

Figures 41 - 43 that demonstrate the geometry and overlap between th~ 

C-H orbitals and the Mn(CO)3+ fragment orbitals. This C3v fragment has 

directed d orbitals as donors and acceptors. The most important aspect 

of the Mn(CO)3+ fragment is that trans to each carbonyl there are 

both potential donor (for sigma* of C-H) and acceptor (for sigma of 

C-H) metal orbitals. In Figure 41 the C-H sigma orbital interacts with 

an empty metal orbital from the Mn(CO)3+ fragment. This acceptor orbi-

tal is predominately dxz in character and the overlap between it and 

the C-H sigma level is 0.24. Figure 42 shows the interaction of a 

filled Mn(CO)3+ orbital (predominately dz2) with the empty C-H sigma* 

antibonding orbital with an overlap of 0.07 and Figure 43 shows the 

overlap between a second metal orbital (largely dx2_y2) and the C-H sig

* ma (8 = 0.05). 

Clearly both modes of C-H activation have precedence and can 

occur based on orbital symmetries. The calculations support the sigma 

mode of C-H activation over the sigma* mode because of larger overlap 

between the levels and smaller energy separation between the donor and 

acceptor orbitals. Another important observation in the calculations 

* is that the C-H sigma level is reasonably localized in one molecular 

orbital but the C-H sigma level is extremely delocalized throughout the 
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MOPLOT Orbital Contour for the Sigma C-H Bond Activation 
Mode. Interaction between the C-H Sigma Bonding Orbital 
and the Predominantly dxz Acceptor. 

Displayed contour is for the xz plane which contains one 
CO (trans to the C-H) and bisects the other two carbon
yls. The outermost contour level is 0.10 electrons and 
each inner level is doubled from the previous one. 
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* MOPLOT Orbital Contour for the Sigma C-H Bond Activa-
tion Mode. Interaction between the C-H Sigma* Antibond
ing Orbital and the Predominantly dz2 Metal Donor. 

Displayed contour is for the xz plane which contains one 
CO (trans to the C-H) and bisects the other two carbon
yls. The outermost contour level is 0.10 electrons and 
each inner level is doubled from the previous one. 
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MOPLOT Orbital Contour for the Sigma* C-H Bond Activa
tion Mode. Interaction between the C-H Sigma* Antibond
ing Orbital and the Predominantly dx2_y2 Metal Donor. 

Displayed contour is for the xz plane which contains one 
CO (trans to the C-H) and bisects the other two carbon
yls. The outermost contour level is 0.10 electrons and 
each inner level is doubled from the previous one. 
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ring. The certainty in the placement for the orbital eigenvalue of the 

virtual C-H sigma* level is poor, so that this mode may be more prob-

able than indicated by the calculations. The experimental observation 

with photoelectron spectroscopy of the interaction between the C-H bond 

and a metal.in the cyclohexenylmanganese tricarbonyl complex provides 

an unique opportunity to evaluate C-H activation. 

* The two proposed modes of C-H activation, sigma and sigma , 

would each produce characteristic features in the ionization spectra. 

Sigma activation, as described in Figure 28 A, is indicated by the 

transfer of electron density from the C-H sigma bonding level to the 

empty e set of metal levels. As indicated in Figure 44 A the net re-

suIt would be a stabilization in the ionization potential of the "act-

ivated" C-H bond. This is similar to many common ligand bonding ar-

rangements where the metal acts as an acceptor from the ligand lone 

pair orbital. Bonding stabilizations of 1 - 2 eV have been observed 

for this type of lone pair orbital in the previous two chapters and in 

55 the literature. The degeneracy of the t2g set of filled metal levels 

would not be largely affected. Within the simple overlap model of Fig-

ure 44 A, there also would be no shift of the t2g levels. This does 

not preclud~, however, the type of significant two-center Coulombic 

shifts in the metal ionizations due to ligand replacement that were ob-

served in Chapters 3 and 4. The physical characteristics of a C-H sig-

ma activated complex would indicate a protic hydrogen rather than a hy-

dridic hydrogen due to the net flow of electron density away from the 

C-'H bond towards the empty metal levels. Sigma activation would thus 
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appear to be prevalent in systems where there is an electron 

deficiency. 

Sigma* activation has the C-H sigma* antibonding orbital acting 

as an electron density acceptor from the filled t2g set of metal lev

els. As shown in Figure 44 B, the MO level stabilized by this interac-

tion would be one of the t2g set, thereby lifting the degeneracy of 

these levels. * Since the flow of electron density in sigma activation 

is from the metal to the C-H bond, the physical properties of the act-

ivated C-H bond would indicate a hydridic hydrogen. The end result of 

C-H bond breaking through bonding to the metal is commonly referred to 

as oxidative addition and has been implicated in many catalytic reac-

145 121-126 
tion schemes. Many theoretical treatments have invoked sig-

ma* activation. The driving force (Figure 44 B) is the gained stab-

ility of the metal d t2g set of electrons by interaction with the C-H 

sigma* level. An ionization energy shift to higher binding energy of 

several tenths of an eV for the interacting metal orbital would be ex-

pected for this case as is commonly observed for metal donor orbitals 

* 146 able to interact with acceptors such as the carbonyl pi orbital. 

This large an effect would be evident in the spectra as a broadened 

metal ionization feature if not a split metal ionization feature. 

Interestingly, the magnitude of the expected ionization shifts 

due to the agostic CH-Mn interaction is provided by the nmr experi-

ments. These experiments showed that the barrier for the fluxional 

process proceeding through structure V, which does not have the agostic 

CH-Mn interaction is 0.36 eVe This thermodynamic energy difference 
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between structures I and V may be interpreted broadly as the stability 

the molecule gains from the CH-Hn interaction. This energy should also 

be seen as either an increase in the C-H bond ionization energy (in the 

case of sigma activation) or as an increase in one of the t2g ioniza

tion energies (in the case of sigma* activation). Actually, this 0.36 

eV represents a lower limit to the "agostic" stabilization energy be-

cause the nmr barrier also involves reoptimization of bonding and 

structure within the ring and with the metal after loss of the CH-Mn 

interaction. For example, one of the important reoptimizations is the 

shortening of the C-H bond to its normal length. A simple potential 

well calculation shows that the energy released in changing the C-H 

bond length from 1.19 ~ to 1.09 ~ is about 0.16 eV. Estimates for the 

energy released from other bonding changes within the ring and with the 

metal are unavailable, but obviously the specific interaction of the 

C-H bond with the metal in this system is associated with a stabiliza-

tion of at least 0.5 eV. 

The metal ionization features are essentially the same in cy-

clohexeny1manganese tricarbony1 as in the methy1cyc10pentadieny1 and 

cyc10hexadieny1 complexes. There are only slightly changed observed 

band widths among the metal levels of the three complexes. Because of 

this key observation cyc10hexeny1manganese tricarbonyl illustrates an 

example of sigma activation. In contrast to what would be observed if 

* sigma was the dominant mode (Figure 44 B), the photoelectron spectro-

scopy results indicate that the metal levels retain their degeneracy. 

In fact, the metal ionization is even narrower in the cyclohexeny1 
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complex, I, than in the cyclohexadienyl or methylcyclopentadienylmanga

nese tricarbonyl complexes. There also is not a significant shift of 

the Mn 3d metal ionizations between these three complexes. At least 

there is not a change in charge potential at the metal that is not com

pensated for by other factors. This is a clear indication that the 

metal to ligand bonding is essentially the same for these complexes. 

Another significant point is that the predominately metal "t2g" 

ionization does not shift (7.95 + 0.06 eV) between the manganese com

plexes. Normally an additional two electron donation to a metal center 

will shift the metal ionizations to lower energy because of the in

crease in negative charge potential in the vicinity of the metal. This 

is commonly observed for electron donations from lone pairs and pi 

bonds. 146 However, in this case the negative charge potential donated 

from the C-H bond is compensated for by the positive proton charge of 

hydrogen in the electron cloud. Thus the electron density on manganese 

is not destabilized and the bonding compatibilities of the metal to the 

carbonyls and the ring are not significantly altered. 

The C-H activation observed in cyclohexenylmanganese tricarbon

yl is the response of the system to stabilize the sixteen electron com

plex, V. Clearly, the unique stability of the activated species, I, 

represents a compromise struck in the Beta-hydride abstraction process 

between the sixteen electron allyl complex, V, and the eighteen elect

ron diene-hydride complex, VI. At an electronic level all three repre

sentations differ for the most part in the position of one pair of 

electrons, the pair on the "activated" C-H bond. Progress from the 16 
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e- complex to the 18 e- metal hydride complex is also accompanied by 

conversion of the 4 e- allyl to a 4 e- diene. The iron complex (IV) 

can be considered a continuation of this process in the sense that the 

d8 FeO center can be thought as a hydride (2 electrons, 1 proton) add

ed to a MnI center, and the organic ligand is a complete 4 e- donor 

diene. 

The electronic mechanism for the initial stage of C-H activa

tion proceeds by the donation of electron density from the C-H sigma 

level into an empty metal level. It is also interesting, and equally 

important, to determine why the activation of cyclohexenylmanganese 

tricarbonyl stops at the agostic stage. To study this phenonemon some 

known bond strengths and ionization potentials for some important bonds 

in model complexes are shown in Table XVIII. The C-H bond is the 

strongest on the list and has the largest ionization potential. Both 

the Mn-H and Mn-C bonds are considerably weaker and their ionization 

potentials are lower. The stability of the agostic isomer of cyclohex

enylmanganese tricarbonyl follows from the thermodynamic and ionization 

potential data of Table XVIII. Electronically, complex VI is less sta

ble because the "activated" C-H bond electrons are now forming the 

metal-hydride (Mn-H) bond which would be ionized at around 10-11 eV vs. 

12-13 eV for ionization of C-H bonds. Isomer I is more stable than V 

because of the gained stability from the C-H bond donation into metal 

acceptor orbitals. Cyclohexadieneiron tricarbonyl models intermediate 

VI with a stable molecule for which a photoelectron spectrum can be ob

tained. However, the Mn-H sigma pair of electrons of VI are now being 



Table XVIII: Comparison of Thermodynamic Bond Strengths 
and Ionization Potentials. 

Bond Ionization Bond Strength, 
Energy, eV kca1/mo1e 

C-H 12-14 99 

Mn-C 9.Sa 37b 

Mn-H 10.6c SIb 

C=C (pi only) 10.Sd 63e 

a - for CH3Mn(CO)S (reference 148) • 

b - for CH3Mn(CO)S (reference 149) • 

c - for HMn(CO)s (reference 150). 

d - for HMn(CO)s (reference 149) • 

e - for C2H4 (reference 37,151). 

f - average bond strength of C-C subtracted 
from average bond strength of C=C. 
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ionized in IV at 7.9 eV in the metal valer_c~ region. Stable molecules 

that can be used to model V, the sixteen electron intermediate, are 

more difficult to obtain. One approach that would emphasize the im

portance of the metal-allyl interaction would be to study cyc10hexeny1-

manganese tetracarbonyl, but this molecule exists only under a CO atmo

sphere. 147 However, the butenyl- and methylbutenylmanganese tetracar

bonyl complexes VII and X show the fundamental interactions between the 

metal and allyl in the absence of an agostic C-H bond. The metal ion

izations are somewhat shifted to higher binding energy in the tetracar

bonyls because of the backbonding stabilization of the fourth carbonyl. 

Allyl ionization energies are nearly the same between the tricarbonyls 

and tetracarbonyls, and thus show the dominating ligand/metal interac

tion of the agostic complexes is that between the metal and the allyl 

pi system. 

The orbital correlations shown in Figure 45 are based on the 

experimental ionization energies of Table XVIII. Correlations for ox

idative addition, Beta-hydride elimination, and agostic C-H activation 

are displayed. In oxidati.ve addition, a pair of metal electrons adds 

to the C-H bond to form a M-H and a M-C bond, with a fairly small 

change in overall orbital energetics. The Beta-hydride elimination al

so has a small energy change as the loss of. a C-H bond is offset by the 

gain of a pi-bonded olefin. In the agostic C-H activation model the 

only major electronic change is in the stabilization of the C-H sigma 

bond orbital. There is a balance of electronic and thermodynamic fact

ors that dictate whether a given metal will break a C-H bond by 
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oxidative addition or Beta-hydride elimination. Obviously the progress 

of C-H activation is largely a function of the metal and its electronic 

(ligand) environment. The Mn thermodynamic data in Table XVIII are 

based on XMn(CO)5 complexes and estimate Beta-hydride elimination to be 

endothermic by 22 kcal/mole. It must be remembered that the five car

bonyl pi acids of the Mn(CO)5 fragment may have a substantial effect on 

the perceived strength of the Mn-C and Mn-H bonds. Why the C-H activa

tion of cyclohexenylmanganese tricarbonyl stops at the agostic complex 

is simple in the context of the correlations of Figure 45. There is no 

gain in the number of pi-bonding electrons between V and VI to offset 

the stability loss between a C-H and Mn-H bond •. Both isomer V, the 16 

electron allyl, and VI, the 18 electron diene-hydride, have four pi 

electrons. Thus the Beta-hydride elimination reaction proceeds only 

part-way and gains the agostic C-H stabilization without completely 

sacrificing the C-H bond. 

In summary, this unique class of molecule has exposed the elec

tronic factors contributing to C-H activation. It is really a small 

electronic perturbation that occurs between the sixteen and eighteen 

electron isomers of cyclohexenylmanganese tricarbonyl. Reaching eigh

teen electrons is important to the molecule, but even more important to 

the activation is the vacant coordination site and the available C-H 

bond orbitals. Another important factor is that the unique geometry of 

cyclohexenylmanganese tricarbonyl allows the agostic activation, with

out incurring the penalty of steric and repulsive interactions that are 

significant in intermolecular examples of C-H activation. 118 Beta-
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hydride elimination involves two factors: First, the C-H bond is stab-. 

iUzed by chl agostic interaction with the metal. In the second step 

the C-H bond is broken in exchange for a C=C pi hondo In cyclohexenyl

manganese tricarbonyl this second step of C-H activation does not occur 

because there is no gain in the number of pi electrons between an allyl 

and diene. The sigma mode of activation would appear to be favored in 

cases of electron deficiency, such as cyclohexenylmanganese tricarbon

yl. The other mode of C-H activation, sigma*, should be dominant when 

the complex is electron rich, particularly if the metal center is dB or 

dIO with higher-lying filled metal levels. 



CHAPTER 6 

THE ACTIVATION OF DI-OLEF'INS AND DIENES BY METALS: 
THE IMPORTANCE OF ELECTRON DELOCALIZATIONS AND RELAXATION ENERGY 

AS INDICATED BY THE PHOTOELECTRON SPECTROSCOPY 
OF [Cp]M(C2H4)2 AND [Cp]M(C4H6). 

For the most part studies of the activation of small molecules 

by metals have been motivated by the desire to understand catalysis. 

This is especially true for studies of olefin activation because unsat-

urated hydrocarbons are extremely common industrial feedstocks. Mech-

anisms and routes for catalytic cycles have been studied in detail for 

many years, but concrete evidence for particular intermediates and re-

action pathways are only available for a few cycles. Two of the most 

studied, but least understood, are those of olefin metathesis and olig-

imerization. 152 153 Schrock ' has proposed a mechanism for olefin met-

athesis based on his work with tantalum and niobium alkylidenes. An 

alternate mechanism invoking a metallacyclopentane has been proposed by 

154 155 other workers. ' Both these pathways and their respective inter-

mediates have precedence with observed, stable organometallic mole-

cules. Although [Cp]Rh(C2H4)2 and [Cp]Co(C2H4)2 ([Cp] ~ Cp and Cp*) 

complexes do not catalytically metathesize or oligimerize olefins, they 

are important and interesting because two olefins are bound, side-on, 

to the same metal center. In this chapter the electronic structure of 

these complexes and the closely related [Cp]M(butadiene) complexes are 

described. There are several very unusual electron delocalization and 

168 
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relaxation effects observed in this system, and its study may lead to a 

general understanding of electron delocalization in ring/ligand pi sys-

tems and electron relaxation effects for organometallic Co and Rh 

complexes. 

From previous work on [Cp]M(CO)2 (M = dB metal)B it is known 

that in the CpML2 geometry (xz plane is molecular symmetry plane) the 

dyz is the only empty metal d orbital and that it forms the primary 

metal-ring bond. This present study on CpML2 ([Cp] = cyclopentadienyl 

and pentamethylcyclopentadienyl, M = Co and Rh, L = ethylene and L2 = 

butadiene) presents an unique geometry where all the orbital interac-

tions can be constructed from first order symmetry principles. Figure 

46 shows how the five metal d orbitals are able to interact with Cp and 

di-olefin type pi orbitals. In A the filled metal dz2 orbital can be 

seen to overlap with the filled Cp a1" (totally symmetric) pi orbital 

and the di-olefin a1 orbital. The Cp a1" is very low lying and its 

ionization is usually obscured by C-H, C-C, and other closely spaced 

9 
ionizations in the 12-16 eV region. Figure 46 B shows the dxz orbital 

(empty) accepting pi density from the filled Cp e1- and the filled di-

olefin b2' Note that both these interactions are strong and represent 

the primary metal-ligand bonds in these molecules. In C the other 

filled Cp orbital (e1+) interacts with the filled dxz metal orbital and 

the empty di-olefin bIorbital. In CpM(CO)2 the dxz was the HOMO and 

the filled-filled Cp-M bond left the dxz with considerable ring ligand 

character and actually made the HOMO an anti-bonding orbital. It was, 

B 
however, able to stabilize by back-bonding into the carbonyls. Figure 
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46 D and E indicate the delta interactions between the filled dxy and 

dx2_y2 orbitals and the empty Cp e2- and e2+ orbitals. The dxy is 

also able to donate into the di-olefin a2. In summary, there are nine 

filled orbitals as expected for an eighteen electron molecule and all 

but one of these (the Cp a1") is expected to be ionized below 12 eV. 

For this reason, the spectra of these molecules are quite complicated 

* and several electron structure perturbations (Cp to Cp , Co to Rh, and 

diethylene to butadiene) are really necessary to assign all orbitals 

correctly. 

Lichtenberger and Calabro previously described the bonding and 

151 
electronic structure of CpMn(CO)2(01efin) where Cp = methylcyclo-

pentadienyl and pentamethylcyclopentadienyl and olefin = C2H4 and 

C3H6- The bonding of one olefin to a CpMn(CO)2 fragment was seen to be 

156,157 
consistent with the Dewar-Chatt-Duncanson model of olefin sigma 

donation and pi-acceptance. Green, Powell, and van Tilborg have stud-

158 
ied CpM(diene) complexes in the valence but did not obtain core da-

tao That work also presented one HeI spectra of a di-olefin complex 

(Cp*Rh(C2H4)2), but there appears to be a very large error in the band 

positions. Green et al treated the electronic structure of the 

CpM(diene) and CpM(C2H4)2 complexes as being the same and related to 

metallocenes. This is an overly simplistic view and ignores some of 

the significant, experimental electronic structural information that 

these species provide. 
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Results 

IOuization Data 

-
Valence. The HeI full spectra for these complexes are pre-

sented in Figures 47 - 50. In Figure 47 CpCo(C2H4)2 (A) and 

* Cp Co(C2H4)2 (B) spectra are shown. Figure 48 displays the spectra for 

CpCo(C4H6) (A) and Cp*CO(C4H6) (B) and Figure 49 A and B presents the 

data for the rhodium diethylene complexes. In Figure 50 data for 

CpRh(C4H6) (A) and Cp*Rh(C4H6) (B) are displayed. A HeI closeup for 

CpCo(C2H4)2 is shown in Figure 51. This spectrum shows a significant 

amount of free ethylene as the small ionizations at 10.5, 10.7 and "10.9 

eVe Figures 52 and 53 show HeI/HeII comparisons for Cp*CO(C2H4)2 and 

A HeI closeup of shown in Figure 54 and 

Hell Hell comparisons for CpRh(C2H4)2, Cp*Rh(C2H4)2, and CpRh(C4H6) are 

displayed in Figures 55 - 57. The HeI closeup for Cp*Rh(C4H6) is shown 

in Figure 58. The analytical representation of the ionization data for 

these complexes including band positions, half-widths, and relative 

HeI/HeII intensities is presented in Table XIX. 

Core. The XPS core ionizations for the complexes are tabulated 

in Table XX. The C 1s peak is broad (FWHM = 1.84 - 2.21 eV) indicating 

that there are two types of chemically distinct carbon in these com-

plexes. There was no indication for a shoulder or even asymmetry on 

these ionizations. Thus they were fit with one Gaussian each. Note, 

* however, that the Cp complexes have narrower half-widths than their Cp 

analogues by about 0.25 eV, and that the butadiene complexes have nar-

~ower half-widths than the diethylene complexes by about 0.12 eVe Both 
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B) Cp Rh(C2H4)2. 
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Figure 54: * Closeup (12 to 6 eV) HeI Spectrum for Cp Co(C4H6). 
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Figure 55: 
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Figure 56: HeI/HeII Comparison (12 to 6 eV) for Cp*Rh(C2H4)2o 
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Figure 58: * Closeup (12 to 6 eV) HeI Spectrum for Cp Rh(C4H6)' 
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Table XIX: [Cp]H(C2H4)z and [Cp]M(C4H6) Valence Band Positions, 
Half-widths, and Relative HeI/HeII Intensities. a . 

([Cp] = C5H5 and C5(CH3)5, M = Co and Rh.) 

Complex Ionization Position (eV) Half-width (eV) Intensity 
High Low HeI HeI! 

CpCo(C2H4)2 M1/M2 7.25 0.52 0.44 1.00 
M3 b 7.77 0.45 0.35 0.61 
M4b 8.08 0.45 0.35 0.34 
Cp1b 9.06 0.53 0.28 1.07 
Cp2b 9.45 0.53 0.28 0.47 
Ll 9.78 0.55 0.33 0.64 
L2 10.19 0.55 0.33 0.45 

* M1/M2 6.76 0.54 0.43 1.00 1.00 Cp Co(C2H4)z 
M3 b 7.27 0.41 0.33 0.48 0.73 
M4b 7.58 0.41 0.33 0.35 0.31 
Cp1b 8.19 0.42 0.29 0.86 0.78 
Cp2b 8.54 0.42 0.29 0.46 0.33 
L1 9.08 0.64 0.18 0.62 0.51 
L2 9.64 0.63 0.22 0.47 0.46 

CpCo(C4H6) M1 7.03 0.41 0.35 1.00 1.00 
M2/M3 7.66 0.41 0.38 1.93 1.82 
M4 8.25 0.39 0.26 1.12 0.80 
Cp1 8.87 0.59 0.26 2.14 1.03 
Cp2b 9.42 0.39 0.30 1.55 0.87 
LIb 9.71 0.39 0.30 0.83 0.37 
L2 10.94 0.91 0.62 2.07 0.81 

* Cp Co(C4H6) M1 6.51 0.48 0.34 1.00 
M2/M3· 7.21 0.44 0.41 1.92 
M4 7.71 0.48 0.27 1.34 
Cp1 8.09 0.53 0.25 1.45 
Cp2 8.62 0.51 0.29 1.35 
L1 9.01 0.51 0.29 1.15 
L2 10.45 0.53 0.51 1.56 

CpRh(C2H4 )z M1 7.32 0.49 0.36 1.00 1.00 
M2b 8.11 0.38 0.26 0.92 1.87 
M3b 8.38 0.38 .0.26 0.82 1.43 
Cp1b 8.88 0.45 0.29 1.37 1.31 
M4b 9.19 0.45 0.29 0.58 0.80 
Cp2b 9.97 0.49 0.33 1.00 0.91 
L2b 10.30 0.33 0.31 0.70 0.50 
LIb 10.64 0.49 0.33 1.00 0.91 
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Table XIX continued 

Complex Ionization Position (eV) Half-width (eV) Intensity 
High Low HeI He I! 

* M1 6.67 0.60 0.32 1.00 1.00 Cp Rh(C2H4h 
M2b 7.70 0.37 0.31 0.92 2.09 
M3b 7.92 0.37 0.31 0.72 1.37 
Cp1b 8.17 0.37 0.31 0.78 0.74 
H4 8.59 0.38 0.31 0.48 0.78 
Cp2 9.23 0.37 0.25 0.40 0.97 
L2b 9.81 0.58 0.30 0.65 1.04 
L1b 10.11 0.58 0.30 0.27 0.53 

CpRh(C4H6 ) M1 7.27 0.48 0.36 1.00 1.00 
M2/H3 8.27 0.61 0.35 2.06 2.90 
M4b 8.78 0.46 0.28 1.19 1.42 
Cp1b 9.04 0.46 0.28 0.52 0.64 
Cp2 10.01 0.43 0.35 0.88 0.74 
L1 10.37 0.43 0.35 0.75 0.67 
L2 10.94 0.87 0.48 1.17 0.60 

* Cp Rh(C4H6) M1 6.67 0.48 0.35 1.00 
H2/M3 7.78 0.62 0.48 2.01 
Cp1/M4 8.36 0.44 0.36 1.53 
Cp2 9.31 0.54 0.37 1.16 
L1 9.77 0.54 0.41 1.20 
L2b 10.52 0.55 0.52 2.15 

a - Uncertainty of these deconvolution parameters are as follows: 
Band positions are accurate to + 0.02 eV, Half-widths are 
accurate to + 0.05 eV, HeI intensities are accurate to + 10%, 
and Hell intensities are accurate to + 20%. 

b - The overlapping features for this ionization indicate a larger 
uncertainty. The band pOSitions are accurate to + 0.05 eV, 
Half-widths to + 0.10 eV, HeI intensities to + 15 %, and Hell 
intensities to + 30 %. 



Table XX: 

Complex 

CpCo(C2H4 )z 

* Cp Co(C2H4)z 

CpCo(C4H6) 

Cp*CO(C4H6) 

CpRh(C2H4 )z 

* Cp Rh(C2H4)z 

CpRh(C4H6) 

* Cp Rh(C4H6) 

[Cp]M(C2H4)2 and [Cp]M(C4H6) Core Ionizations. 

([Cp] = CSHS and CS(CH3)S, M = Co and Rh.) 

Ionization Position (eV) FWHM (eV) 

Co 2P3/2 784.93(S) 1. 4S(I7) 
C Is 289.91(S) 1. 99 (S) 

Co 2P3/2 784.49(2) 1.32(8) 
C Is 289.94(4) 2.21(10) 

Co 2P3/2 78S. 09 (4) 1.S2(29) 
C Is 290.07(1) 1.84(3) 

Co 2P3/2 784.63(4) 1. 60(23) 
C Is 290.00(2) 2.09(6) 

Rh 3dS/2 314.03(7) 1.64(10) 
C Is 289.9S(2) 1.92(3) 

Rh 3dS/2 313.S9(4) 1.9S(13) 
C Is 289.9S(3) 2.20(3) 

Rh 3dS/2 314.09(1) 1. S6(S) 
C Is 290.09(3) 1.8S(4) 

Rh 3dS/2 313.S7(3) 1.23(9) 
C Is 289.84(4) 2.08(14) 
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these points will be important in the later discussion of electron 

delocalization. 

Valence Band Assignments 

Consistent assignments for all bands can be developed from the 

data without recourse to theoretical predictions. This is accomplished 

by HeI/HeII, Cp/Cp*, Co/Rh, and di-olefin/diene comparisons. As men-

tioned in the introduction to this chapter eight valence orbitals are 

ionized unobscured (except by each other) in the region below 12 eVe 

These correlate with the four filled metal orbitals (dz2, dxy , dx2_y2, 

and dxz ), the two filled di-olefin/diene orbitals (al and b2) and the 

e set of Cp orbitals (el+ and el-). 

* CpCo(C2H4)2 and Cp Co(C2H4)2. The data for these complexes are 

shown in Figures 47, 51, and 52. The HeI/HeII comparison for 

Cp*CO(C2H4)2 (Figure 54) clearly differentiates between the metal and 

ligand o~bitls. The metal bands are the three below 8.5 eV (for the Cp 

analogue) or below 8.0 eV (for the Cp* analogue). These are in the ap-

proximate intensity ratio of 2:1:1 appearing to account for four metal 

orbitals. There are four other ionization bands in these spectra that 

must be Cp and diethylene pi in origin. Ring permethylation comparing 

* CpCo(C2H4)2 to Cp Co(C2H4)2 clearly shifts two of these bands about 

-0.9 eV and identifies them as the Cp el" bands. Table XXI summarizes 

the permethylation shifts for all of the CpMl'2 complexes. The pair of 

bands at highest binding energy (around 10 eV) in the spectrum of 

CpCo(C2H4)2 are the diethylene al and b2 orbitals. It is not obvious 

from first principles how these two bands should be assigned. The al 



Table XXI: Ionization Energy Shifts for Cyclopentadienyl Ring 
Permethylation in CpM(C2H4)2 and CpM(C4H6) Complexes. 

(M = Co and Rh.) 

CpCo(C2H4)2 CpCo(C4H6) CpRh(C2H4)2 CpRh(C4H6) 
Orbital to to to to 

Cp*CO(C2H4)2 Cp*CO(C4H6) ·Cp*Rh(C2H4)2 Cp*Rh(C4H6) 

Metal Core -0.44(7) -0.46(8) -0.44(11 ) -0.52(4) 

C Is 0.03(9) -0.07 (3) 0.00(5) 0.25(7) 

Ml (xz) -0.49 -0.52 -0.65 -0.60 

M2 (x2_y2) -0.49 -0.45 -0.41 -0.49 

M3 (xy) -0.50 -0.45 -0.46 -0.49 

M4 (z2 ) -0.50 -0.54 -0.60 -0.42 

Cpl (el-) -0.87 -0.78 -0.71 -0.68 

Cp2 (el+) -0.91 -0.80 -0.74 -0.70 

Ll (b2) -0.70 -0.70 -0.53 -0.60 

L2 (al ) -0.55 -0.49 -0.49 -0.42 

189 



190 

is the more stable of the uncomplexed diethylene orbitals, but the bZ 

is able to donate into an empty metal orbital (the dyz ) and would be 

the more stablized of the diethylene orbitals by interaction with the 

metal. Table XXI indicates that the less stable orbital (9.8 eV) is 

most likely the bZ because it shows the larger permethylation shift. 

This point will be discussed further later. The small peaks in the 

spectra of CpCo(CZH4)Z (Figure 51) at 10.5 - 10.9 eV are from ioniza-

tion of free ethylene. This complex decomposes upon sublimation by re-

leasing free CZH4' 

CpCo(C4H6) and Cp*CO(C4H6)' In changing the unsaturated hydro-

carbon ligand(s) from two ethylenes to butadiene, major changes are ob-

served in the spectra (Figures 53 and 55). The metal orbitals of the 

butadiene complex are easily identified by the HeI/HeII comparison 

(Figure 53) as the first three bands (l:Z:l) of both the Cp (below 8.5 

eV) and Cp* (below 8.0 eV) complexes. That the metal orbitals are so 

much different for the diethylene as opposed to butadiene complexes is 

a significant point that will be addressed in the Discussion. Of the 

four ligand bands, two are Cp and two are diene-type. The Cp bands 

must be the closely spaced pair in the spectra of CpCo(CZH4)Z at 8.9 

and 9.4 eVe There are two reasons for this assignment. First, this is 

where the two Cp bands of the diethylene complexes were ionized. Sec-

ondly, these two bands shift the most (-0.8 eV, Table XXI) when the 

* ring is permethylated to the Cp Co(C4H6) complex. The coordinated but-

adiene pi ionizations are expected to be quite a bit different from the 

coordinated diethylene ionizations because of the large differences in 



the free ligand ionizations. Free butadiene has two ionizations, at 

9.08 and "11.34 eV. 37 The latter is the a1 - totally symmetric type. 
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Clearly this corresponds in the coordinated butadiene complexes to the 

ionizations at 10.9 eV (for Cp) and 10.5 eV (for Cp*). The b2 bands 

are the ones at 9.7 eV (Cp) and 9.0 eV (Cp*). There are a couple of 

points to note here. One, the difference between the permethylation 

shifts for the two types of diene bands (0.49 eV for a1 and 0.70 eV for 

b2) indicates electron delocalization. Secondly, the greater loss of 

Hell intensity for a1 than for b2 and the smaller shift for a1 upon 

coordination than for b2 is due co the different donor/acceptor proper-

ties of the two pi orbitals. Both these points will be a focus of the 

Discussion. 

Figures 57 and 58. Changing the metal from Co to Rh has a profound ef-

fect on the appearance of the ionizations in isostructural and isoelec-

tronic CpML2 complexes. In order to make unambiguous band assign-

ments, several features of these and the cobalt spectra must be utiliz-

ed. The large band at 8.3 eV must be metal in origin (HeI/HeII) and 

its intensity indicates that it represents ionization of two orbitals. 

The band at 8.9 eV also shows a Hell increase indicating metal charact-

er in one of the two ionizations under it. The a1 diene ionization is 

at 10.9 eV, identical to the observed position of this ionization in 

the cobalt complex. In order to assign the two Cp e1" ionizations, the 

* permethylation shifts between CpRh(C4H6) and Cp Rh(C4H6) (Table XXI) 

provide necessary information. The ionizations at 9.0 and 10.0 eV in 
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CpRh(C4H6) shift to 8.4 and 9.3 eV in Cp*Rh(C4H6), but the ionization 

at 10.4 eV shifts to 9.8 eV in the perreethy1ated complex. Note that 

the first Cp band (e1-) is at nearly the same position as in the Co an-

a1ogues, but that the second Cp band is at quite a bit higher energy in 

the Rh complexes. Both this observation and the fact that there are 

very different separations between the e1+ and e1- for Co and Rh were 

8 
previously discussed in the study of CpM(CO)2 complexes. The last 

ligand ionization (b2) is associated with the band at 10.4 eVe This 

again is at higher binding energy than the analogous band in 

CpCo(C4H6). The b2 interacts with the metal much as the Cp e1- does 

and it behaves in a similar manner upon ring methylation. This observ-

ation, which indicates electron de1oca1ization, will be significant in 

the Discussion. This leaves only the first band at 7.3 eV unassigned. 

The origin must be metal, as only three of the four metal orbitals and 

all four of the ligand orbitals have been identified, but the HeI/HeII 

comparison indicates substantial ligand character in this orbital. 

This interesting observation will be explored further in the 

Discussion. 

* CpRh(C2H4)2 and Cp Rh(C2H4)2. These spectra (Figures 55 and 

56) are very similar to the [Cp]Rh(C4H6) spectra and assignment pro-

ceeds directly. The first three and the fifth bands are metal in ori-

gin. The positions and HeI/HeII characteristics of these match the 

analogous bands of CpRh(C4H6). One of the Cp e1" ionizations is the 

large band at 8.9 eV (the fourth band). Thus, there are three ioniza-

tions associated with the feature between 9.5 and 11.2 eVe This region 
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is shown in closeup in Figure 59. Based on the CpCo(C2H4)2 analogue, 

the two diethylene orbitals should be ionized here, and based on 

CpRh(C4H6) the Cp el+ band should be observed in this region. Note, 

* also, that in Cp Rh(C2H4)2 two envelopes representing three ionizations 

are observed between 9.0 and 10.5 eV. This is where the ionizations of 

CpRh(C2H4)2 between 9.5 and 11.2 eV would be expected to shift upon 

permethylation. The most intriguing feature of this region in 

CpRh(C2H4)2 is the observed vibrational fine structure on the low en-

ergy side of the band. It has an observed frequency of 0.16 + 0.02 eV 

(1300 cm-1 ) which probably corresponds to the C=C stretch for coordin-

ated ethylene. Clearly the ionization showing vibrational fine struc-

ture must be the diethylene a1 because of the symmetry constraints for 

73,146 
the observation of vibrational fine structure. 

ital must also be ionized on the low energy side of this feature be-

cause the permethylated species spectra shows a single band shifted 

-0.7 eV from under the low energy side of the 9.5 to 11.2 eV feature of 

CpRh(C2H4)2. (A shift of 1.5 eV for Cp to Cp* from the high energy 

side of this feature would be too large, and only a Cp band should 

shift as much as -0.7 eV.) The 10.6 eV band must be the diethylene b2 

ionization because the other two orbitals have been assigned. This is 

quite unusual, because the more stable of the two diethylene pi bands 

of CpCo(C2H4)2 was the a1. Comparison, however, of the a1 and b2 

shifts between CpCo(C4H6) and CpRh(C4H6) (Table XXII) shows that the 

al, which is poorly bonded to the metal, shows a negligible shift, but 

the b2 is at 0.7 eV higher ionization energy in the Rh complex. The a1 
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Table XXII: Ionization Energy Shifts for Change in Metal (Co to Rh) 
in CpM(C2H4)2 and CpM(C4H6) Complexes. 

CpCo(C2H4h 
Orbital to 

CpRh(C2H4)2 

C 1s -0.04(7) 

M1 (xz) 0.07 

M2 (x2_y2) 0.86 

M3 (xy) 0.61 

M4 (z2 ) loll 

Cp1 (e1-) -0.18 

Cp2 (e1+) 0.52 

L1 (b2) 0.86 

L2 (a1) 0.11 

0.01 (7) 

-0.09 

0.94 

0.65 

1.01 

-0.02 

0.69 

1.03 

0.17 

CpCo(C4H6) 
to 

CpRh(C4H6) 

0.02(4) 

0.24 

0.61 

0.61 

0.53 

0.17 

0.59 

0.66 

0.00 

-0.16(6) 

0.16 

0.57 

0.57 

0.65 

0.27 

0.69 

0.76 

0.07 
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of CpRh(C2H4)2 is at nearly the same binding energy as that of 

CpCo(C2H4)2 and the b2 is at 0.8 eV higher binding energy in the Rh 

complex. 

Discussion 

The previous section presented ionization data and consistent 

band assignments for [Cp]M(C2H4)2 and [Cp]M(C4H6) complexes where M is 

Co and Rh and [Cp] is Cp and Cp*. The assignments above are somewhat 

158 different from those of Green et al, but these differences are for 

the most part due to the better band resolution in this study and the 

use of ring permeth~lation to further nail down the band assignments. 

In the previous section mention was made of several interesting elec-

tronic effects in the valence spectra. These include electron deloc-

alization and relaxation differences between Co and Rh. 

Pi Delocalization 

By comparing the valence spectra of Cp and Cp* analogues of a 

complex, interesting information about the extent of pi system delocal-

ization can be obtained. In referring to Table XXI, it can be seen 

thac the average metal valence shift is about -0.5 eV for ring permeth-

ylation. Note that this is very similar to the average core shift in-

dicating that these shifts are dominated by Coulombic factors. In 

Chapter 4 ring permethylatiori shifted the valence metal orbitals -0.4 

to -0.5 eV and in the previous study of CpM(COh 8 the metal shifts 

were about -0.6 eV. The average ring shift for the present system is 

about -0.8 eV. This was a characteristic feature of the ionization 
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spectra and greatly aided the band assignments. The most interesting 

observations are the shifts of the two diene/di-olefin orbitals. They 

are -0.5 and -0.6 for the a1 and b2 orbitals, respectively. Note that 

the a1 shift is the same as the metal shift and is thus Coulombic in 

origin, but that the b2 shift is intermediate between Cp and metal 

shifts. This indicates a significant degree of electron delocalization 

through the metal and the pi system of these species and specifically 

that there is an important interaction between the Cp el- and b2 orbi-

tals as both donate into the metal dyz (Figure 46) but otherwise do not 

interact with each othe~. 

* Fenske-Hall molecular orbital calculations on these species 

are summarized in Tables XXIII and XXIV. Eigenvalues and calculated 

characters of the MOs are shown. Although the Fenske-Hall method over-

emphasizes overlap interactions there is obviously a large degree of 

delocalization for many of the metal and ligand orbitals. For example, 

bital of CpRh(C2H4)2) are spread among several metal AOs and ligand 

fragment MOs and actually have less than 10% metal character for the 

diethylenes and less than 40% metal character for the butadienes. In 

the photoelectron spectra described above, the HOMO shows a decrease in 

Hell intensity for the Rh complexes, but for the Co complexes the Hell 

intensity is similar to the other metal orbitals. This band was 

*~ lculations 
ries 159 ,1 ~ and basis 
dy.8 

were performed using idealized literature geomet
sets identical to those used in the CpM(CO)2 stu-



Table XXIII: Calculated Fenske-Hall Eigenvalues and Orbital Characters 
for CpM(C2H4)2 (M = Co and Rh). 

Percent Character 
metal d Cp diethylene 

Complex Eigenvalue, eV z2 x2_y2 xy xz yz a1 e1- e1+ a1 b2 b1 a2 

CpCo(C2H4)z -11. 59 6 0 0 3 0 0 6 58 0 o 21 0 
-1l.70 81 0 0 0 0 2 0 4 1 0 2 0 
-12.36 1 89 0 0 0 1 0 0 0 0 0 0 
-12.77 0 0 0 6 0 0 71 8 o 10 0 0 
-15.04 0 0 70 0 0 0 0 0 0 0 o 17 
-15.46 0 0 o 52 0 0 2 17 0 o 15 0 
-17.19 4 1 0 0 0 73 0 0 20 0 0 0 
-17.31 0 0 0 o 18 0 1 0 o 57 0 0 
-18.33 0 0 0 0 0 23 0 0 67 0 0 0 

CpRh(C2'H4 )z -11.05 76 1 0 0 0 0 0 0 3 0 0 0 
-12.69 1 74 0 0 0 0 0 0 0 0 0 0 
-12.92 0 0 0 5 0 0 5 46 0 o 29 0 
-14.41 0 0 0 0 3 0 67 7 o 14 0 0 
-15.82 0 0 39 0 0 0 0 0 0 0 o 16 
-16.82 0 0 o 34 0 0 3 26 0 o 13 0 
-17.32 2 0 0 0 0 0 0 0 89 0 0 0 
-17.41 0 0 0 o 11 0 3 0 o 50 0 0 
-19.28 0 0 0 0 0 92 0 0 1 0 0 0 

t-' 
\0 
co 



Table XXIV: Calculated Fenske-Hall Eigenvalues and Orbital Characters 
for CpM(C4H6) (M = Co and Rh). 

Percent Character 
metal d Cp butadiene 

Complex Eigenvalue, eV z2 x2_y2 xy xz yz a1" e1- e1+ a1 b2 b1 a2 

CpCO(C4H6) -9.80 5 7 O· 22 0 0 4 34 0 o 24 0 
-10.97 82 7 0 0 0 0 0 0 1 0 2 0 
-11. 74 0 0 69 0 0 0 15 2 0 7 0 2 
-11.86 4 80 0 0 0 0 1 5 0 0 6 0 
-12.59 0 0 21 0 5 0 51 5 o 15 0 0 
-13.67 0 1 o 40 0 0 5 42 1 0 6 0 
-15.05 0 0 1 o 29 0 6 1 o 53 0 0 
-17.12 0 0 0 0 0 90 0 0 8 0 0 0 
-17.88 2 0 0 0 0 7 0 0 86 0 0 0 

CpRh(C4H6) -10.53 10 9 o 17 0 0 2 19 0 o 25 0 
-11. 63 73 6 0 0 0 0 0 1 0 0 5 0 
-13.01 0 0 48 0 0 0 20 2 o 12 0 3 
-13.17 2 71 0 0 0 0 1 7 0 0 8 0 
-13.74 0 0 28 0 1 0 32 3 o 17 0 2 
-14.93 0 2 o 27 0 0 5 44 0 0 6 0 
-15.52 0 0 1 o 17 0 14 1 o 24 0 0 
-17.83 1 0 0 1 0 1 0 0 86 0 0 0 
-18.54 0 0 0 0 0 91 0 0 1 0 0 0 

I-' 
\0 
\0 
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assigned to the dxz metal orbital because of its unique HeI/HeII re-

" sponse and because of the large permethylation shifts. As above for 

the ligand b2 orbital these permethylation shifts indicate extensive 

electron delocalization from the Cp pi levels into the metal dxz and 

the diene/di-olefin bl. The sizeable amount of diene bi character in 

the HOMO is reflected by the crystallographic C2-C3 bond length of the 

159 
butadiene ligand in two CpRh(diene) complexes. This length is the 

same as the CI-C2 and C3-C4 bond lengths that have a formal double 

bond. 

That this delocalization effect is more evident for Rh than Co 

is interesting. Green proposed that the Rh analogues be considered as 

RhIII d6 (with the ligands as 6 electron donors) while Co complexes be 

considered as Col d8 • 1S8 This oxidation state formalism would explain 

the largely ligand character of the HOMO in the Rh complexes, while al-

lowing a largely metal-based HOMO for the Co complexes. The core ion-

izations, however, refute this formalism. For both the butadiene and 

diethylene complexes for both Co and Rh the core metal ionizations are 

about one eV lower binding energy than the core ionization energies 

8 of [Cp]M(CO)2. This indicates, at the very least, that the metals 

are in the same oxidation state. Rhodium has a larger atomic radius 

and has a stronger covalent interaction with the pi orbitals of the 

ring and diene/di-olefin. The calculations (Tables XXIII and XXIV) 

show more delocalization of the dxz orbital for the Rh complexes than 

for the Co analogues. 
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Further evidence for the pi delocalization phenomenon is seen 

in the reversal of the order of a1 and b2 between the [Cp]Co(C2H4)2 

and [Cp]Rh(C2H4)2 spectra. The a1-type orbitals are notoriously poor 

at bonding with metal fragment orbitals (e.g. Chapter 5), and these 

orbitals are actually destabilized 0.27 - 0.40 eV from the free ligand 

ionization potentials in the CpML2 complexes. They are, of course, 

destabilized even more in the Cp*ML2 complexes. The interacting metal 

orbital in this case is the filled dz2, but the overlaps between it and 

the Cp a1" «0.02) and between it and the diethylene a1 «0.03) are 

both poor. The b2, however, has excellent overlap with the empty metal 

dyz orbital and is well de localized (Tables XXIII and XXIV). The over

lap is better for M = Rh (0.18) than for M = Co (0.15). Thus, the di

ethylene b2 is stabilized more relative to the a1 in the Rh complexes. 

CpCo(C2H4)2 is not an extremely stable complex: it decomposed by re

leasing free ethylene in the spectrometer vacuum chamber. Ethylene in 

CpRh(C2tl4)2 is more strongly bound, mostly because of the better b2 to 

dyz donation. Another factor that influences the observed valence band 

positions is electron relaxation. This will be discussed in the next 

subsection. 

The extent of delocalization is larger in the butadiene com

plexes than in the diethylene complexes. This Is probably largely due 

to geometric considerations. In crystal stuctures of complexes related 

to CpM(C4H6), the butadiene ligand is nearly parallel to the Cp ring 

and nearly eclipses four of the Cp carbons. 159 Thus, there are many 

bonding similarities between it and the metallocenes. 14 ,158 Structures 
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160 for the diethylene complexes indicate a different environment for 

the metal orbitals, forcing some rehybridization of the orbitals. 

There is experi~entally a larger difference between the Cp el" shifts 

and b2 shifts due to ring permethylation (Table XXI) for the diethylene 

complexes (0.20 eV) than for the butadiene complexes (0.09 eV). This 

indicates more delocalization in the latter case. The C Is core ioni-

zation data also support this observation. The FWHM for the butadiene 

complexes are about 0.12 eV narrower for the diethylene complexes. 

This is because the two types of carbons (Cp and butadiene) have more 

similar charge potential in the delocalized butadiene case. Although 

the shifts of the C Is ionizations due to ring permethylation are 

negligible, the peaks do broaden. This is because the charge potential 

difference between the Cp-type and diene/di-olefin-type carbons chang-

es with ring methylation. 

Electron Relaxation 

The relaxation of electrons to reoptimize positive ion orbitals 

after ionization can be extremely important for first row "late" tran-

8 89 161 sition metals, especially for d configurations.' The [Cp]M(CO)2 

8 
study showed that this type of excited state effect can cause blatant 

differences in the valence ionization spectra between isostructural and 

isoelectronic Co and Rh complexes. However, the core ionizations, l3C 

and lH nmr shifts, and·CO infrared stretching frequencies were nearly 

identical. This type of excited state effect should also be very im-

portant for the [Cp]M(C2H4)2 and [Cp]M(C4H6) complexes. 
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There are many obvious differences between these spectra of co-

balt and rhodium analogues that can not be explained in terms of ground 

state effects. The most compelling example is the difference in metal 

intensity patterns for CpM(C2H4)2: for M = Co the pattern is 2:1:1, 

but for M = Rh each metal orbital has a distinct band. This type of 

observation provides a mechanism to assign specific metal orbitals to 

the observed ionizations. Because Co 3d ionizations will have almost 

twice the relaxation energy of Rh 4d ionizations,89 orbitals that are 

metal-based or have substantial metal character will show the largest 

effect. Table XXII shows the shifts between the analogous Co and Rh 

ionization bands. Shifts of over 1 eV are observed in some of the met

al and ligand ionization bands (as they were for CpM(CO)2), but shifts 

of around zero are observed in other bands. Ionizations with large 

carbon character will show the smallest shifts. Thus the diene/di-ole

fin a1 .shows essentially no shift, but the b2 shows a 0.7 to 1.0 eV 

shift. Tables XXIII and XXIV show that the a1 orbitals are largely lo

calized in molecular orbitals of around 90% carbon character, but the 

b2 has less than 60% carbon character because of its delocalization 

into the metal dxz • A similar approach can be used to understand why 

the Cp e1+ shifts much more than the Cp e1- and why the diethylene com

plex e1- shifts less than the butadiene e1-. 

Based on the calculated characters and the observed shifts (Ta

ble XXII), the metal orbitals M1, M2, M3, and M4 are assigned to xz, 

x2_y2, xy, and z2. This is a rather tentative assignment and there are 

obviously some rather severe limitations and assumptions. The first 
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assumption is that the metal orbitals are in the same order for all 

eight complexes. Assignment of the metal ionizations for CpM(CO)2 in 

this manner was much easier because the dicarbonyl system had the band 

assignment advantage of carbonyl backdonation to anchor the metal lev

els and retain their ordering. This first assumption is probably valid 

because there would be no reason to expect relaxation energy shifts of 

much larger than an eV in this system, and large negative shifts would 

indicate substantially changed bonding interactions between complexes 

when the metal is changed. 

The dz2 is the metal orbital of highest purity in these com

plexes because of its small overlap with the ligand and Cp pi orbitals. 

It is assigned to M4 because of the large relaxation energy shift of 

this ionization (Table XXIV). Note also that in Table XXIII the dxy 

and dx2_y2 metal levels are nearly degenerate for both Co and Rh but

adiene complexes. Thus the assignment of M2/M3 to be these orbitals 

for the butadiene complexes. Note also that these orbitals are sig

nificantly split (3 eV) in Table XXIII for the diethylene complexes, 

and that there is significantly more metal character in the dx2_y2 than 

in the dxy (especially for Rh). Thus the dx-y2 (M2) relaxes much more 

than the dxy (M3) in CpCo(C2H4)2 to be essentially degenerate with Ml. 

The HOMO (Ml) is mostly ligand and shows a negligible relaxation shift. 

Summary Rem~rks 

Ionization correlation diagrams have been constructed to sum

marize the observations of electron delocalization and relaxation. 

Figure 60 shows the correlation for the CpM(C2H4)2 complexes, and 
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Figure 61 shows the correlation for CpM(C4H6) complexes. These two im-

portant electronic effects have influenced the electronic structure of 

these diethylene and butadiene complexes. The first was electron delo

calization. The metallocene-like carbon framework has enabled exten

sive ring-metal, ring-ligand, and ligand-metal delocalizations. In the 

Rh complexes these delocalizations have stripped an orbital that is 

metal in origin of most of its metal character. The fact that this or

bital is the HOMO is an extremely interesting observation that has im

port for understanding the chemical reactivity of these molecules. 

Rhodium complexes are commonly used as catalysts because of their high 

reactivity compared to cobalt complexes. This is partly due to the 

larger atomic radius of Rh, but rhodium is also better able to de local

ize pi electron density. There is a significant activation of the but

adiene and diethylene ligands because of the interaction with the met

al. Around 40% of the bl pi orbital of the ligand is mixed into filled 

metal and ring orbitals and thus it is somewhat "occupied". The bZ 

ligand pi orbital has also mixed extensively with metal and ring or

bitls. The net result is an extremely delocalized ring/metal/ligand 

system that has a HOMO accessible for interaction with new 29 ,160,162-164 

ligands. 

Electron relaxation is also a very important principle for un

derstanding these complexes. The amount of relaxation as evidenced by 

the shifts between Co and Rh analogues provides experimental quantita

tive information concerning orbital character that is independent of 

the HeI/HeII comparisons and the permethylation shifts. Relaxaxation 
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energy is greatest for metal localized molecular orbitals. Assignment 

of specific orbitals to the observed ionization bands proceeded in this 

system with the key assumption that the metal orbitals are in the same 

order for all complexes. This principle of electron relaxation energy 

differences is germane to many chemical systems, however. Utilization 

of this additional tool of band assignment may aid in further invest

igations of the group VIII organometallic complexes. 



APPENDIX A 

COMPUTER INTERFACE FOR THE McPHERSON ESCA 36 ELECTRON 
ANALYZER AND THE DEC LSI-11/23 MINICOMPUTER 

The data collecton system originally provided by McPherson with 

the ESCA 36 Spectrometer was based around a DEC (Digital Equipment Cor-

poration) pdp8/e computer and teletype / paper tape communication and 

permanent data storage. The spectra were displayed by an oscilloscope. 

This sytem was state-of-the-art in the early 1970's; but by 1980 it was 

severely limited in its capabilities compared to the current generation 

of computers offering LSI (Lal'ge Scale Integration) technology. The 

major inadequacies of this data collection system included: (1) No data 

reduction capabilities by the instrumental computer; (2) Limitations 

due to the 12-bit word length of the pdp8/e; (3) Program modifications 

were very difficult - the machine code instructions had to be hand-tog-

gl,ed into the computer; (4) Very slow communication rate of 110 baud; 

and (5) Data reduction on the campus computers was becoming increasing-

ly difficult as the computer center phased out support of paper tape 

fly-readers. All of these factors are especially important for the 

continuous flow gas-phase experiments developed by our group. The slow 

turn-around of two or three weeks between data collection and analysis 

often meant that errors in collection were not detected until well af-

ter the completion of the experiment. 

209 
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Our criteria for selection of a computer to replace the pdp8/e 

were based on the above problems. The ideal computer would have the 

following features: sixteen-bit word length, programming language of 

FORTRAN or BASIC, floating pOint arithmatic hardware, data storage by 

floppy disc, easy interfacing and expansion, and reliability. By this 

time, DEC had released the LSI-ll/23, an improved version of the suc

cessful LSI-ll/03. This class of computer is fully supported by DEC 

and many after-market manufacturers with a variety of optional memor

ies, interface boards, mass storage units, and peripherals. The LSI-

11/23 minicomputer meets the requirements above and was purchased for 

data acquisition and analysis for the gas-phase photoelectron 

spectrometer. 

In order to minimize spectrometer down-time during the conver

sion, the new operating system was implemented in phases. Since the 

intent of this appendix is to describe the current (ultimate) configur

ation, the intervening phases will only be mentioned. The first phase 

was to run dual computers tied together by a serial line and using the 

same terminal. In this mode, the pdp8/e was for data collection and 

the LSI-ll/23 was for data storage and reduction. In the second phase, 

the LSI-ll/23 was programmed for UPS data collections, but the pdp8/e 

was required for XPS data acquisition. The limitation at this point 

was hardware. Currently the LSI-ll/23 collects both XPS and UPS data. 

Computer Configuration 

The computer is configured as shown in Figure 62. The follow

ing boards are included in the computer: centra~ processor unit 
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(M8186), two memory boards (M8044), high densi ty parallel inter'f ace 

(M8049), four port serial interface (M8043), programmable real time 

clock (PRTCll), disk drive control unit (M8029), and bootstrap/termina

tor board (M80l2). Connected to the serial interface are the console 

terminal, vector graphics display terminal, and the digital plotter. 

The instrument interface is connected to the computer through the par

allel interface board. 

There are two configurations for the interface depending on 

the mode of instrumental operation. Figure 63 diagrams the setup for 

the UPS mode. Two "boxes" are used, the electron counter and the 

sphere power supply. There are three connections between the interface 

and the spectrometer. Two of these are the analyzer focusing voltages 

for the inner and outer spheres. These are supplied by the DA~ (Digit

al/ Analog Converter) in the sphere power supply. The third connection 

is the electron pulse input from the channeltron pre-amplifier/discrim

inator (PAD). These pulses are counted by the event counter in the 

electron counter box. The XPS mode requires a more complex arrangement 

of the interface. The electron counter and the sphere power supply are 

supplemented by an isolation amplifier and two programmable voltage 

amplifiers. This arrangement is shown in Figure 64. The wiring is as 

follows: The outer sphere output from the sphere power supply is in

verted and amplified (lOOX) by the Outer Kepco (APH-500M) supply before 

being used as the outer sphere focusing voltage. The inner sphere out

put of the sphere power supply is isolated from ground by a high preci

sion isolation amplifier (lX) and then amplified (lOOX) by the Inner 
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Kepco supply for use as the inner ~phere focusing voltage. The isola

tion amplification is required by the Kepco supply for use as a posi

tive source. 

Interface Schematics 

Figure 65 illustrates a simplified schematic for the analyzer 

voltage circuits. The voltages are controlled by a 0-10 volt digital 

to analog converter with 16-bit linearity (Hybrid Systems DAC 9377-16-

6) (a). This is a 24- pin DIP monolithic device with extremely low 

drift and peak-to-peak noise. For the UPS experiments, the 0-10 volt 

signal is fed directly to the analyzer as the inner sphere focusing 

voltage. An operational amplifier (OP 07) (b) inverts and ratios the 

outer sphere focusing voltage to -80%. Points (c) and (d) are the in

ner and outer sphere outputs, respectively. The addressable analyzer 

resolution for the UPS experiment using this hardware is about 0.0006 

eV. This is an order of magnitude better than the experimental resolu

tion, so that this factor does not contribute to the observed 

resolution. 

The XPS experiment is selected by a switch (e) and requires 

focusing voltages on the order of 0-500 volts (corresponding to 0-2000 

eV kinetic energy). A pai~ of Kepco APH-500M programmable power sup

plies are being used as voltage followers. These high voltage supplies 

require an input control voltage of 0 to +S volts. The signal from the 

DAC (a) is halved to 0 to +S volts by an OP OS (f). The 0 to +5 volt 

signal for the positive sphere is isolated from ground by a high 
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precision isolation amplifier (Burr Brown 3450) (g) before input to the 

positive (inner) Kepco supply (h). A 0 to +4 volt signal (obtained by 

ratioing the 0 to +5 volt signal by 0.8 with an OP 05 (i» is fed di

rectly into the negative (outer) Kepco supply (j) where it is inverted 

and amplified. The output to the electron analyzer is 0 to 500 volts 

for the inner sphere (k) and 0 to -400 volts for the outer sphere (1). 

The addressable analyzer resolution is 0.03 eV over the 0-2000 eV kin

etic energy range of the XPS experiment. 

A detailed schematic for the sphere power supply (digital/ana

log converter) is displayed in Figure 66. The parts list and connec

tion guide for this schematic is in Table xxv. The prototype for this 

circuit was built by Dennis Page of the Chemistry Department Electron

ics Shop. It was modified by Steve Turner and Jim Lorenzen of the 

Electronics Shop. Figure 67 shows a detailed schematic for the Elec

tron Counter circuit. Table XXVI is the parts list for this schematic. 

The Electron Counter was originally designed and built by Dennis Page. 

In Figure 68 a schematic for the Isolation Amplifier is shown. The 

parts list is in Table XXVII. This circuit was originally built by 

Gerry Klinger of the Chemistry Department Electronics Shop. 
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See Table XXV for label definitions. 



Table XXV: 

Schematic Label 

U1 
U2 
U3 
U4 
U5 
U6 
U7 
U8 
U9 

Q1 

C1 

R1-R8 
R9-R12 
R13 
R14 
R15 
R16 
R17 
R18-R19 
R21 
R22 
R23 
R24 
R25 
R30 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Parts List and Connections for Counter Board. 

(See Figure 66 for schematic.) 

Part, Specifications, or Connector 

7475 
7475 
74177 
74LS244 
7402 
7406 
74155 
LS7060 
7414 

2N3903 

10 microFarad, 10 Volts D.C. 

150 Ohm, 1/2 Watt, 10% 
180 Ohm, 1/2 Watt, 10% 
3.3 kOhm, 1/2 Watt, 10% 
1.0 kOhm, 1/2 Watt, 10% 
3.3 kOhm, 1/2 Watt, 10% 
1.0 kOhm, 1/2 Watt, 10% 
3.3 kOhm, 1/2 Watt, 10% 
470 Ohm, 1/2 Watt, 10% 
3.3 kOhm, 1/2 Watt, 10% 
470 Ohm, 1/2 Watt, 10% 
3.3 kOhm, 1/2 Watt, 10% 
47 Ohm, 1/2 Watt, 10% 
33 Ohm, 1/2 Watt, 10% 
1.0 kOhm, 1/2 Watt, 10% 

DRV-11J Parallel line: AO 
Al 
A2 
A3 
A4 
A5 
A6 
A7 

Clock Overflow 
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Table XXV continued 

Schematic Label 

@10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
A 
D 
F 
H 
J 
K 
N 
P 
R 
S 
T 
V 
Z 

Part, Specifications, or Connecter 

DRV11-J Parallel Line: A12 

Source (+5 Volts) 
ST2 In (Clock Board) 
Ground 
Ground 

A13 
A14 
A15 
User-Ready B 
B7 
B6 
B5 
B4 
B3 
B2 
B1 
BO 

DRV11-J Parallel Line: DRV Reply A 
User-Ready A 

D/A Pin "20" 
D/A Pin "21" 
Ground 
Signal In 
Gr.ound 
Source (+5 Volts) 
Ground 
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Table XXVI: 

Schematic Label 

U1 
U2 
U3 
U4 
U5 

C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8-C9 
C10 
Cll-Cl2 
C13-C17 
C18 

D1 
D2-D3 

R1 
R2 
R3 
R4-R5 
R6-R7 
R8 
R9 
R10 
Rll 
R12 
R13 
R14 
R15 
R16 
R17 
R18 

Parts List and Connections for Digital/Analog 
Converter Board. 

(See Figure 67 for schematic.) 

Part, Specifications, or Connector 

7815 
7915 
Hybrid Systems DAC 9377-16-6 
OP 05 
OP 07 

2.2 microFarads, 20 Volts 
10 microFarads, 35 Volts 
0.1 microFarads, 50 Volts 
2.2 microFarads, 20 Volts 
10 microFarads, 35 Volts 
0.1 microFarads, 50 Volts 
0.01 microFaraas, 16 Volts 
2.2 microFarads, 20 Volts 
0.01 microFarads, 16 Volts 
0.18 microFarads, 50 Volts 
0.01 microFarads, 16 Volts 
22 microFarads, 10 Volts 

4148 
1N4001 

10 Ohms 
2.4 kOhms 
20 kOhms 
470 Ohms 
1 kOhm 
10 kOhm 
1 kOhm 
2 kOhm 
200 Ohm 
6.8 kOhm 
10 kOhm 
1002F 
7151F 
2 kOhm 
4121F 
1002F 
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Table XXVI continued 

Schematic Label 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
B 
C 
D 
E 
F 
H 
J 
K 
L 
M 
N 
P 
R 
S 
T 
U 
V 
W 
X 
Y 
Z 

Part, Specifications, or Connector 

DRV-11J Parallel Line: BO 
B1 
B2 
B3 
B4 
B5 
B6 
B7 
B8 
B9 
B10 
B11 
B12 
B13 
B14 
B15 

Counter Board "p" 
Counter Board "N" 
Ground 
- 20 Volts 
+ 20 Volts 
Ground 
UPS Positive Out 

Ground 
UPS Negative Out 

XPS Negative Out 
XPS Positive Out 
Ground 
+15 Volts 
-15 Volts 
Ground 
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Table XXVII: 

Schematic Label 

U1 
U2 
U3 

R1-R2 
R3 
R4 
R5 
R6 
R7 
R8 
R9 
RIO 

C1-C2 
C3 

1 
2 
3 
4 
5 
6 

Parts List and Connections for Isolation Amplifier. 

(See Figure 68 for schematic.) 

Part, Specifications, or Connector 

Burr-Brown 3450 
Burr-Brown 722B 
7815 

20 kOhms 
10 kOhms 
10 MOhms 
50 kOhms 
100 kOhms 
10 MOhms 
100 Ohms 
2 kOhms 
560 Ohms 

10 microFarad 
0.47 microFarads 

Input Signal 
Input Common 
- 15 volts 
Output Signal 
Source (+ 23 volts) 
Ground 
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AP~ENDIX B 

DESCRIPTION OF THE OPERATING SYSTEM PROGRAMS FOR THE 
McPHERSON ESCA 36 SPECTRO~ffiTER AND INTERFACE 

This Appendix will describe several facets of the operating 

system that are unique without resorting to detailed listings. Full 

listings of all programs are, of course, available in the Lichtenberger 

group files. The first subsection will describe and list the MACRO-Il 

machine language code to operate the interface (Appendix A). The sec-

ond area will be an explanation of the theory and operation of the two 

ESCA programs (UPS and XPS versions) and a listing of their capabili-

ties. Thirdly, the XPS band deconvolution program GAUFIT will be 

examined. 

Interface Control 

Three simple machine language routines (in MACRO-II) commun-

icate between the instrument and the FORTRAN main program. These are 

named COUNTA, COUNTB, and COUNTC. Note that if a MACRO routine is de-

clared as a Global it can be called by FORTRAN. The use of these rou-

tines will be discussed further in the next section. 

COUNTA 

A listing of COUNTA is in Figure 69. This routine reads the 

32-bit UP event counter in four words (bytes) of eight bits each. This 

rountine is called: CALL COUNTA ( II, 12, 13, 14). The actual counts 
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.TITLE COUNTA 

.GLOBL COUNTA 
, 
lCOUNTA READS THE 32-BIT COUNTER IN 4 WORDS, EACH 
lCONTAINING 8 BITS OF USEFUL DATA. 
, 
lUSAGE: CALL COUNTA ( 11, 12, 13, 14 ) 
lWHERE: 11 IS THE LSB AND 14 IS THE MSB 

1 
CSRA 
DBRA 
CSRB 
DBRB 
CLKCS 
CLKBP 
1 

164160 
164162 
164164 
164166 

= 170420 
= 170422 

lCONTROL STATUS REGISTER PORT A 
lDATA BUFFER REGISTER PORT A 
lCONTROL STATUS REGISTER PORT B 
lDATA BUFFER REGISTER PORT B 
lCONTROL STATUS REGISTER PROGRAMMABLE CLOCK 
lBUFFER/PRESET REGISTER PROGRAMMABLE CLOCK 

K: .WORD 10000, 10004, 10000, 10010 
.WORD 10030, 10010, 10030, 10010, 10030 
.WORD 10010, 10030, 10010, 10030, 10000 
, 

COUNTA: TST 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
CLR 
MOV 
BIC 
MOV 
MOV 
MOV 
CLR 
MOV 
BIC 
MOV 
MOV 
MOV 
CLR 
MOV 
BIC 
MOV 
MOV 
MOV 
CLR 
MOV 
BIC 
MOV 
MOV 
MOV 
MOV 
RTS 

(R5)+ 
(R5)+, RO 
ilK, R1 
#400, @iCSRA 
(R1) +, @iDBRA 
(R1 ) +, @iDBRA 
(R1) +, @iDBRA 
(R1) +, @iDBRA 
(R1) +, @iDBRA 
@iCSRB 
@iDBRB, (RO) 
#-400, (RO)+ 
#400, @iCSRA 
(R1) +, @iDBRA 
(R1) +, @iDBRA 
@ICSRB 
@iDBRB, (RO) 
i-400, (RO)+ 
#400, @iCSRA 
(R1) +, @iDBRA 
(R1) +, @iDBRA 
@iCSRB 
@iDBRB, (RO) 
1-400, (RO)+ 
1400, @iCSRA 
(R1)+, @IDBRA 
(R1) +, @iDBRA 
@iCSRB 
@iDBRB, (RO) 
1-400, (RO)+ 
'i400, @iCSRA 
(R1)+, @IDBRA 
(R1 ) +, @iDBRA 
(R1), @iDBRA 
PC 

;ADVANCE PAST ARGUMENT COUNT 
lADORESS OF 11 INTO RO 
lAOORESS OF K INTO R1 
lWRITE TO A 
1"00 NOTHING" 
l"SCAN/RESET LOAD" 
1"00 NOTHING" 
1 "POINT TO 1ST BYTE" 
l"LOAD 1ST BYTE" 
lREAD B 
,1ST BYTE INTO 11 
lMASK I1 
lWRITE TO A 
1 "POINT TO 2N~ BYTE" 
l"LOAD 2ND BYTE" 
lREAD B 
12ND BYTE INTO 12 
lMASK 12 
;WRITE TO A 
l"POINT TO 3RD BYTE" 
l"LOAD 3RD BYTE" 
lREAD B 
13RD BYTE INTO 13 
lMASK 13 
lWRITE TO A 
1 "POINT TO 4TH BYTE" 
l"LOAD 4TH BYTE" 
lREAD B 
14TH BYTE INTO 14 
lMASK 14 
lWRITE TO A 
; "POINT TO OTH BYTE" 
l"FLOAT COUNTER OUTPUT" 
1"00 NOTHING" 

Figure 69: MACRO-ll Source Code Listing for Subroutine COUNTA. 
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collected since the UP counter was last cleared are: 

C = II + ( 256*( 12 + ( 256*( 13 + ( 256*14 ) ) ) )) (1) 

This can be dealt with in the main program as the user desires. In the 

ESCA program counts are maintained in memory as 32-bit integers, but 

reals or 16 bit integers would also be possible. 

COUNTB 

Figure 70 contains a listing of the COUNTB routine. COUNTB 

sets the voltage for the analyzer by writing to the DAC (see Appendix 

A). This routine is called: CALL COUNTB ( IVOLT ) where IVOLT is the 

integer variable that sets the D/A analog output voltage. The unmod

ified DAC (as in UPS) outputs 0-10 volts in 2**16 - 1 steps. This 

means that integer 0 is 0.0 volts, integer 1 is 0.000153 volts. The 

largest positive integer (in sixteen bit two's complement) is 32767; 

this corresponds to 4.99924 volts. At this point the integers "wrap

around" because the most significant bit (indicating sign) is set and 

the larger voltages are obtained by sending negative integers to the 

DAC. The alogrithm for this is: 

A = KE / ( 0.000153 * K ) (2) 

where KE is the desired kinetic energy and K is the instrument con

stant. If A is less than 32767 it can be sent directly to the DAC 

after conversion to an integer with IFIX. If A is greater than 32767, 

it is converted to a negative value by: 



.TITLE COUNTB 

.GLOBL COUNTB 
; 
;COUNTB SETS THE INNER SPHERE VOLTAGE 
; 
;USAGE: CALL COUNTB ( IVOLT ) 
:WHERE: IVOLT IS THE INNER VOLTAGE WORD TO THE DAC 

, 
CSRA 
DBRA 
CSRB 
DBRB 
CLKCS 
CLKBP 
, 

164160 
164162 
164164 
164166 

= 170420 
= 170422 

:CONTROL STATUS REGISTER PORT A 
;DATA BUFFER REGISTER PORT A 
;CONTROL STATUS REGISTER PORT B 
:DATA BUFFER REGISTER PORT B 
;CONTROL STATUS REGISTER PROGRAMMABLE CLOCK 
:BUFFER/PRESET REGISTER PROGRAMMABLE CLOCK 

L: .WORD 20000, 0 
, 

COUNTB: TST 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
RTS 

(RS)+ 
(R5)+, RO 
IL, R1 
#400, @#CSRB 
(RO)+, @#DBRB 
#400, @iCSRA 
(R1) +, @IDBRA 
(R1) +, @iDBRA 
PC 

:ADVANCE PAST ARGUMENT COUNT 
:ADDRESS OF INNER VOLTAGE INTO RO 
:ADDRESS OF L INTO R1 
:WRITE TO B 
:WRITE INNER VOLT.\GE 
:WRITE TO A 
:LOAD INNER VOLTAGE INTO DAC 
:LATCH INNER VOLTAGE IN DAC 

Figure 70: MACRO-ll Source Code Listing for Subroutine COUNTB. 
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A = A - 65536 (3) 

which is sent to the DAC after being integer fixed. 

COUNTC 

This routine is listed in Figure 71. Three main functions are 

performed: (1) the delay time is expended, (2) the counter is cleared, 

and (3) the clock and counter are started. This routine is called: 

CALL COUNTC ( IDELAY, ITlME, ICLOCK ) where IDELAY is an integer rep

resenting a wait time to allow power supply equilibration, ITlME is an 

integer loaded on the clock board for collect time, and ICLOCK is the 

clock control word determining the clock count rate and interrupts. 

The IDELAY variable can be calculated by dividing the desired delay 

time by 0.000005 (5 microseconds). Delay times of 1-10 msec for UPS 

and 10-100 msec for XPS are usually used. ITIME and the clock rate are 

chosen to maximize ITlME without causing an integer overflow. For ex

ample, if the collect time is 0.1 seconds and the available clock rates 

are 60 Hz, 1 kHz, 100kHz, and 10 MHz, the possible ITlMES are 6, 100, 

10000, and 1000000. The best choice for the clock rate is 100 kHz 

where ITlME is 10000. By maximizing ITlME in this case, the accuracy 

in collect time is enhanced to one part in ten thousand (100 ppm) as 

opposed to one part in six if the 60 Hz clock had been used. Note that 

using the 10 MHz rate would have caused an integer overflow. The spec

ific values for ICLOCK are determined by the programmable clock being 

used. 



.TITLE COUNTC 

.GLOBL COUNTC 
, 
ICOUNTC (1) EXPENDS POWER SUPPLY DELAY TIME 

(2) CLEARS THE 32-BIT COUNTER 
(3) STARTS THE CLOCK AND COUNTER 

, 
IUSAGE: CALL COUNTC ( IDELAY, ITIME, ICLOCK ) 
IWHERE: IDELAY IS THE WAIT TIME INTEGER, ITIME IS 

, 
CSRA 
DBRA 
CSRB = 
DBRB 
CLKCS 
CLKBP 
, 

THE COLLECT TIME INTEGER, AND ICLOCK IS THE 
CLOCK CONTROL WORD. 

164160 
164162 
164164 
164166 

= 170420 
= 170422 

ICONTROL STATUS REGISTER PORT A 
IDATA BUFFER REGISTER PORT A 
ICONTROL STATUS REGISTER PORT B 
IDATA BUFFER REGISTER PORT B 
ICONTROL STATUS REGISTER PROGRAMMABLE CLOCK 
IBUFFER/PRESET REGISTER PROGRAMMABLE CLOCK 

M: .WORD 10000, 10001, 10000, 10002 
, 

COUNTC: TST 
MOV 
MOV 
MOV 

2$: DEC 

(RS)+ 
(RS)+, RO 
'M, R1 
(RO)+, R2 

R2 
R2, 00 
2$ 
1400, @.CSRA 
(R1)+, @'DBRA 
(R1) +, @#DBRA 
(R1)+, @ODBRA 
(RO)+, @'CLKBP 
@#CLKBP 

IADVANCE PAST ARGUMENT COUNT 
IADDRESS OF RS INTO RO 
IADDRESS OF MINTO R1 
IMOVE IDELAY TO R2 
ICOUNT R2 DOWN 
;COMPARE R2 WITH ZERO 
IBRANCH TO 2$ IF R2 .NE. 0 
IWRITE TO A 
I"DO NOTHING" 
I"CLEAR COUNTER" 
I"DO NOTHING" 
ILOAD CLOCK BUFFER/PRESET 
ITWO'S COMPLEMENT 
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CMP 
BNE 
MOV 
MOV 
MOV 
!10V 
MOV 
NEG 
MOV 
MOV 
RTS 

(RO)+, @#CLKCS 
(R1) +, @'DBRA 
PC 

ILOAD CLOCK CONTROL STATUS & START CLOCK 
ISTART COUNTER 

Figure 71: MACRO-II Source Code Listing for Subroutine COUNTC. 
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The ESCA Programs 

Since it is impractical to list these entire programs, only the 

philosophy and the menus will be presented here. As these programs 

were designed to collect and display p.e.s. data using techniques and 

conventionc based on the type of experiments described in this disser

tation, the experimental chapter (2) should also be consulted for in

formation on the operation and data collection procedures. Data is 

stored in the computer memory in regions or groups. Each is defined by 

a region number, nj number of data channels, IGRP( n )j initial binding 

energy, ENERGY( n )j the delta energy between data points, DELTA( n ); 

collect time per data channel, CT( n); delay time per channel, 

DT( n ); total collect time per channel, TCT( n ); and number of scans, 

ISCAN( n). The ESCA program has several subroutines, each designed to 

access and change variables such as those above, and several routines 

to perform operations on the data. These are called from the main pro

gram as a response to a prompt. For ease of identification and for the 

development of simple mnemonics, the subroutine names are alphabetical 

letters. Thus to communicate to the program his desire for an opera

tion, the user specifies the operation by a letter and the region to be 

operated on by a number, n. The program sorts the request using the 

bubble sort (Figure 72) and calls the appropriate subroutine (passing 

the variable n, if applicable). Table XXVIII lists the commands and 

functions performed by the UPS version of the ESCA program. Table XXIX 

lists these for the XPS version. 
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n 

Figure 72: Bubble Sort Method of Command Interpretation. 



Table XXVIII: Commands for ESCA (UPS) Program. 

Command 

An 

Bn 

Cn 

Dn 

En 

Fn 

G 

H 

I 

J 

K 

Ln 

Mn 

N 

On 

Pn 

Q 

(n indicates command requires region number) 

Function 

Adjust the V variable so that the highest peak 
in region n is at the RSPP (see "Rn). 

Bring back data from disc into region n 
(opposite of "Dnn). 

Collect data for region n using the current 
parameters. 

Dump to disc data in region n. 

Initial Binding Energy (IBE) for region n. 

Calculate FWHM (full-width-half-maximum) of the 
highest peak in region n. 

Draw a grid on the graphics display terminal. 

Help! prints a menu on the console terminal. 

Lists some general parameters at the console 
terminal. 

Jump to end of scans. (Abort collection.) 

Instrument constant. 

Delta energy (distance between data points) for 
region n. 

Change number of scans for collection in region n. 

Set up a string of commands. 

Clear and initialize region n for collection. 

Find minimum and maximum counts in region n. 

Quit ESCA (return to monitor). 
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Table XXVIII continued 

Command 

R 

Sn 

Tn 

Function 

Reference Standard Peak Position (RSPP). A 
standard peak is set to this value after "An" 
command. 

Plot to screen the data in region n. 

Collect Time (CT) and Delay Time (DT) for 
region n. 

U Update to disc the current parameters. 

V Drift variable. Corrects for drift by changing 
apparent work function. (See "An", "R".) 

Wn Calculate position of highest peak in region n. 

X Current collection status query. 

Zn Total Collect Time (TeT) for region n. 
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Table XXIX: 

Command 

A 

Bn - En 

F 

G - Q 

R 

Sn - V 

w 

X 

Y 

z 

Commands for ESCA (XPS) Program. 

(n indicates command requires region number) 

Function 

(not used) 

See Table XXVIII (UPS Commands). 

Fitting Routine: 

C - Change a fit file (new position guess). 
F - Fit a region. 
R - plot Result of fit. 
S - plot data (same as "Sn"). 
X - Exchange converged fit for guess. 

See Table XXVIII (UPS Commands). 

(not used) 

See Table XXVIII (UPS Commands). 

(not used) 

See Table XXVIII (UPS Commands). 

Pause request. Collection will halt at end of 
current scan. 

Resume (from Y). 
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These functions were designed for the type of data collection 

methods we use. A typical UPS (HeI) experiment involves data collec

tions in several regions (two argon standard regions and at least two 

sample regions) and uses at least half of the possible commands. (See 

the experimental chapter (2) for more information on data collection 

procedures.) An XPS collection utilizes all twenty regions and most of 

the functions. 

Simplistic flow charts for the main program and major data col

lection routines are displayed in Figure 73. This shows data collection 

without interrupts. The "CD (collection) routine waits until the co~ 

lection is completed before returning to the main program for another 

command. In the ESCA programs currently used the data collection rou

tines (COUNTA, COUNTB, and COUNTC) are called by an interrupt service 

routine (activated by the completion of the programmable clock cycle). 

This is shown in the flow charts of Figure 74. In effect, the inter

rupt service routine INTERR acts like a separate program that waits for 

the clock overflow, and then transfers control to CLKINT. This has the 

effect of creating a foreground/background program where the actual da

ta collection is in the background and the foreground is available for 

other functions and operations. Thus, the DC" routine returns control 

to the main program immediately after the data collection is started 

(see Figur~ 74). This is especially valuable in XPS as the peaks can 

be analyzed (fit) while the data collection proceeds, allowing the user 

to determine the quality of his data in situ. In the next section the 

GAUFIT method of curve analysis is described. This routine is both 
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ESCA Program 110 11 Subroutine 

Figure 73: 

IIC II Subroutine 

no 

e 

Flow Chart for ESCA Program and Data Collection Routines 
with Interrupts Disabled. 
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"e" Subroutine 

INTERR Subroutine 

yes CALL 
>---------~ CL~INT 

CLKINT Subroutine 
[ CALL COUNTA I 

yes 

Figure 74: Data Collection Routines with Interrupt Service. 
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self-contained as the program GAUFIT and as the F-routine of the XPS 

version of ESCA. 

GAUFIT Method 

Two major methods for deconvolution of spectral data have been 

developed for digital computers. The best method is a nonlinear re-

44 
gression method using Marquardt's alogarithm. The second is a sim-

plistic least squares approach in which the sum of the square of the 

differences between the data and the deconvolution is minimized. This 

approach is the one commonly used for minicomputers and microcomputers 

because of size and storage limitations. In this section an improved 

alogarithm for the sum of squares method is described. 

Gaussian peaks are defined by four parameters: position, ampli-

tude, high energy half-width, and low energy half-width. The form of 

the equation is shown below: 

C( E ) = A exp {-k [ ( E - P ) / W ]2 } (2) 

where C( E ) is the electron counts at binding energy E; A is the peak 

amplitude, P is the peak position (vertical IP); W = Wh (high energy 

half-width) when E > P; W = WI (low energy half-width) when E < P; and 

k = 4 In 2. 

The typical method for fitting data using the least sum of 

squares method is to vary a parameter until a minimum (of the 9um of 

squares) is reached and then search the minimum for the lowest value 

(of sum of squares) indicating convergence. At this point the function 
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is repeated for the second and succeeding parameters. When all para

meters have converged in this manner for the first cycle, the entire 

process is repeated for the second cycle. This alogrithm is indicated 

in Figure 75. The major problem with this method is that the converg

ence steps in the early cycles are essentially wasted because the four 

parameters of each peak are interrelated. Changes in the best peak po

sition have a large effect on the best amplitude, and until all para

meters are near convergence, determination of the "exact" value for any 

one parameter is meaningless. 

The GAUFIT method utilizes a modified approach. As a parameter 

is varied three possible situations will occur when the sums of squares 

of three consecutive trials are compared. (See Figure 76.) Case A is 

that the sum of squares is decreasing. In this case the step size is 

doubled and the search is continued. The second situation (Case B) is 

that the sum of squares is increasing. Here the step size is doubled 

and the search direction is reversed. If the second (middle) sum of 

squares is lower than both the first and last sums, Case C is observed. 

This is the goal of the search as it indicates that the true parameter 

value is between the first and last value of the trio. Rather than 

continuing the search, the GAUFIT program calculates a guess value for 

that parameter by interpolation of the sum of squares. Then the second 

and succeeding parameters are treated the same. The next cycle does 

the same calculations. (See Figure 77.) There is, effectively, damp

ing in the step size choice. After the first cycle, the parameter step 

size is calculated as the difference between the parameter guesses from 



iter iter iter iter iter 
,..-----:=?>3> PARAl<1ETER 1 - (convergence) 

iter iter iter iter iter 
PARAMETER 2 .~ -------=;.~ ~ (convergence ~ 

iter iter iter iter iter 
cycle PARAMETl!.:R 3 (convergence 

iter iter iter iter iter 
~PARAMETER 4 (convergence) 

iter iter iter iter iter 
PARAMETER 5 ;;;.- (convergence)l 

Figure 75: Alogrithm for Normal Least-Sum-of-Squares Band Deconvolution. 
N 
~ 
N 
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III 
II! .. • III 
::l 
0" 
III Double step size, 

..... 
0 • Continue Search 
e 
::l 
III • 

parameter value 

• 'il 
~ .. 
:1l 
::l • 0" 
III Double step size, 

..... 
0 Reverse search direction 
e 
::l • III 

parameter value 

III 
IV • .. 
III 
::l 

• 
Calculate guess, 

0" 
III 

Proceed to next ..... 
0 

e parameter. 
::l 
:n 

parameter value 

Figure 76: Three Cases for Three Consecutive Sum of Squares. 



iter iter 
PARAMETER 1 > > (interpolation) (convergence?) 

iter iter 
PARAMETER 2 ----=::> (interpolation) (convergence?) 

cycle 
iter 

PARAMETER 3 ." 
iter 

(interpolation) (convergence?) 

iter iter 
PARAMETER 4 (interpolation) (convergence?) 

iter iter 
PARAMETER 5 -.... (interpolation) (convergence?) 

Figure 77: Alogrithm for GAUFIT Least-Sum-of-Squares Band Deconvolution. N 
~ 
~ 
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the previous two cycles. When the change in a parameter per cycle 

(i.e. step size) is less than a user-predetermined convergence value 

for two consecutive cycles, that parameter is converged and fixed for 

the succeeding cycles. The net result of this method is a reduction in 

fitting time because all parameters are effectively fit together. 
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