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ABSTRACT 

Gas-phase photoelectron spectroscopy is used to evaluate the 

a-donation and 1t-acceptance abilities of a series of Group 15 ligands. The 

free ligands PMea_nP~ (n=O-3), EMe:,J (E=As) and EPha (E=As, Sb, Bi) are 

examined (Me=CHa, Ph=C6H5) and the trends in lone pair ionizations are 

discussed. Organometallic compounds investigated include CpMn(CO)2L 

(L=PPha, AsPha), Cp'Mn(CO)2L (L=PPha, PMea, AsPha, SbPha), and 

Mo(CO)5L (L=PMea, PPhg). 

Contrary to initial predictions based on electronegativities and 

solution pKa's, the trend in ionization energies for the series PMeg_nP~ is 

PPhg < PMePh2 < PMe2Ph < PMeg. The trend in first ionizations is 

governed by a filled-filled interaction between the lone pair and phenyl 

rings. The metal ionization energies of organometallic compounds 

containing PI\1ea and PPhg reflect this trend indicating that the above order 

is also the order of a-donation. These metal ionizations also indicate that 

all members of the series, PMea.nP~' have the same amount of 

1t-acceptance. 

Just as in the phenyl containing phosphine ligands, the ligands EPhg 

exhibit filled-filled interactions between the lone pair and phenyl orbitals, 

but not uniformly. This filled-filled interaction decreases with the heavier 
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elements. The order of lone pair ionizations for EPha is PPha < AsPha, 

SbPha, BiPha. The destabilization expected upon descent of the periodic 

table is offset by the effects of decreasing relaxation energy and decreasing 

filled-filled interactions. 

Metal ionizations do not strictly follow the trends of the free ligands 

EPha. These metal ionization energies coincide for organometallic 

compounds where E is phosphorus or arsenic. Metal ionization energies for 

E=Sb are very slightly stabilized compared to E=P, As. The ligands EPha 

display the same amount of cr and 1t interactions in the organometallic 

compounds examined. It is observed that the identity of R is more 

important in determining cr/1t interactions than the element directly bound 

to the metal. This work serves to bring together previous literature and 

current experimental results to understand the structure and bonding in the 

ligands ERa (E=P, As, Sb, Bi and R=Me, Ph). 



CHAPTERl 

Introduction 
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Phosphines (PRa) are common ligands in organometallic chemistry. 

They serve as neutral, two electron donors to transition metals. Variation 

of the phosphine ligands in transition metal compounds affects the 

properties of the complex. A prominent focus in phosphine research has 

been the evaluation of a and 7t bonding properties and steric properties of 

tertiary phosphines. 

Among the tools most commonly used to analyze phosphines are 

infrared spectroscopy (IR), nuclear magnetic resonance (NMR), photoelectron 

spectroscopy (PES), and potentiometric titration determining solution pKa's. 

Results of studies throughout the last thirty years have given mixed results 

with respect to a/7t bonding properties of phosphines. 

A great deal of controversy remains concerning the a/7t results already 

determined, particularly in the series PMea_nP~ (n=O-3), (Me=CHa, 

Ph=C6H5). This disagreement is primarily due to opposing trends obseTVed 

in a-donation measured using IR or solution pKa versus PES or gas-phase 

proton affinities. One of tile difficulties in sorting out this literature is that 
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assumptions are often made in individual studies that influence the 

interpretation of the given data. 

Many researchers claim that PMe3 is a better base, or a-donor, than 

PPh3 based on m data of transition metal carbonyl compounds 1 or solution 

p~ determinations.2,3 The solution p~'s are often assumed to measure 

a-donation and other data is evaluated in terms of this assumption. Many 

researchers investigating changes in carbonyl m stretching frequencies 

(ueo) considered only x effects in their interpretation.4-6 Some 

researchers claimed there is no x contribution to ueo observed for 

phosphines like PMe3_nP~ (n=0_3);7,8 still others claimed x back-bonding 

is significant, but consideration must be given to both 0' and x contributions 

when examining ueo.I,9 

According to published m and p~ studies, the order of basicity is 

PMe3 > PMe2Ph > PMePh2 > PPh3. Gas-phase proton affinitiesIO,l1 and 

PES12,13 observe this trend reversed. Most researchers who support 

x-acceptance consider PPh3 a better acceptor than PMe3.4,I4,15 

Previous, as well as current, PES studiel) of the series PMe3_nP~ (n=0-3) 

support x interactions of the same magnitude for each phosphine in this 

series.I6 Opposing results are not necessarily an indication of published 

data being "wrong," but rather an indication that additional factors 
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complicate the results and/or clearer, more consistent interpretations are 

necessary. 

An historical overview of the pertinent literature is helpful in 

understanding the seemingly contradictory data. A chronological look shows 

how the controversy developed and will hopefully aid in making some sense 

of the large quantity of'information. This chapter serves as a review of 

much of the literature dealing with a-donation and 7t-acceptance in these 

phosphines and other similar molecules, as they relate to the question of 

electronic structure and bonding ofphosphines and transition metal centers. 

Important issues to consider include electronic versus steric effects, solution 

versus gas-phase interactions, and separation of 0' and 7t contributions. 

History 

A kinetic study by Henderson and Buckler in 1960 investigated the 

nucleophilicity of some tertiary phosphines. Reactions of phosphines with 

alkyl halides were examined. A plot of 0'* ( a measure of inductive effect) 

versus log of the rate constant gives a ILllear relationship for most alkyl and 

aryl phosphines. Deviations were observed for phosphines containing one 

or more methyl groups. The deviation of methyl phosphines from other 

phosphines was attributed to a combination of effects, possibly 
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rehybridization. PMea was concluded to be more nucleophilic than PPha, 

but not in line with the majority of phosphines examined.17 

+ -
Rl~R3P + R4X----.. ~~~R4P + X 

e.g. R4X = C2H; 

In 1963 Horrocks and Taylor proposed a "spectrochemical series" for 

ligands capable of 7t-bonding based on infrared data for Co(CO)3NO 

derivatives.4 The frequencies for NO and CO were studied with one and 

two substitutions ofphosphines for carbonyls. It was predicted that with an 

increase in back-donation to the substituting ligand, a decrea~e in frequency 

should be observed. As one would expect, phosphine ligands proved to be 

poorer acceptors than either CO or NO. Triphenylphosphine is listed as a 

better 7t-acceptor than PMe3; however, they are next to each other in the 

reported series. No quantitative measure was given to say whether the 

observed difference was considered relatively large or small and no 

consideration was given to possible changes in a-donation as ligands are 

changed. 
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A study of the carbonyl force constants of various metal carbonyl 

compounds containing phosphine ligands was published by Cotton in 1964.5 

The conclusions are m general agreement with those of Horrocks and 

Taylor.4 The semiquantitative assessment sheds more light on the 

comparison for PMea and PPha. Force constant values for these two ligands 

are very similar when comparing the amount of x-acceptance 

(14.35 mdynes/A PMea, 14.10-14.25 mdynes/A PPha). Emphasis in Cotton's 

study is however, placed on comparisons where differences are less subtle 

(PF a versus PMea) than between PMea an PPha. 

Angelici and coworkers published two articles examining \leo as a 

function ofp~ in 1966 and 1967.7,8 The arguments are p,t. times circular 

and not entirely con\tincing. Angelici asserted that only a-donation is 

observed in metal-phosphine bonding, and x-acceptance plays no significant 

role. According to the authors this a interaction controls p~ and \leo' 

Gas-phase proton affinities would, as the authors indicated, be a better 

comparison than solution p~, but those values were not available at that 

time. The phosphines were compared to amine compounds, which do not 

engage in x back-bonding. Linear correlations of frequency shifts as a 

function of basicity for ligands with no x interactions were compared to 

those with possible x-acceptance. Angelici asserted that if no x-bonding 
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occurs between the metal and phosphine ligand, CO frequencies for 

compounds containing phosphines will have the same dependence on p~ as 

those containing amines. A couple of problems are apparent with this work. 

An amine and a phosphine with the same pKa are observed to have different 

values for uco. The authors attributed this to differing affinities of nitrogen 

and phosphorus for tungsten. Another contributing factor exists that is not 

considered. If the 1t-acceptance from the metal center is approximately 

constant for the phosphine series of compounds, a linear plot would also be 

observed, not coincident with the amine line. The phosphine sampling is 

very limited in Angellci's work and warrants more rigorous study. A later 

study by Dobson and coworkersI8 points out some inconsistencies in this 

work and calls for a reexamination of the data. 

Grim and coworkers discussed phosphorus Nl\1R in M(CO )5(P~Ph3-n) 

[M=Cr, Mo, W] in a 1967 article.19 Interesting observations were made 

for PMeP~ and PPh3 (PMea was not included). It was noted that the local 

diamagnetic term depends on the phosphorus electron density; a large 

chemical shift upon coordination would suggest a good a-donor and a small 

one a good it-acceptor. Coordinated chemical shift values for PPh3 and 

PMePh2 are about the same. Later in the same article it was noted that 

this local diamagnetic contribution cannot be the major effect in this system. 
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I?iscussion of tungsten-phosphorus coupling constants (Jw_p) first noted that 

a greater constant implies better a-donor because spin-spin coupling should 

be transmitted through a bonds. However, because Jw_p for the PPhg 

compound is greater than the PMePh2 compound, spin-spin coupling must 

also be transmitted via 7t bonding. The conclusion was that J W_p is a 

measure of 7t-acceptor ability. This seems to be an oversimplification of the 

data which is dependent on ~he assumption that PPhg is a better 7t-acceptor 

than PMePh2. Another study from Grim and coworkers20 compared the 

coupling constants in cis and trans (phosphine)2PtCI2. Coupling constants 

do show some change between isomers attributed to differences in 

7t-acceptance. This supports the above conclusion, but does not prove the 

assumption that PPhg is a better 7t-acceptor. 

Additional studies in 1967 by Strohmeier and MUller6 are based solely 

on IR frequencies and rely heavily on the work of Horrocks and Taylor.4 

Contrary to the assumptions of Angelici, Strohmeier and MUller only 

considered the 7t aspects of bonding. Phosphine compounds were divided 

into several classes (I-VI), not necessarily separated by large changes in 

frequency, but rather by structural considerations. Aryl- and 

alkylphosphines are in separate, but adjacent categories where 

arylphosphines are in a group designated to have greater 7t-acceptance than 
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alkylphosphines. Measurements are not quantitatively analyzed. A small 

range of frequencies is observed for several PMes and PPha compounds as 

shown in Table 1.1,6,5,21 

Ligand 

PPha 

PMea 

Table 1. 

NiCCO)aL CpMn(CO)2L Mo(CO)5L CpRh(CO)L 

2069 cm-1 1940 cm-1 2078 cm-1 1940 cm-l 

2064 cm-1 1931 cm-1 2071 cm-1 1932 cm-1 

Carbonyl IR stretching frequencies for some 
organometallic compounds containing PMea or PPha. 
Cp=115-C5H5 

Graham developed a system in 1968 for separating 0' and 7t eifects. l4 

The method utilizes carbonyl force constants to calculate a value for 0' and 

7t contributions. A reference was chosen, and properties were determined 

relative to that reference. In examining Mo(CO)5L compounds values for 

L=PMea were not calculated, however they can easily be determined from 

available information. Using force constants published by Cotton5 PMea 

values for 0' and 7t a,"e calculated. According to these results PMea is 

noticeably a better O'-donor than PPhs. The amount of 7t-acceptance for 

these two ligands is calculated to be approximately the same, with PMea as 

a slightly better 7t-acceptor. 
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The method developed by Graham has been applied by other 

researchers since its publication. Stewart and Treichel used this method 

later in 1968 to investigate the bonding in W(CO)5L compounds.9 PMe3' 

again, was not among the ligands examined. However, some pertinent 

conclusions were drawn. In this system 7t values for several phosphines 

examined are very similar. Phosphines were categorized as strong a-donors 

and stronger 7t,:,acceptm's. No general correlation of basicity and 0' 

parameter were observed, however trends within a series (e.g. phosphines 

or amines) were apparent. As with the molybdenum compounds above, 

parameters comparing PMe3 and PPh3 can be calculated. Results for the 

tungsten compound are analogous to the molybdenum. Error bars for these 

Graham parameters are fairly large, making quantitative comparisons 

between similar ligands difficult. The net result is that both effects must 

be addressed when evaluating t>co data. 

In 1968 Darensbourg and Brown22 presented additional 

considerations for trends in t>co' As a-donation from the ligand, L, 

increases the metal-carbonyl 0' interaction is weakened. Consequently the 

CO bond is strengthened and the t>co increases. This type of logic is 

supported later in 1972 by Hall and Fenske in their analysis of orbital 

occupations to evaluate a-donation and 7t-acceptance.23 These ideas must 
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be considered especially when comparing ligands with similar properties, as 

two phosphines rather than vastly different groups such as nitrosyl and 

phosphine. Stretching frequencies are once again shown to involve a 

complicated balance of effects and are not a good measure of relative 0' or 

7t interactions. 

Perhaps some of the most noted work with phosphines has been done 

by Chadwick Tolman in the 1970's. Tolman defined terms subsequently 

widely used in discussing tertiary phosphines. A 1970 article by Tolman 

relies on carbonyl stretching frequencies, publishing '\leo for Ni(CO)aL. He 

argues that both 0' and 7t effects must be considered, but cannot necessarily 

be separated. Predictions of '\leo are made for PRg by breaking apart the 

ligand in terms of contributions from each R (X).1 In a separate publication, 

exchange equilibria were examined for some Ni(O) compounds. Steric effects 

were invoked to explain the order of stabilities Ni(PMea)4 > Ni(PPha)4 > 

Ni[P(C6F 6)3]4' The compounds containing the more sterically demanding 

ligands are less stable. Ligand exchanges were carried out using 24 ligands 

and 12 NiL4 complexes in toluene solutions.16 PMe3 displaced PPha quite 

readily. In a 1977 revie~4 article, Tolman presented the idea of "cone 

angle" (9) to compare the sterics involved in phosphine ligands. PPha has 



25 

a cone angle of 145° while PMea is considerably smaller with an angle of 

118°. 

Fischer and coworkers published a correlation between C-P coupling 

constants and the electronegativity of the R group in ERa in 1972.25 

Coupling constants in LW(CO)5 increased with increased electronegativity 

of R. Among the ligands analyzed were those where R=halide, phenyl, and 

alkyl. 

In a 1972 communication Schweig and coworkers compared the 

photoelectron spectra of NMe2Ph and PMe2Ph.26 The overall conclusion 

was that the nitrogen lone pair has significant interaction with the phenyl 

ring while the phosphine lone pair does not. A large destabilization of the 

lone pair compared to NMea and splitting of the phenyl ionizations 

compared to benzene were observed. The lone pair in the phosphorus case 

is slightly destabilized relative to PMea. The phenyl ionizations were said 

to remain degenerate and with no change in energy relative to benzene. In 

a 1975 comparison of PES for substituted phenyl phosphines, Weiner and 

coworkers12 agreed with the conclusions of Schweig. They also used the 

phenyl ionization as the focal point of the argument. The ionizations of the 

lone pair were observed to decrease PHa>PMea>PPha which was attributed 

to changes in bond angles. In both of these articles, the phenyl ionizations 
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are quite broad and additional information could be available with improved 

collection technology. Further investigation of this will be addressed 

specifically in the chapters that follow .. 

The 3lp NMR of some L2HgX2 (X=CI, Br, I and L=tertiary phosphine) 

compounds gave some interesting results. This 1974 study by Grim and 

coworkers27 show that when phosphine is constant and X is changed from 

iodine to a more electronegative element like chlorine, JHg_P constants 

increase. When the halide is held constant and the phosphine is changed 

from PBu3 to the more electronegative ptBu2Ph the coupling constant 

decreases. These observations are in accord with results for tertiary 

phosphine compounds of cadmium halides and opp,?se results for tungsten 

and platinum ~ompounds. These kinds of contradictory results warrant an 

evaluation of the validity of using coupling constants to compare the 0" and 

7t effects in phosphine containing compounds. 

Stelzer and coworkers28 combined photoelectron spectroscopy and 

'\leo on cis-Mo(CO)4L2 (L=tertiary phosphine) in 1975. Assumptions were 

made that the first ionization potential (IP) of the phosphine ligands 

corresponds to the amount of a-donation and '\leo gives a measW'e of 7t 

interactions. Neithe:t of these is necessarily a valid assumption. By plotting 

the IP of the free ligands versus '\leo of Mo(CO)4L2 three lines were 
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obtained. These lines were accounted for by differences in 1t-acceptance due 

to changes in bond angles and electronegativities. PMea and PPha fall on 

different lines resulting in the conclusion that there is a difference in 

1t-acceptance between these two ligands. For this series of compoUnds 

analysis similar to Graham's analysis indicated that PPha is a slightly 

better 1t-acceptor than PMea and a-donation is very similar. 

A 1979 communication from Bernard Sha~9 claimed that vertical 

ionization potentials are not a reliable guide to the donor abilities of tertiary 

phosphines. No new experimental data were included, but rather a criticism 

of the conclusions ofPuddephatt and coworkers.aa The possibility of ortho

metallation was raised as an influential factor in the ionization potential of 

tertiary phosphine-platinum (II) compounds. This was later shown not to 

be an important issue when l8-electron compounds displayed the same 

trend. Shaw gave credit, however, to PES in that this method includes 

changes in geometry and is independent of the electron acceptor. 

A carbon-13 NMR study in 1980 raised some important issues 

regarding the al1t contributions of ERa ligands (E=P, As, Sb) in metal 

carbonyls.ao The laC NMR carbonyl shifts were discussed in terms of t>co 

values reported by Tolman.l Analysis of the "donor/acceptor ratio" indicated 

PMea is a better donor and/or PPha is a better acceptor. It was assumed 
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that the carbonyl l3C shift directly reflects the donor/acceptor character of 

the phosphorus ligand. This study faces the same limitations as those of 

'\)co discussed previously. One particularly striking point was noted in 

comparison of other Group 15 ligands. Variations in donor/acceptor ratios 

were observed to be significantly larger as a result of changes in R rather 

than changes in the atom directly bound to the metal, E. 

Some of the work most relevant to data presented in the following 

chapters was done by Puddephatt, Bancroft, and coworkers in the late 

1970's and early 1980's. The vertical IP's of the free ligands PMe3_nP~ are 

reported to oppose expectations based on electronegativity considerations 

(phenyl 2.49, methyl 2.31)31,32 and solution PKa's:2,3 PMe3 (8.58 eV) > 

PMe2Ph (8.37 eV) > PMeP~ (8.07 eV) > PPh3 (8.1 eV).33 The overall 

trend in gas-phase basicities is consistent with the gas-phase PES.lO,13 The 

opposition to solution basicities was attributed to solvation effects due to 

stabilization of the phenyl phosphonium ions by 7t conjugation. Studies on 

the 18-electron system W(CO)5PMe3_nP~ (n=0_3)16,34 reinforced earlier 

conclusions where organometallic gold-phosphorus compounds were 

examined through PES,35 and eliminated the problem of ortho

meta1lation. When bound to a metal, PPh3 destabilizes the metal 

ionizations further than PMe3' The observed order of a-donation based on 
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free ligand lone pair ionization energies and shifts of metal ionizations in 

organometallic compounds was PPh3 > PMePh2 > PMe2Ph > PMe3. All 

displayed similar x-acceptor properties, measured by the splitting of the 

metal orbitals.36 

Further attempts to separate the 0' and x effects of phosphine ligands 

were undertaken by Giering and coworkers in a series of papers from the 

late 1980's and early 1990's.37-39 In these publications correlation was 

made between oxidation potential (EL 0') of certain organometalIics, pKa for 

conjugate acids of the free ligands, and Tolman's uco in Ni(CO)3L.1 Three 

categories of L came out of the data for Cp'Mn(CO)2L (Cp'=115_C5H4CH3). 

PMe3_nP~ ligands were put into the group acting as purely a-donors. No 

correlation was observed with Tolman's cone angles, indicating that sterics 

do not make a constant contribution to the observed a/x interactions.37 In 

a study on CpFeL(CO)(COMe) and CpFeL(CO)(Me) Giering and coworkers 

asserted that PKa measurements are a reasonable measure of the 

a-donation for those ligands classified as a-donor in the previous paper. A 

plot for uco for Ni(CO)3L versus EO' gives a straight line for phosphines 

designated "0' only", which according to the authors supports such a 

designation. Bond lengths were also considered. Compounds with 0' only 

phosphorus ligands have Fe-P bond lengths of 2.2 A while those with 0' and 
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x interactions have a bond length of 2.1 A. Giering and coworkers do not 

believe gas-phase results can be extrapolated to solution results.38,39 

A couple of problems are encountered in these works. EL o, is not well 

defined. In one case37 discussion leads one to believe EL 0' is oxidation 

potential. In another39 it is defined clearly as the reduction potential. The 

values for ELo, for MeCp(CO)LFe(COMe) are the same in both publications. 

This makes things difficult to evaluate. Values in both articles appear to be 

those of oxidation potentials. An interesting comment was made regarding 

the technique.37 The oxidation state of the metal is changing resulting in 

different metal-ligand interactions in terms of hardness and softness. The 

example given compared an amine and a phosphine. The relative values of 

EL 0' were unexpected with respect to basicity, but not if one notices the fact 

that amines are much harder than phosphines. This is a point to consider 

when comparing triphenyl and trimethylphosphine. The effect could exist 

to a lesser extent due to the different "softness" in these two ligands. 

Techniques which depend on linearity verses scatter for determination of 

x-effects have the same major defect: if the majority of the phosphines 

analyzed have approximately the same amount of x-acceptance (classified 

here as 0' only) and others have more or less than this group, the same 

linearity would be observed as if there were no x-acceptance. This kind of 
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interpretation does not prove that no x-acceptance exists for the "0 only" 

ligands presented. 

Consistent with other solution studies, Kochi and coworkers40 found 

that CpMn(CO)2PMePh is slightly easier to oxidize (0.53 V) than the 

corresponding PPha compound (0.55 V). Organometallic compounds 

containing triphenylphosphine and triphenylarsine are shown to have the 

same Eox and the triphenylstibine compound is more difficult to oxidize than 

the others (0.65 V). 

Ikuta and Kebarle examined the effects of methyl and phenyl 

substitutions on the gas-phase basicities of amines and phosphines.ll This 

1983 article suggested an equilibrium structure, shown below, for the 

conjugate acid in solution for phosphines which may help to understand the 

contradictory gas-phase and solution observations. 

Angelici and coworkert3 maintained the view of phosphines as 

exclusively o-donors in more current publications. However, no reference 
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was made to his 1960's work. A 1988 study by Bush and Angelici41 

directly challenged the PES data. Enthalpies of proto nation for phosphines 

were measured. Comparisons with crpara (Hammett parameter) gave good 

correlation. Correlation with cr+ ( a measure of resonance effects) is not as 

good. Angelici and Bush called for a reevaluation of PES and gas-phase 

proton affinities because they are not consistent with the solution data. A 

1991 article42 extended the enthalpies of protonations to bidentate 

phosphines. Further examination of organometallic compounds43,44 

supported the free ligand determinations. According to enthalpy of 

protonation data, PMe3 is easier to protonate than PPh3. The values of 

-MIHM correlate linearly with the carbonyl stretching frequencies of the 

given compounds, supporting the cr-donor only description, according to 

Angelici and coworkers. The observed trend in -MI was attributed to 

electronic effects and PMe3 is concluded to be the best donor of the series 

PMeg_nP~. Recent work by Nolan and coworkers45,46 supports the 

results of Angelici and coworkers. Enthalpies of substitution for PPh3 

compounds are less than those for PMe3. PMe3 was observed to replace 

PPhg. 

In 1992 Richmond and coworkers47 presented an interesting NMR 

study that may aid in the understanding of 7t-acceptance of phosphine 
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ligands. Variations in 170 quadrapole coupling constants were said to 

reflect changes in 1t strength. This communication presented data for 

W(CO)5L [L=NMe3' PMe3' P(OMe)3]' Perhaps expansion of this study to 

phenyl containing phosphines may lead to additional information about the 

PMe3_nP~ series. 

Discussion 

While it is obvious that the ligands PMe3_nP~ have been extensively 

studied, the results of these investigations are not always in harmony. This 

work takes a closer look at the PES of some compounds previously published 

and discusses them in terms of the literature. PES of additional compounds 

are presented here for the first time. The important issues to be addressed 

include the bonding trends of the given ligand and their cr-donor/1t-acceptor 

properties. 

The most striking point of controversy is the discrepancy between 

solution and gas-phase studies. There must be some way of connp.cting the 

observed experimental results. Interesting results to consider are the 

relative regularity in the PMe3_nP~ series for pKa, -MfHP and IP and the 

irregularity of the gas-phase proton affinity data. This emphasizes the need 
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to consider factors including hard/soft acid/base (HSAB), resonance structure 

and solvation effects. 

The following chapters will incorporate the work of previous 

researchers with the results of current gas-phase photoelectron spectroscopy 

(PES) studies of various transition metal-phosphine compounds. These 

studies are then expanded to compare PPh3 bonding with that of other EPh3 

ligands in transition metal complexes (where E=Group 15 element). 

Ligands containing Group 15 elements other than phosphorus have 

a long history,48 but have not been as thoroughly studied as phosphines. 

Most of the studies involving these ligands are structural determinations 

rather than comparisons of the electronic structure and bonding or trends 

in the series. An exception to this is a PES study of various free ligands of 

the form ERa.49 Results of this study by Rabalais and coworkers are 

discussed in the context of those obtained in this work. 

One of the difficulties in the area is terminology. Clear definitions of 

terms like "basicity," "nucleophilicity," "a-donation," and "x-acceptance" are 

rarely found in the surveyed literature. What is really being measured by 

the different techniques? For the purpose of comparisons in this study 

definitions are vital; a-donor refers to accessibility of the lone pair of 

electrons for donation to a metal center in the absence of external effects 
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like solvation and steric hindrance. The 7t-acceptance refers to the ability 

of the ligand to compete for electron density from a metal into empty 

orbitals on E. 



Introduction 

CHAPTER 2 

Experimental 

36 

The discussions contained in this work are the results of experimental 

and theoretical inve~tigations of various compounds. Details of sample 

preparation, photoelectron spectroscopy and orbital calculations are 

presented in this chapter. The special techniques of high temperature PES 

and purification by sublimation at high temperatures are also described. 

Other sections of this dissertation give additional details for specific 

situations. This chapter serves to provide information that can be applied 

generally to all systems that have been studied. Because the appendices are 

published papers or manuscripts prepared for publication, each has a 

separate experimental section. 

Sample Preparation 

The molybdenum compounds were prepared and the spectra were 

collected by Dr. Mark Jatcko.50 All free ligands were purchased 

commercially and used without further purification. Manganese compounds 
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were prepared by literature methods using a photochemical reactor and 

characterized using m and mass spectroscopy.51,52 

Photoelectron Spectroscopy 

All spectra presented here were recorded on a McPherson ESCA36 

photoelectron spectrometer. The instrument has a 36 cm hemispherical 

analyzer (10 em gap). Over the years, this instrument has been extensively 

customized. These modifications and data collection methods are described 

in earlier dissertations.50,53-55 

The majority of the samples analyzed in this work are solids. These 

solids, with the exception of Cso and C701 were run from an aluminum cell 

designed by Dr. Mark Jatcko.50 Liquid samples with high boiling points 

(e.g. PMeP~) were also run from the cell. Glass wool is placed in the 

sample holder before the cell is baked out. The cell with the glass wool is 

cooled in the dry box freezer before loading a few drops of the liquid onto the 

glass wool. Other liquids were run from a Young's tube (e.g. AsMea) on the 

outside of the instrument. The standard procedures 1:01' solid and liquid 

samples in both He I and He II modes have been detailed previously.55 Cso 

and C70 were run in a stainless steel cell which is described below in full. 
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Table 3, at the end of this chapter, summarizes the compounds 

reported and the file names raw data. Raw data collected by previous group 

members and used for reference here can be found on disks along with my 

data. Full and closeup spectra were collected for each compound. Where 

necessary, He II data were collected. He II files are noted by (*) in Table 3. 

Data are referenced internally to Ar 2Pa/2 at 15.759 eV. The energy 

scale is calibrated by comparing the iodine lone pair position in CHaI at 

9.538 eV with the argon peak at 15.759 eV.56 Identical energy windows 

(same number of points, step size and collecting time) are set up near 9.538 

and 15.759 e V for calibration. CHaI is introduced to the instrument through 

a needle valve attached to a Young's tube on the outside of the instrument. 

Scans are made, alternating between argon and CHaI regions. After each 

argon scan, the instrument is internally calibrated by setting the maximum 

intensity to 15.759 eV, just as when other data is being collected. The 

position at maximum intensity is recorded in Ar and CHaI regions. Ten sets 

of data are compiled. The average separation between argon and 

methyliodide is determined. The standard deviation for these differences is 

calculated. A typical value for the standard deviation is 0.001 eV. A 30 

value of ±0.003 eV is determined for the energy scale. Another calibration 

method involves measurement of the separation between argon and the 
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helium self ionization in He II mode. Results from this also give standard 

deviations of 0.001 eV. This second method of calibration is a good check of 

the calibration since the values for these ionizations have been determined 

accurately by optical methods.57 

Resolution is measured using the full width at half maximum 

(FWHM) of the argon peak at 15.759 eV. In the spectra presented, the 

resolution always measured less than 30 meV and usually less than 25 meV, 

unless otherwise noted. All data is intensity corrected for the 

experimentally determined sensitivity function. 

Data Manipulation 

Amino acid and some C60 data were analyzed using the programs 

IFIT5 and GFIT, described elsewhere.58 Updated programs were available 

for all other data. A BASIC program59 was revised to have the same 

specifications as IFIT5 and GFIT. The new programs run interactively on 

a PC. The data manipulation program (DMPE) allows for addition of data 

sets, intensity correction, spike removal, and smoothing. The fitting 

program (FP) fits the data with asymmetric Gaussians. Peaks are defined 

by position, amplitude, half width at half maximum on the high and low 

binding energy sides (WH and WL). Convergence of the least squares fit is 
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determined in the same manner as GFIT. Subtraction of He II J31ines (12% 

of a at 7.558 eV lower energy) or He I J3 lines (3% of a at 1.86 eV lower 

energy) and He II fitting options are also available in the FP program. The 

final program, MP, makes plotting easy. A single spectrum can be 

displayed, or several spectra can be stacked for simultaneous display using 

MP. The output (.DIS) is in HPGL format. The incorporation of these 

programs has made the manipulation of PES data faster and simpler, while 

retaining the essential core of the previous programs. 

Dr. Ann Copenhaver has explained in detail the method of band 

shape analysis, determining the reproducibility of peak positions and width 

to be generally ±0.02 eV (30' for position reproducibility).60 With 

substantial peak overlap, peaks are not independent and the uncertainly 

increases. The relative areas used to compare He I and He II have an 

uncertainty of about 10%. Peak overlap once again contributes to higher 

degrees of uncertainty. Individual cases will be discussed in more detail. 

Orbital Calculations 

The extensive use of calculations have aided in the understanding of 

the experimental data presented. Methods used include ab initio, AM1, 

PM3, MNDO, Fenske-Hall and Extended Huckel. General information is 
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given here for different types of calculations. Details are given with the 

results. 

SPART.AN>l is a computational package that allows for easy 

molecule building (several phosphines and arsines built) and execution of a 

variety of calculational methods. Calculations used from this package were 

ab initio (STO-3G and 3-21G), PM3, AMI, and MNDO. Basis sets are 

available for phosphorus for all of these methods, but only ab initio (STO-3G 

and 3-21G) and PM3 have basis sets for arsenic. 

GAUSSIAN9262 was used to evaluate the role of filled-filled 

interaction in the series PMe3_nP~' Geometry optimization ab initio 

calculations were executed on all ligands (STO-3G, 3-21G, and 6-21G on 

PMe2Ph). Single point energy calculations on PMe2Ph where the filled-filled 

interaction is maximized and minimized were compared at the 3-21G level. 

Fenske-Hall (FH) calculations have been carried out on several 

systems. Sources of coordinates are discussed for each particular case along 

with the results. Herman-Skillman basis sets are used for all 

calculations.63 Several programs have aided in the analysis of FH data. 

Where applicable, hydrogen atoms are added using the program ATMGEN. 

MOPLOT2 was recently developed by Dr. Dennis Lichtenberger to give three 

dimensional representations of FH results. Examples of results using 
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MOPLOT2 can be seen in Chapter 3 and Appendix D. A detailed 

description of the Fenske-Hall method appears in Appendix C. 

Extended Huckel (EH) is executed using the PC version developed by 

Mealli and Proseppio.64 Values ofHii and Slater exponents are shown in 

Table 2.65,66 Coordinates are taken directly from the structures 

generated by SPARTAN. 

I Atom (Orbital) I ~i (eV) I Slater Exponent (~) I 
H (1s) -13.60 1.300 

C (2s) -21.40 1.625 

(2p) -11.40 1.625 

P (3s) -18.60 1.600 

(3p) -14.00 1.600 

As (4s) -16.22 2.230 

(4p) -12.16 .. 1.890 

Table 2. ~i values for atoms used in Extended Huckel calculations. 

High Temperature Cell 

The high temperature cell is used for compounds that sublime above 

225°C. The cell dimensions are exactly the same as the standard aluminum 
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sample cell.50 The modifications in operation and specifications follow. 

Stainless steel was used for most components to withstand the high 

temperatures. The slit piece, however, is still made from molybdenum. The 

stainless steel cell is equipped \vith an addition piece to keep heat closer to 

the slit that is not present in the aluminum cell. A "plug" that is inserted 

through the ionization chamber sits in the argon inlet. Two grounding 

wires are necessary for the high temperature cell because the posts, which 

provide grounding for the aluminum cell, are removed from the faceplate 

inside the sample chamber to limit the heat transferred to the baffles. One 

grounding wire is attached at any screw on the cell and run through the 

vacuum feedthrough (back pin). The other is attached directly at the slit 

and connected to the sample chamber faceplate. The cell is supported by 

the argon inlet on the bottom and the light pipe on the top. Careful 

alignment is necessary, just as with the copper tube, to line up the cell slit 

with the slit on the baffles. 

To date, 450°C is the maximum temperature achieved. A 500 watt 

cartridge heater can achieve 450°C with the voltmeter set at about 75 volts. 

If temperatures higher than that are to be attempted, it must be determined 

whether the vacuum feedthrough will withstand much more heat. Because 

the graphite coating (DAG-graphite and MoS2 suspension, Acheson Colloid 
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Co.) normally used on the cell decomposes around 225°C, none is used on 

the cell or the sample chamber faceplate when running high temperature 

samples. Best results are achieved when the baffles and sample chamber 

are clean. The high temperatures will heat the baffles and sample chamber 

walls, subliming residue from them. At sustained high temperatures, the 

sample chamber door can get too hot to touch, so it is important that 

everything be extremely clean. Caution: prolonged heating can cause the 

baffles to warp even with the posts removed. 

Conditioning of the cell is critical. Before baking, scrub each part of 

the cell until it shines, especially the "plug" and argon inlet. Routinely 

sonicate the argon inlet in whatever solvent the previous sample is soluble 

(toluene was used for fullerenes); bakeout is not particularly effective for the 

argon inlet. Bake the cell in vacuum above the sublimation temperature of 

the last compound or the next sample, whichever is greater. Check the 

sensitivity and resolution periodically during bake out. More than one 

bakeout is frequently required t.o adequately condition the cell. Degauss the 

cell before running and use the small turbo (TPU 060). With proper 

cleaning and conditioning sensitivity and resolution can be comparable to 

the aluminum cell. 
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High Temperature Sublimation Oven 

The high temperature sublimer is a stainless steel cylinder designed 

to heat a flask to high temperature for sublimation on the high vacuum line. 

The sublimer consists of three 

pieces shown in Figure 1: lid, 

body, and base. The body is a 

hollow cylindrical tube 2.75" in 

diameter, with a closed bottom. 

Walls are approximately 0.12" 

thick. The bottom has a notch 

3/8" in width and 3/16" in height 

for the cartridge heater. Four 

holes are tapped in the bottom to 

connect to the base. The base 

allows a cartridge heater to be 

2.75" 

Lid 

Body 4.0" 

Base O.S" 

Heater Notch 

1.625" I 

Figure 1. H i g h t e m per a t u r e 
attached to the sublimation oven. sublimation apparatus. 

The base is a solid piece of stainless steel of the same diameter as the body 

with four holes and a notch to match the body. The lid is a thin piece of 

steel 2.75" in diameter. In the center is a hole with a diameter of 1.625". 
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The lid is designed to sit on top of the body, so it has a slightly extended lip. 

A small notch on the lid is for the insertion of a thermocouple wire. 

When using the sublimer, insert the flask as far as possible without 

touching the bottom. A thermocouple can be inserted and positioned just 

below the bottom of the flask. A 500 watt cartridge heater is used as the 

heat source and fits in the notch, as mentioned above. Insulate the 

sublimer by wrapping with 2" glass tape and use fire brick underneath. It 

is helpful to place the bricks on a lab jack so the sublimer can be raised and 

lowered while the apparatus is still hot. 

I COMPOUND II TEMP °C II FILENAME II REGION eV II LOCATION I 
CPMN.FZ 15.7-6.17 

CpMn(CO)2PPhg 120-130 CPMN.AZ 8.0-5.97 

CPP.AZ 11.2-6.09 RDMER4 

*CPP2.AZ 11.2-6.09 

CPAS.FZ 15.5-5.77 
CpMn(CO)2AsPhg 

CPAS.AZ 11.2-5.91 120-130 
CPAS.BZ 8.2-5.82 RDMER4 

*2CPAS.AZ 11.0-5.89 

MEMNP.FZ 15.5-5.77 

Cp'Mn(CO)2PPhg 120-130 MNP.BZ 11.0-5.89 

MEMNP.AZ 8.0-5.81 RDMER4 

*MNP2.BZ 11.0-5.89 
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I 
COMPOUND II TEMPoC II FILENAME II REGION eV II LOCATION I 

MNASPH.FZ 15.7-5.86 

MNAS.FZ 15.5-5.77 

Cp'Mn(CO)~Pha 125-135 CPMNAS.AZ 7.8-5.96 
RDMER4 

MNAS.BZ 11.2-6.09 

*MNAS2.BZ 11.2-6.09 

SBMN.FZ 15.5-5.77 

SBCL.BZ 11.0-5.89 

Cp'Mn(CO)2SbPha 135 SBMN.AZ 8.0-5.81 RDMER4 

*MNSB2.AZ 11.0-5.89 

PPH3.FZ 15.5-5.77 

PPha 72 PPH3.AZ 10.9-6.87 RDMER3 
*HEIIP.AZ 10.9-6.87 

ASPH.FZ 15.5-5.77 

AsPha 85 ASPH.AZ 11.3-7.29 RDMER3 
*AS2.AZ 11.3-7.29 

SPPH3.FZ 15.5-5.77 

SbPha 95 SBPH3.AZ 10.7-7.23 RDMER3 
*SB2.AZ 10.7-7.23 

BIPH.FZ 15.5-5.77 

BiPha 95 BIPH.AZ 11.4-7.02 RDMER3 
*BIPH2.AZ 11.4-7.02 

ASME.FZ 15.5-5.81 

AsMea 25 ASME.BZ 12.0-7.07 RDMER3 
ASME.AZ 10.0-7.69 
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I COMPOUND "TEMPoC" FILENAME " REGION eV II LOCATION I 
PPH2ME.FZ 15.5-5.47 

PMeP~ 30 
PPH2ME.AZ 10.5-7.03 

RDMER3 

PC60.FZ 15.5-5.77 

C60(PURE) 400 PC60.AZ 8.6-7.14 RDMER2 

PC60.BZ 10.0-8.41 

PC70.FZ 15.5-5.77 

PC70.AZ 8.9-7.07 
RDMER2 

C70(PURE) 450 
PC70.BZ 10.6-8.53 

BUCKYF.FZ 15.7-5.60 

C601C70(MIX) 400 BUCKY.FZ 8.6-7.14 RDMER2 
BUCKY2.AZ 10.0-8.41 

COFULV.FZ 15.5-5.46 

(fv)Co2(CO)4 79.5 COFULV.AZ 11.5-6.57 RDMER2 
*FULV2.AZ 11.5-6.57 

GEI2.FZ 15.5-5.77 

(fv)Rh2(CO)4 80 GEI2.AZ 12.0-6.16 RDMER2 

FVRH2.AZ 12.0-6.16 

FVRH.FZ 15.5-5.47 
(fv)~(COD)2 158 

FVRH.AZ 11.5-5.66 
ROMER2 

CPCR2.FZ 15.7-6.17 
[CpCr(CO)312 68 

CPCR2.AZ 11.0-6.77 
RDMER1 

PHE.FZ 15.7-7.17 
phenylalanine 130-135 

PHE.AZ 10.6-8.22 
ROMER1 

TRP.FZ 15.7-5.86 
tryptophan 170 

TRP.AZ 10.5-6.81 
ROMER1 
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I COMPOUND II TEMPoC II FILENAME II REGION eV II LOCATION I 

IND.FZ 15.7-5.96 
indole . 25-30 

IND.AZ 9.5-7.31 
RDMERI 

N -methylphenyl- NMEPHE.FZ 15.7-7.09 
alanine 125-135 

NMEPHE.BZ 11.2-7.51 
RDMERI 

N,N-dimethyl- NME2PH.FZ 15.7-7.09 
phenylalanine 90-100 

NME2PH.AZ 11.2-7.14 
RDMERI 

alanine 120-125 ALA.FZ 15.7-5.96 RDMERI 

Table 3. CoIIection data for compounds run. * denotes He II. 
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CHAPTER 3 

Gas-Phase Photoelectron Spectroscopy of Free Ligands 
PMeS_nPhn. (n=O-3) 

Introduction 

The conflicting views of aht bonding properties in PMe3_nP~ 

described by previous researchers warrants a reexamination of the PES of 

these ligands. Gas-phase PES is a direct probe into the electronic structure 

of molecules. The free ligands PMe3_nP~ have been studied previously by 

PES,13 but with improvements in instrumentation, data collection, and 

analysis techniques through the years, it is possible to give these compounds 

more detailed attention. The ionization energies of the phosphorus lone pair 

should give some indication of the relative a-donor properties. The a-donor 

and 1t-acceptor properties will be discussed in detail in the next chapter 

where metal-ligand interactions are addressed. 

The electronegativity of phenyl (2.49) is calculated to be slightly 

greater than that of methyl (2.31).31,32 From these electronegativities, it is 

expected that the ionization energy of the lone pair should stabilize with an 

increasing number of phenyl rings. This is not the observed trend in PES 

studies presented here or previously. A variety of theoretical methods are 
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employed to determine the factors contributing to the observed experimental 

trend in lone pair ionizations. 

Photoelectron Spectra of PMe3.nP~ 

Figure 2 shows high resolution gas-phase He I spectra for PMe3_nP~ 

(n=0-3). The spectra are consistent with those previously published.13 The 

first ionization for each spectrum (-8--8.6 eV) is well separated from the 

other ionizations. This band is assigned to ionization from an orbital 

associated with the lone pair on phosphorus, in agreement with Puddephatt 

and coworkers.13 With the substitution of phenyl rings for methyl groups, 

the ionization potential of the first band decreases. The source of this 

destabilization will be discussed below in conjunction with the other 

ionizations in the valence region. The next envelope of ionizations in the 

PMe3 spectrum (10.5 to 12.0 eV) contains ionizations of the C-P cr bonds. 

The region containing information of the most interest is between 8.5 

and 10 eV in compounds containing at least one phenyl ring. These 

ionizations are assigned to orbitals primarily phenyl 7t in character. The 

phenyl 7t ionization pattern can be understood in terms of perturbing the 

orbitals associated with benzene. The filled 7t orbitals in benzene are the 

a2u and a doubly degenerate elg set. The 7t ionizations for benzene appear 
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Figure 2. Valence He I spectra ofPMe3_nP~. 
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Figure 3. Correlation diagram illustrating a filled-filled interaction using 
experimental ionization energies for PMe3' PMe2Ph, and 
benzene. 

at 9.25 eV (elg) and 12.38 eV (a2u).67 Because of the stability of the a2u 

it will not playa role in this discussion. Attaching a benzene ring to 

phosphorus breaks the symmetry, causing the e set to split into orbitals of 

a2 and bl symmetry. The position and splitting of these orbitals can give 

insight into the electronic structure of these phosphine ligands. If no 

interaction between the phenyl rings and lone pair exists, the phenyl 

ionizations will remain degenerate. Using experimental values for 
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ionization energies of benzene, PMea' and PMe2Ph, the orbital interactions 

between the phosphorus lone pair and a single phenyl ring are illustrated 

in Figure 3. Interaction ofB with the lone pair causes destabilization of the 

first ionization and stabilization of the phenyl bl-based ionization (filled

filled interaction). The energy of A remains essentially the same as in 

benzene because the node passing through the carbon closest to the 

phosphorus eliminates any significant overlap interactions. The small shift 

from benzene of the phenyl a2-based ionization is due to a small negative 

charge on the phenyl ring resulting from coordination with phosphorus. 

The pertinent peak positions for the valence ionizations ofPMea_nP~ 

(n=0-3) are gathered in Table 4. As phenyl rings are substituted for 

methyls, the shape of the phenyl region changes. Two peaks are clearly 

evident in PMe2Ph, separated by 0.37 eVe When two or three phenyls are 

present, this band can no longer be fit with two peaks. In all cases a 

shoulder appears on the high binding energy side of the band. The 

separation between the first and last peaks in this ionization envelope is 

0.59 eV for PMePh2 and 0.76 eV for PPha. The separation increases 

approximately 0.2 eV with each phenyl substitution. 

In Figure 4 a correlation diagram shows experimental ionization 

potentials for valence orbitals of PMea_nP~ ligands. Destabilization of the 
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I PMe3_nP~ (n=O-3) I 
I Ligand II Band I IP (eV) I WH I WL I 

PMea LP 8.57 0.62 0.54 

LP 8.29 0.61 0.53 

Pk2 9.13 0.38 0.16 

PMe2Ph Pk3 9.50* 0.50 0.35 

*-Pk 2 0.37 . -
LP 8.00 0.69 0.38 

Pk2 9.02 0.28 0.25 
PMePh2 Pk3 9.27 0.35 0.22 

Pk4 9.61* 0.53 0.37 

*·Pk 2 0.59 . -
LP 7.83 0.56 0.50 

PPha Pk2 8.86 0.27 0.21 

Pk3 9.15 0.46 0.31 

Pk4 9.62* 0.62 0.50 

*·Pk 2 0.76 - . 

Table 4. Valence ionization fit parameters ofPMea_nP~' 
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lone pair and first phenyl ionizations are clearly evident. Two 1t ionizations 

for each phenyl ring are in the region near 9 e V. Triphenylphosphine, 

therefore has a total of six phenyl 1t ionizations at approximately 9 eV. 

Overlapping bands prevent resolution ofindividual ionizations, so each band 

is fit with a minimum number of peaks to represent the band contours. The 

onset of the 1t ionizations (Peak 2) is destabilized, as is the lone pair, with 

the increase in the number of phenyl rings on the ligand. The phenyl 

IP 

8 

(eV) 

9 

10 

PMe 3 

Lone Pair 

Total # 1t 

Orbitals 
2 

PMePh2 

4 6 

Figure 4. Lone pair and phenyl ionizations for PMe3_nPh. 
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ionizations originate at 9.25 eV in benzene and the onset destabilizes about 

0.1 eV with each phenyl substitution. 

Clearly, interaction is taking place between the lone pair on the 

phosphorus and the phenyl rings. If no interaction were taking place any 

splitting in the 7t orbitals would be small and constant for the series of 

ligands. A filled-filled type interaction would destabilize the lone pair, 

causing the observed trend in lone pair ionizations potentials, and stabilize 

the interacting phenyl 7t, as illustrated above in Figure 3. Increased 

interaction is apparent when more phenyl rings are present, evidenced by 

increased splitting with more phenyl rings. This filled-filled interaction 

counteracts contribution to the lone pair energy observed due to 

electronega tivi ties. 

Results presented here are directly contradictory to the conclusions 

of two previous PES studies by Weiner and coworkers12 and Schweig and 

coworkers.26 These researchers contend no interaction exists between 

phosphorus and phenyl, primarily on the basis of a lack of shift and/or 

splitting in the phenyl ionizations. Weiner and coworkers compared the 

positions of phenyl ionizations in PPha to benzene and concluded there was 

no splitting or shifting. Closer examination of PPha shown in this chapter 

indicates otherwise. Schweig and coworkers compared the PES spectrum 
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for NMe2Ph to that of the phosphorus analog. For the nitrogen molecule a 

large splitting is observed in the phenyl ionizations (0.8 eV). The lone pair 

is destabilized 0.9 eV from NMe3 whUp. in the phosphorus analogs a shift of 

0.15 eV is observed. The phosphorus compound certainly does not show 

effects to the extent of the nitrogen compound, but this does not exclude lone 

pair-phenyl interactions entirely. 

The spectra in Figure 2 and data in Table 4 certainly show splitting 

of the elg and shifts in phenyl ionization potential compared to benzene. It 

is evident that the interaction with phosphorus is not as strong as with 

nitrogen, but the present detailed examination of this ligand series supports 

the existence of interaction in the phosphorus compounds. The observed 

order of lone pair ionizations in PES led Puddephatt and coworkers to 

predict the involvement of 7t orbital contributions. Closer consideration of 

the valence ionizations of the phosphines PMe3_nP~ (n=0-3) gives additional 

physical evidence to support these predictions of Puddephatt and 

coworkers.13 Previous researchers probably did not observe the features on 

the high binding energy side of the phenyl ionizations because of the large 

energy region of collection and poor signal to noise. By focusing on a small 

energy window in this work, the shoulders become quite clear. 
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He IIHe II Spectra of PPhS 

The He I and He II PES of PPh3 are shown in Figure 5. He II data 

are fit with asymmetric Gaussian peaks constrained to the parameters 

determined in the He I fit. Intensity is the only parameter allowed to vary 

in the He II fit. Relative areas are determined with respect to the lone pair 

ionization in Figure 5 (denoted by *). The magnitude of error in relative 

area is =10%, especially when overlapping peaks are involved. The first two 

phenyl based ionizations increase in area an average of23% compared to the 

lone pair. The shoulder at 9.62 eV decreases in relative area by about 5%, 

which is not significant. The relative area changes for the lone pair 

ionization and the shoulder are therefore similar with photon source change 

from 21.2 eV to 40.8 eV. Similar changes often imply similar orbital 

characters. In this case the similar changes support assignments involving 

lone pair-phenyl mixing. The lone pair-phenyl mixing is also observed in 

the analysis of the destabilization of lone pair ionizations explained in the 

previous section. 

Using the cross sections calculated by Yeh and Lindau68 and 

collected in Table 5, it can be determined that an orbital that is purely 

carbon p in character should drop about 26% compared to one that is purely 

phosphorus p. The spectra in Figure 5, however, do not exhibit this trend 
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Figure 5. He YHe II comparison for PPhs. Percent differences calculated 
compared to (*). 
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Photoionization Cross Sections (Mb) 

Atom (orbital) He I (21.2 eV) He II (40.8 eV) He IIIHe I 

P (3p) 1.23 0.509 0.414 

C (2p) 6.13 1.87 0.305 

Table 5. Phosphorus and carbon cross sections calculated by Yeh 
and Lindau.68 In He II carbon peaks should decrease 26% 
compared to phosphorus. 

for a lone pair high in P 3p and phenyl 1t high in C 2p. The observation that 

experimental relative areas are contrary to theoretical predictions for 

phosphorus and carbon have been encountered previously by this group. In 

the analysis of Cp*Mn(CO)(PMea)2 coordinated phosphorus lone pairs are 

observed to decrease in area relative to ionizations from the Cp * ring, 

although in this case cyclopentadienyl based ionizations also contain some 

metal character and this confuses the comparison.69 Further 

experimental investigation must be made before relying on the cross sections 

of Yeh and Lindau in comparing phosphorus to carbon. 

Orbital Calculations 

Several calculational techniques are employed to predict orbital 

energy trends and determine the effects of structure in PMe3_nP~' Table 6 
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summarizes the HOMO energies and charges on phosphorus and adjacent 

carbons (average). Calculations are executed on PMe3 and PPh3 with the 

following structures: PMe3 from a microwave structure (C-P-C 99°, C-P 

1.84 A),7° PPh3 using crystal structure data (C-P-C 102°, 1;)3°, C-P 

1.83 A) 71 and PMe3 using 

parameters from the PPh3 crystal 

structure. The molecules 

constructed in SPARTAN are 

given the above structural 

constraints. These structures 

were minimized in SPARTAN 

using a molecular mechanics 

SYBYL force field minimization. 

Ab initio (STO-3G), AMI, PM3 

and MNDO calculations are done 

with SPARTAN on the force field Figure 6. 

minimized structures. 

MOPLOT2 representation 
ofPMe3 HOMO. 

Coordinates are exported for Fenske-Hall and Extended Huckel calculations. 

Comparison of the HOMO energy in all methods indicates that PPh3 

is easier to ionize than PMe3 (microwave structure). With the exception of 



I Method I i;:;'~iO I MNDO I AMI I·PM3 I 
FH 

I 
EH I E;ct·1 

PMea-microwave structure 70 

-HOMO 6.734 10.139 9.316 8.769 9.219 13.134 8.574 
eV 

P, +.494 +494 -.009 +.410 +.340 -.028 -
charge 

C, -.312 -.025 -.312 -.331 -.206 -.064 -
charge 

PMea from PPha crystal structure 

-HOMO 6.401 9.988 9.082 8.493 8.830 12.896 -
eV 

P, +.498 -.020 +.246 +.423 +.347 -.007 -
charge 

C, -.326 -.015 -.331 -.327 -.213 -.075 -
charge 

PPha from crystal structure 71 

-HOMO 6.123 9.246 8.826 8.447 9.179 12.034 7.83 
eV 

P, +.502 +.353 +.627 +.684 +.262 +.026 -
charge 

C, -.152 -.203 -.272 -.308 -.026 +.079 -
charge 

Table 6. Summary of calculated charges and energies for PMea and 
PPha with experimental ionization potentials. 

63 
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FH, all methods predict PPha is easier to ionize than PMea using PPha 

structural parameters. Geometry changes affect the ionization energy, but 

are not sufficient to make the lone pair on PPha more stable than that of 

PMea. Charges vary greatly throughout the various calculations. The filled

filled interaction is observed in surface plots generated by all methods. 

Example surface plots are generated by MOPLOT2 for FH results and are 

shown in Figure 6 and Figure 7. 

These figures show that filled-

filled interactions exist for both 

methyl and phenyl. 

Table 7 summarizes the 

important results of the FH 

calculations and experimental lone 

pair ionization energies. The 

charge on P in PPha is +0.262 

compared to +0.340 for PMea. The 

HOMO in PMea is comprised of 

84% phosphorus atomic orbitals Figure 7. 

compared to 69% in PPha. 

Examination of the 3p orbitals on 

• 

HOMO of PPha generated 
by MOPLOT2. The third 
phenyl ring is 
perpendicular to the plane 
of the paper, atoms 
marked by 'x'. 
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phosphorus gives evidence for the filled-filled interaction clearly seen in the 

PES. Phosphorus 3p orbitals in PMea come at -9.78 eV, 0.56 eV more stable 

than the HOMO. The corresponding value for PPha is -10.74 eV, stabilized 

1.56 eV compared to the HOMO. The PPh3 destabilization of the HOMO is 

1.00 eV greater than that ofPMe3' Both PMe3 and PPh3 exhibit filled-filled 

interactions, but R=Ph shows a greater degree of interaction evidenced by 

the changes in energy described above. FH calculations support some 

degree of s character in the lone pair with approximately 6% of the HOMO 

in PPh3 being from P 3s and about 10% s in PMea' 

Ligand HOMO Charge HOMO 3p Orbital Change Expt 
P% onP Energy Energy (eV) IP 

Character (eV) (eV) (eV) 

I PMea I 84% I +0.340 I -9.22 I -9.78 I 0.56 I 8.57 I 
I PPha I 69% I +0.262 I -9.18 I -10.74 I 1.56 I 7.83 I 

Table 7. Fenske-Hall results for PMe3 and PPh3. 

Ab initio calculations on PMe2Ph show a great sensitivity to changes 

in basis set. A geometry optimization calculation on PMe2Ph using STO-3G 

results in a structure where the phenyl ring is positioned such that a filled-

filled interaction between the lone pair and phenyl ring is probable. The 
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larger basis sets 3-21G and 6-21G result in a structure where the phenyl 

ring is essentially perpendicular to the lone pair. 

In order to analyze the effect offilled-filled interactions on the HOMO 

energy two more calculations were executed at the 3-21G level. the 

geometries were frozen such that the filled-filled interaction was maximized 

or minimized. These calculations predict that when the interaction is 

maximized PM~2Ph should be easier to ionize than the structure with 

minimum interaction by 1.00 eVe PMe2Ph with the maximum filled-filled 

interaction is also easier to ionize than PMea (by 0.97 eV) at the same level 

of calculation. These results are consistent with the experimental PES. 

Dh;cussion 

Results of calculations on different theoretical levels agree with 

experimental observations of lone pair ionization energy trends; PPha is 

easier to ionize than PMea' A filled-filled interaction between phenyl rings 

and the lone pair on phosphorus causes a destabilization of the lone pair in 

the series PMea_nPha with an increase in the number of phenyl rings. 

Based solely on lone pair ionizations, photoelectron spectroscopy 

predicts PPha should be a better a-donor than PMea. With this information 

certain trends can be predicted for ionizations of compounds containing 

these ligands. The a-donor character should be carried through to metal 
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ionizations in an organometallic compound. The metal bands in a transition 

metal compound containing PPha should be destabilized compared to the 

corresponding PMea analog. The next chapter will explore some 

organometallic compounds to further probe the a-donor properties and 

investigate the x-acceptor properties. 
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CHAPTER 4 

Interactions of PMe3 and PPh3 with Transition Metals 
through PES 

Introduction 

In order to unde:rstand the cr-donorht-acceptor properties of the 

phosphines PMea and PPha, it is necessary to examine compounds 

containing a metal bound to one of these phosphines. This chapter focuses 

on comparisons through photoelectron spectroscopy ofPMea and PPha when 

these ligands are bound to metal centers. Photoelectron spectra are 

reported for CpMn(CO)2L, Cp'Mn(CO)2L and Mo(CO)5L [CP=115-C5H5' 

Cp'=n5-C5H4(CHa), L=PMea or PPha]. 

CpMn(CO)2L and Cp'Mn(CO)2L are useful as templates for comparing 

ligand systems. The fragments CpMn(CO)2 and Cp'Mn(CO)2 are well 

understood from a theoretical and experimental standpoint. This system 

has been widely studied through PES by Lichtenberger and coworkers for 

a variety of L.58,72-74 Here, the spectra for L=PMea and PPha are 

evaluated utilizing the same methods in an effort to understand differences 

in bonding for PMea and PPha. 

Analysis of an additional metal system can provide supplementary 

information and verification of conclusions made in examining the 
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manganese systems. Mo(CO)5L compounds have also been studied by 

Lichtenberger and coworkers to investigate bonding interactions,75,76 

Results for L=PMea and PPha are presented here. The results are in 

general agreement with the work of Bancroft and coworkers on the 

analogous system, W(CO)5PMea_nP~ (n=0_3).a4 Where applicable, 

differences or additional explanations will be noted. An advantage of the 

molybdenum over tungsten is the lack of appreciable spin-orbit coupling in 

the molybdenum system. 

The spectra of CpMn(CO)a and Cp'Mn(CO)a have been reported 

previously,77 but are shown in Figure 8 as references for the related 

compounds in this section. The ionizations from 7-9 e V are those of the d6 

metal. This is a broad band, which is best fit with two peaks. Ionizations 

for the cyclopentadienyl ring appear between 9 and 10.5 eV. This band is 

also broad and best fit with two peaks. Ionizations in the Cp' compound are 

destabilized compared to the Cp analog. Metal and ring ionizations are 

destabilized approximately 0.1 eV and 0.3 eV, respectively.77 

PES of CpMn(CO)2L and Cp'Mn(CO)2L 

The features for the Cp and Cp' compounds are very similar and will 

be discussed in general terms together. Particular differences will be 
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Figure 8. Full valence spectra of Cp'Mn(CO)a and CpMn(CO)a. 
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identified as needed. Substitution of PMeg for a single carbonyl in 

CpMn(CO)g changes the spectrum much as predicted. The spectra for the 

trimethylphosphine compounds have also been reported previously.54,7g,74 

The information in these spectra are used for comparison with the 

triphenylphosphine compounds below. The valence PE spectrum for 

CpMn(CO)2PMeg is shown in Figure 9. The metal band is broad when 

L=PMeg. The d6 metal electrons in CpMn(CO)2L and Cp'Mn(CO)2L should 

occupy three orbitals with no degeneracy due to low symmetry. It is 

observed however, that the orbitals here are close in energy and the metal 

region contains several overlapping bands. In the case of ligands with lower 

7t-acceptor abilities than CO, such as a phosphine, a single orbital should be 

more stable due to 7t-backbonding interaction with two carbonyls. 

Separation between metal ionizations should give an indication of relative 

7t-acceptance. The other two will be lower in ionization energy but possibly 

accidentally degenerate. The metal orbitals in CpMn(CO)2PMeg and 

Cp'Mn(CO)2PMeg are destabilized from the parent tricarbonyl compounds 

by about 0.9 eV while the ring ionizations are destabilized 0.7 eV. This is 

consistent with PMeg being a better a-donor and poorer 7t-acceptor than 

carbonyl. A peak at 9.8-9.9 eVis assigned to the phosphorus-manganese a 

bond. 
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Figure 9, Valence spectrum of CpMnCCO)2Pl\t1ea,54 
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When PPha is substituted for a single carbonyl in the manganese 

tricarbonyl compound instead ofPMea' the PES becomes more complicated. 

The first thing to notice is the relative positions of the metal ionizations. 

Ionizations for L=PPha are destabilized compared to the corresponding PMea 

and CO compounds. This data is in agreement with PPha being a better 
. 

a-donor than PMea' Phenyl ionizations come in the same region as the 

cyclopentadienyl ionizations, making the analysis of this region more 

difficult. Figure 10 . shows the valence ionizations of CpMn(CO)2PPha' 

Cp'Mn(CO)2PPha, and the free ligand PPha. The metal region shows the 

same basic pattern as the PMea analog. However, three ionization peaks 

were necessary to fit the band contour of PPha. Phenyl rings may cause an 

additional break in symmetry such that the PPha compounds require three 

bands while PMea is adequately fit with only two. Because of the 

significantly overlap of bands, the position of the second band cannot be 

used independently. This peak has been constrained to be the same shape 

as the first ionization because there is very little data with which peak 

parameters can be accurately determined. Table 8 and Table 9 give 

ionization information for CpMn(CO)2L and Cp'Mn(CO)2L, respectively 

(L=PMea, PPha and CO). Metal bands are labelled MI-M3. The Cp and Ph 

ionizations overlap and are fit with a minimum number of peaks. MP and 



I CpMn(CO)2L I 
I Ligand I Band· I IP (eV) I WH (eV) I WL (eV) I ReI. Area I 

M11M2 7.01 0.66 0.47 1.00 

M3 7.40 0.66 0.29 0.53 

PMe 54 
Cp 9.12 0.77 0.36 1.42 

3 
Cp 9.57 0.77 0.36 0.54 

MP 9.87 0.77 0.36 0.77 

split 0.39 - - -
M1 6.64 0.38 0.37 1.00 

M2 6.94 0.38 0.37 1.19 

M3 7.16 0.69 0.24 1.40 

PPh3 MP 8.48 0.60 0.20 2.66 

CplPh 8.99 0.48 0.42 7.89 

CplPh 9.36 0.65 0.47 9.53 

MP' 10.16 0.70 0.40 3.38 

split 0.37 - - -
M1IM2 7.97 0.65 0.38 1.00 

M3 8.33 0.65 0.32 0.58 

C054 Cp 9.84 0.58 0.33 0.91 

Cp 10.25 0.58 0.33 0.46 

split 0.36 - - -

Table 8. Peak positions (eV) for CpMn(CO)2L where L= PMe3' 
PPh3, and CO. 

74 
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Figure 10. Valence ionizations for CpMn(CO)2PPh3' Cp'Mn(CO)2PPh3' and 
PPh3· 
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MP' are the metal phosphorus interactions and are further explored below. 

As noted above, a measure of the relative stabilization due to 

7t-acceptance can be calculated from the separation in the metal orbital 

ionizations. Because of the overlapping bands in the metal region for these 

manganese compounds, the average position of Ml and M2 is subtracted 

from the position of M3 to determine the band splitting. CpMn(CO)a and 

Cp'Mn(CO)a have metal band separations of 0.36 and 0.34 eV, respectively. 

Splitting= M3- Ml+M2 
2 

A series of CpFe(CO)2L (FpL) compounds have been analyzed in terms of 

splitting?8 FpH is d6 and isoelectronic with the manganese system, but 

the ligand, H, cannot accept 7t electron density. Examples of splitting values 

include: 7t-donor, FpCI (0.79 eV), no 7t interaction, FpH (0.67 eV), and 7t-

acceptor, FpCN (0.55 eV), showing that PES can be used to determine 

relative amounts of 7t-acceptance. 

The splittings of pertinent manganese compounds are collected in 

Table 8 and Table 9; values for both PMea and PPha are about 0.38 eV. The 

splitting values are very close to those of the parent tricarbonyl, These 



I Cp'Mn(CO)2L I 
Ligand Band IP (eV) WH (eV) WL (eV) ReI. Area 

M1fM2 6.94 0.67 0.49 1.00 

M3 7.32 0.67 0.24 0.44 

Cp 8.87 0.54 0.37 1.02 

PMe 54 a Cp 9.30 0.54 0.37 0.71 

MP 9.79 0.58 0.35 0.85 

split 0.38 - - -
M1 6.56 0.39 0.34 1.00 

M2 6.84 0.39 0.34 1.00 

M3 7.09 0.61 0.29 1.66 

PPha MP 8.47 0.63 0.30 3.59 

CplPh 8.97 0.63 0.51 7.30 

CPlPh 9.33 0.71 0.66 9.09 

MP' 10.11 0.37 0.36 2.17 

split 0.39 - - -
M1fM2 7.85 0.63 0.38 1.00 

M3 8.19 0.63 i 0.38 0.52 

C054 Cp 9.54 0.56 0.36 0.86 

Cp 9.96 0.56 0.36 0.49 

split 0.34 - - -
Table 9. Peak positions (eV) for Cp'Mn(CO)2L, L=PMea' PPha and 

CO. 
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values are seemingly contradictory to the observation in Mo(CO)5PMea that 

PMea is 25% as efficient as carbonyl at backbonding,75 The origin of the 

splitting in the manganese tricarbonyl compounds is different than in the 

phosphine substituted compounds. The axes of symmetry are changed in 

the manganese compounds such that the tricarbonyl is not a good reference 

point. The important issue is that the phosphines under investigation here 

have similar 7t-acceptance properties. 

The presence of the phenyl ionizations inhibits the ability to 

accurately determine the precise origins of the ring ionizations. The region 

from 8 to 11 eV has several features which one would expect to assign to 

ionizations due to cyclopentadienyl, phenyl, and MP (metal-phosphorus (J 

bonds). The CpIPhlMP region shows a large, broad band centered at about 

9.2 eV with a shoulder on the low binding energy side. A small feature also 

appears at about 10.1 eV. The broad band is assigned to Cp and Ph ring 

ionizations, based on its position, shape and intensity. It is impossible to 

discriminate between Ph and Cp ionizations in this region. The two small 

peaks at 8.5 eVand 10.1 eV are of interest in attempting to assign the Mn-P 

bond. Is the shoulder at 8.5 eV just a part of the ring ionizations, or is it 

the metal-ligand bond? This shoulder cannot be due to the cyclopentadienyl 

ionizations because Cp' ionizations are destabilized about 0.3 eV from those 
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ofCp. The shoulder in the Cp and Cp' compounds comes at about the same 

position. Comparisons of He II and He I data potentially could aid in 

determining the origin of this ionization. Unfortunately, the peak in 

question is not well defined and relative area analysis is not reliable enough 

on severely overlapping peaks to base the assignment on this information. 

The peak at 10.1 eV is independent of the overlap problems of the 

peak at 8.5 eV. The He II spectrum in Figure 11 clearly shows the peak at 

about 10.1 eV is high in ligand character. The intensity drops significantly 

(=50%) compared to the metal ionizations, as is expected from their 

respective cross sections. Further information is obtained by recalling the 

spectrum of PPhg in the previous chapter. A filled-filled interaction 

destabilizes the lone pair and stabilizes a phenyl combination. The mixing 

in these orbitals is extensive, giving similar characters to the two peaks 

straddling the phenyl ionizations, as in the He IIHe II comparison in the 

free ligand, PPhg. If a metal interacts with this filled-filled combination, 

both orbitals will be significantly stabilized in the spectrum of the 

organometallic compound. The first orbital is likely to be more strongly 

affected because of the similarity in energy and probability of slightly 

greater lone pair character. For these reasons, the peak at 8.5 eV is 

assigned MP for the metal-phosphorus interaction and the peak at 10.1 eV 
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Figure 11. He IIHe II data for Cp'Mn(CO)2PPha. 
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is assigned MP', originating from the interaction of the metal with the 

higher energy combination of the ligand filled-filled interaction. 

This detailed analysis of the CpMn(CO)2L and Cp'Mn(CO)2L, L=PPha 

and PMea gives further insight into the electronic structure of the ligands 

L. The overall picture of bonding that emerges is: PPha is a better a-donor 

than PMea' and both these ligands exhibit equal1t-acceptance. Assignments 

for the metal-phosphorus interaction reinforce the filled-filled interaction 

bonding picture observed in the free ligand PPha. 

Mo(CO)5L 

The PES of Mo(CO)S53,79 is a useful reference for examining the 

spectra of Mo(CO)5L compounds. In Mo(CO)s, molybdenum is also a dS 

metal, but with higher symmetry (~) than the manganese compounds 

discussed above. The electrons occupy a three-fold degenerate ~g orbital. 

The metal region of the photoelectron spectrum ofMo(CO)s is a single band, 

located at 8.42 eVe A shoulder at 8.68 eV shows vibrational fine structure 

due to back-donation into the carbonyls. Substitution of a phosphine for a 

single CO lowers the symmetry of the molecule, causing the ~g level to split 

into e and b2 levels. Because CO is a better 1t-acceptor than phosphines, the 

b2, which interacts with four carbonyls, should be more stable than the e 
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level, which interacts with three carbonyls and the phosphine. The expected 

ionization pattern for a phosphine substituted compound is therefore a 

broad band split into two peaks with relative area ratios of 2:1 (M1:M2). 

As noted for the manganese compounds above, the amount of splitting 

(M2-M1 for Mo(CO)5L) is indicative of the degree of back-donation from the 

substituting ligand, L. 

The spectrum of Mo(CO)5PMea has been reported previously.75,79 

The ionizations from 7-8.5 eVare metal based ionizations. Two peaks and 

a shoulder, assigned to e and b2 orbitals with vibrational structure, are 

clearly visible. Fitting with asymmetric Gaussians, M1, M2, and M2*, the 

ratio M1:M2+M2* is 2:1.3S" close to the expected 2:1. M2* is vibrational 

fine structure from the carbonyls as observed in Mo(CO)6' At about 10 eV 

the P-Mo a ionization is visible. The spectrum observed by Bancroft in the 

analogous tungsten compound is quite similar and assignments are in 

agreement.a4 Mo(CO)5PMea will be used for comparison with the more 

complicated Mo(CO)5PPha compound; the spectra of their metal regions are 

shown together in Figure 12. 

Two primary regions make up the spectrum of Mo(CO)5PPha' the 

metal region and the "phenyl" region. The region from 7-8 eV for the PPha 

compound contains the expected d6 metal based ionizations. The peaks are 
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Figure 12. Valence metal ionizations for Mo(CO)6PMea and Mo(CO)sPPha. 
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not quite as well defined in Mo(CO)5PPha as in the PMea analog. The metal 

region for the PPha compound is fit in the same manner as that in 

Mo(CO)5PMea. A 2:1 (Ml:M2) area pattern is not observed when L=PPha. 

The relative areas are closer to 1:1. This is primarily due to the increased 

uncertainty in area caused by the increase in overlapping bands for the 

PPha compound. As in the manganese compounds discussed previously, the 

small changes in the shapes of these bands are probably due to small 

changes in symmetry by the twisting of phenyl rings. The first metal 

ionization for the PPha compound is destabilized 0.24 e V from the PMea 

analog and 1.03 eV from the parent M(CO)6' 

The "phenyl" region from 8.5-11 eV shows several features that will 

be discussed further, in conjunction with the ionizations of the free ligand 

PPha and W(CO)5PPha' Table 10 summarizes the valence ionization 

information for Mo(CO)5L, L=PMea, PPha, and CO. The spectra shown in 

Figure 12 illustrate the similarity in back-donation for the ligands PMea and 

PPha. The separation, M2-Ml, for each ligand is 0.28 eV. Previously, 

Mn(CO)5H has been used for comparison because H has no back-bonding 

capabilities. Splitting in Mn(CO)5H is 0.40±.02 eV,75 which is greater than 

that observed in these phosphine ligands. The magnitude of splitting has 

been interpreted as PMea being one-fourth as good at back donation as 
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I MO(CO)5L I 
Ligand Band IP(eV) WH (eV) WL (eV) ReI. Area 

M1 7.57 0.49 0.27 1.00 

M2 7.85 0.37 0.19 0.51 

PMea 
M2* 8.14 0.37 0.19 0.17 

MP 9.86 0.66 0.36 0.73 

M2-M1 0.28 - - -
M1 7.33 0.33 0.30 1.00 

M2 7.61 0.29 0.27 0.85 

M2* 7.87 0.29 0.27 0.24 

MP 8.65 0.44 0.21 0.99 

PPha Ph 9.17 0.45 0.30 2.87 

Ph 9.51 0.60 0.36 3.22 

MP' 10.35 0.52 0.30 1.00 

M2-M1 0.26 - - -
M1 8.42 0.38 0.29 -

C079 
M1* 8.68* 0.38 0.29 -

Table 10. Peak positions (eV) for valence ionizations of Mo(CO)5L. 
Vibrational peaks denoted by *. 
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carbonyl. 75 The bonding picture once again supports PPha as the better 

a-donor with PPha and PMea having comparable 1t-acceptor properties. As 

expected, the phosphines also exhibit less 7t-acceptance than CO. 

The ionizations in the metal and "phenyl" region for Mo(CO)5PPh3 

compared to the valence ionizations of the free ligand PPha are shown in 

Figure 13. In the "phenyl" region there are three band envelopes to describe 

and assign. At 8.66 eVa small band appears. This is followed by a large 

band fit with two peaks. Another small band comes at 10.37 eV. The 

pattern of small band, large band, small band is strikingly similar to the 

CpMn(CO)2PPha and Cp'Mn(CO)2PPha spectra. The filled-filled interactions 

of the ligand is once again reflected in the spectrum of the organometallic 

compound. 

It is important to understand the work on W(CO)5PPha by Bancroft 

and coworkersa4 in order evaluating the Mo(CO)5PPha system further. The 

two spectra have the same general features. Following the metal region in 

the tungsten compound, there are two band envelopes below 10.5 eV. The 

first band is a large peak with a small shoulder on the low binding energy 

side. This was fit with two peaks and assigned to the b l and ~ ionizations 

of the phenyl rings by Bancroft and coworkers. The band at 10.44 e V is 

similar in shape and relative intensity to the band at 10.37 eV in the 
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Figure 13. Valence spectra for Mo(CO)5PPha and PPha. 
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molybdenum analog and assigned to the metal-ligand bond by Bancroft. 

Conclusions of Bancroft and coworkers include the order of increasing 

a-donation PMe3 < PMe2Ph < PMePh2 < PPh3. In addition to Bancroft and 

coworkers' experiments on the free ligands,13 their previous studies include 

a discussion of the destabilization of the metal orbitals with the increased 

substitution of phenyl rings as good evidence for the given order of 

a-donation.34 As another method for determination of relative a-donation 

for other ligands, Bancroft and coworkers studied the amount of 

stabilization of the lone pair upon coordination to the metal (~tab) for a 

variety of phosphines, including the series PMe3_nP~. The authors note 

that phenyl rings introduce interactions which result in complication of the 

spectra, making ~tab artificially large. This analysis of .1stab is deemed less 

useful in comparing PMe3 to PPhg than to phosphines containing no phenyl 

rings. However, relative values of .1stab will be further addressed in 

connection with data presented here. According to Bancroft and coworkers 

the 7t-acceptance is comparable throughout the series PMe3_nP~ (n=O-3), 

evidenced by the constant splitting of the metal orbitals in the given 

tungsten compounds. An adw.tional complication with the W(CO)6L 

compounds stems from the spin-orbit coupling observed in the PES of 
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tungsten compounds. The spin-orbit coupling can allow additional mixing 

of orbitals that will not be encountered in the molybdenum analogs. 

Concern arises over the assignment of the PPha-tungsten spectrum 

in light of the results of Chapter 3, the manganese compounds earlier in this 

chapter and the comparisons with the PPha-molybdenum system. The area 

of the second component of Bancroft's phenyl1t assignment is much larger 

than the first. With better signal-to-noise this large peak could easily be fit 

with two peaks, as has been done here for the Mo compound and for the free 

ligand. It is expected that the phenyl bl and a2 peaks should have similar 

intensities as they do in the free ligand. Considering this information and 

the separation of the first ionization in the "phenyl" region from the large 

band in the Mo compound, a more reasonable assignment is proposed here. 

These assignments are consistent with those made for the manganese 

compounds. The smaller ionization peaks, marked MP and MP' in 

Figure 13, originate from the ionizations due to the interaction of the lone 

pair on phosphorus and the phenyl rings with the metal. These are 

stabilized compared to the free ligand due metal-ligand bond formation. 

Bancroft's values of ~tab a4 are reevaluated using the above ionization 

assignments. The stabilization of the lone pair upon coordination to the 

metal should be the largest shift from the corresponding parent compounds. 
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Within a related series of compounds, larger values of ~tab are interpreted 

as a sign of better a-donation. The identification of this value is 

straight-forward in the case of PMea' but more difficult in the PPha case. 

The stabilization of MP an MP' are added to determine the overall ~tab in 

PPha compounds. If the stabilizations of MP and MP' are added for the 

tungsten compound to determine Aatab' a value of 1.74 eVis obtained. This 

is still greater than the 1.46 eV calculated for PMea but more reasonable 

than the 2.46 eV reported by Bancroft. In the same manner, Aatab can be 

calculated for the molybdenum compounds. Figure 13 graphically illustrates 

the origin of this 1.55 eV stabilization for Mo(CO)6PPha. The PMea analog 

has a Aatab of 1.30 eV. 

Table 11 summarizes ~stab values for compounds discussed in this 

chapter. This evaluation of ~stab does not work well for the manganese 

compounds. Values of Aatab for PMea manganese compounds are greater 

than the corresponding PPha compounds. The manganese compounds are 

complicated by the presence of the cyc10pentadienyl ligands. It has been 

observed that Cp and metal can exhibit considerable mixing. In 

CpRe(COXNOXR) the orbital which forms the M-R 0' bond has significant 

Cp character.SO This type of interaction will affect the positions of MP 

and MP' due to Cp contribution to these orbitals. 



I Compound 

W(CO)6PMea 

W(CO)6PPha 

Mo(CO)6PMea 

Mo(CO)6PPha 

CpMn(CO)2PMea 

CpMn(CO)2PPha 

Cp'Mn(CO)2PMea 

Cp'Mn(CO)2PPha 

Table 11. Calculated values for L\;tab' 

Discussion 
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I t1stab (eV) I 
1.46 

·1.74 

1.30 

1.55 

1.30 

1.19 

1.22 

1.14 

Positions of metal ionizations and L\;tab values in the molybdenum 

and tungsten compounds support the conclusion that PPha is a better 

a-donor than PMea. Filled-filled interactions evident in the free ligands 

PMea_nP~ are carried over into their organometallic counterparts. The 

metal band splitting in the manganese and molybdenum compounds support 

the previous conclusion of Bancroft that PMea and PPha display similar 

amounts of x-acceptance. The molybdenum system is less cluttered because 

there are no Cp ionizations to interfere with assignments. The manganese 
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compounds are complicated by significant orbital interaction. When 

considering the L\tab values and metal band splitting the Mo(CO)5L seems 

a better choice of systems. 
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CHAPTERS 

Gas-Phase PES of the Free Ligands EPha and EMea 

Introduction 

A natural extension of the preceding chapters is to examine the 

bonding of the other elements in Group 15. How do a/x bonding properties 

change moving down the periodic table? The free ligands EPha (E=P, As, 

Sb, Bi) are all commercially available air stable solida. This provides an easy 

place to begin the comparisons of Group 15 elements. The ligands EMea 

(E=P,As,Sb) are also commercially available, but much more difficult to 

handle than the EPha counterparts. PMea has been discussed in Chapters 

3 and 4 and will be used here for reference. The PES of AsMea is presented 

here for the first time, giving insight into some of the observed trends for 

the triphenyl series. SbMea, while commercially available, poses 

experimental difficulties and dangers. It is too pyrophoric to be contained 

in glass and can only be bought in relatively large quantity cylinders 

(250 mI). At this time the spectrum is not necessary to explain the trends 

observed in EPha ligands and the photoelectron spectrum of SbMea was 

therefore not attempted. 
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The PE spectra should be similar for the given series of ligands. One 

might also initially expect a steady destabilization of ionization energies for 

the lone pair descending the Group. The more diffuse orbitals of the lower 

Element Ionization Weighted Relaxation 
Energy Range Average (eV) Energy (e V)82 

(eV)81 

p 10.98-11.04 11.02 0.73 

As 9.81-10.13 10.03 0.42 

Sb 8.64-9.34 9.16 0.27 

Bi 7.29-9.40 9.01 0.18 

Table 12. Relaxation energies for Group 15 elements. Range of 
atomic levels J=0,1,2 and weighted average. 

rows should lead to lower ionization energies. To illustrate this prediction 

experimental atomic energy levels are tabulated in Table 12 showing a 

decreasing ionization energy descending the periodic table.81 The energy 

range is determined by taking the energy values for each element at J=O 

and J=2. The weighted average is determined using the equation below 

1: E(2J+l) 
Eave= ---1: (21+1) 
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where E is the energy of individual levels and 2J+1 is the orbital 

degeneracy. IT relaxation energies (ER),82 which decrease in the heavier 

atoms, are also included, the trend stands and is actually magnified. By 
ER=(Nvaknu -1)(O.3S/n)2 

n=principal quantum number 
Nvalence= valence electrons 

this rationale, triphenylbismuth is expected to be the best a-donor in the 

series with the lowest lone pair ionization. Because this is not the order 

observed here or by previous researchers, the need for a detailed 

investigation is obvious. 

The spectra for EPha (E=P, As, Sb) have been published previously.49 

However, they were not examined in great detail. The necessity of this kind 

of scrutiny was seen with PPha in a previous chapter. Spectra shown here 

are in general agreement with the data previously collected. Values for 
.-

vertical ionization energies reported by Debies and Rabalais49 are slightly 

different from those reported here, but the general observations are the 

same. The first ionization in each case was attributed to the lone pair on 

E. According to Debies and Rabalais the ionization energy increases in the 

order PPha (7.88 eV) < AsPha (7.95 eV) < SbPha (8.18 eV). No indication of 

how these values were determined or any uncertainties associated· with 
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positions were given. The observed order was attributed to the ability of 

these elements to expand their valence shell to include d orbitals, causing 

less effective overlap of the d orbitals of the central atom and the carbon 2p, 

where less effective overlap leads to less destabilization of the lone pair 

ionization. The phenyl band shapes are mentioned, but not discussed in any 

detail. 

Photoelectron spectra for EPha (E=P, As, Sb, Bi) and EMea (E=P, As) 

are examined in detail and the unexpected trend in the lone pair ionizations 

is discussed. The shapes of the ionizations are analyzed for structure and 

bonding information. Additionally, calculations are presented to aid in the 

understanding of these ligands. 

PES of Free Ligands, EPhs 

Valence ionizations for EPha are shown in Figure 14. The first 

ionization band in all cases is assigned to the lone pair (LP) on E. Peak 

positions and widths (fuII width at half maximum) for the valence 

ionizations are given in Table 13. It is observed that the arsenic lone pair 

ionization at B.06 eV is stabilized 0.23 eV from the phosphorus lone pair, 

while values for antimony and bismuth are the same as arsenic within 

experimental error. These results are quite unexpected. The shape of the 
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Figure 14. Valence ionizations for EPha. 



EPha 

I Ligand I Band I IP (eV) I WH(eV) I WL (eV) I 
LP 7.B3 0.56 0.50 

Pk2 8.B6 0.27 0.21 

PPha Pk3 9.15 0.46 0.31 

Pk4 9.62 0.62 0.50 

LP B.06 0.40 0.40 

Pk2 B.BB 0.34 0.32 
AsPha Pk3 9.16 0.60 0.30 

Pk4 9.67 0.30 0.30 

Pk5 10.39 0.7B 0.40 

LP B.07 0.36 0.36 

Pk2 B.B5 0.37 0.35 
SbPha Pk3 9.15 0.71 0.3B 

Pk4 10.02 0.66 O.4B 

LP B.05 0.37 0.30 

Pk2 B.54 0.31 0.21 
BiPha Pk3 8.94 0.62 0.47 

Pk4 9.44 0.51 0.51 

Pk5 10.02 0.50 0.13 

Table 13. Peak positions and haIf widths for the valence ionizations 
of EPha. 
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lone pair ionization changes slightly throughout the series, becoming 

sharper moving down the periodic table from phosphorus to bismuth. The 

shape of the second valence ionization envelope also varies from ligand to 

ligand. This band is primarily ionizations from the phenyl 7t system and 

from filled-filled interactions of the phenyl rings and the lone pair, as 

discussed in Chapter 3. For phosphorus, arsenic and antimony the phenyl 

region has two primary peaks. Arsenic and phosphorus have a smaller 

feature to the high binding energy side. BiPha has a single large peak and 

a shoulder on either side. Peaks in the phenyl region are best resolved in 

the case of PPha. Because each phenyl envelope contains six 7t ionizations, 

two for each phenyl, many of these ionizations cannot be resolved. 

Consequently a minimum number of peaks is used to fit the contour. Above 

10 eV, E-C (J ionizations are also evident where E=As, Sb and Bi. 

Phosphorus-carbon (J ionizations are at about 11 eV. These E-C (J 

ionizations destabilize as expected upon descent of the periodic table. 

It is necessary to pursue factors that can contribute to the unexpected 

trends in the PES of EPha ligands. Issues that must be addressed are the 

positions and widths of the lone pair, as well as the band shapes of the 

phenyl region. 
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Chapter 3 describes the PES of PPha and PMea' A filled-filled 

interaction is invoked to explain why PPha is more easily ionized than 

PMea' In the rest of the EPha series the same interaction is observed, but 

not uniformly, as seen in Figure 14. The narrowing of the lone pair 

ionizations upon descent of the periodic table indicates that the amount of 

filled-filled interaction decreases with the heavier atoms. Sharper ionization 

bands are characteristic of orbitals with less bonding character. As this 

filled-filled interaction decreases, the degree of destabilization for the lone 

pair should also decrease. 

Hybridization of the lone pair orbitals certainly can affect the 

ionization energy. Structures of EPha ligands vary within the series. The 

C-E-C angle decreases from the lightest to the heaviest elements in the 

group (PPha 103.0°, AsPha 100.0°, SbPha 96.3°, BiPha 94o).8a,84 The 

issue of structure is addressed in the theoretical analysis of the free ligands. 

PES of AsMes 

Is the order of lone pair ionizations governed by decreasing filled

filled interactions in the series? Is increasing s character in the lone pair 

responsible for the unexpected ionization trends? To what extent do 

changing relaxation energies affect the observed trends? To investigate the 
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extent of the filled-filled interaction influence the spectrum of As Mea is 

compared to PMea and AsPha. 

Figure 15 illustrates the comparison of PMea and AsMea through 

PES, and fitting information is gathered in Table 14. The first ionization 

in each case is the lone pair ionization ofE. A broad band containing C-E 

Ligand IP (eV) WH (eV) WL (eV) 

PMea 8.57 0.62 0.54 

AsMea 8.69 0.65 0.44 

Table 14. Lone pair ionizations for PMea and AsMea. 

0' bonds is the next ionization envelope. The arsenic lone pair is stabilized 

0.12 eV compared to phosphorus. However, the C-As bonds are destabilized 

by about 0.5 eV compared to the C-P bonds. These trends are also evident 

in the EPha analogs. 

Valence PES for AsMea and AsPha are shown in Figure 16. The 

ionization trends in the arsine ligands are completely analogous to the 

corresponding phosphorus compounds. AsPha is more easily ionized than 

AsMea by 0.63 eV (0.74 eV for phosphorus analogs). The phenyl lone pair 

interaction discussed earlier appears to make the lone pair on EPha more 
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Figure 15. Valence photoelectron spectra of PMea and AsMea. 
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Figure 16. Valence ionizations of AsMea and AsPha 
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available than EMea. 

The spectrum of AsMea is an important piece in understanding the 

ERa ligands. The arsenic ligands display the Bame trend as the phosphorus 

ligands. If no decrease in filled-filled interaction exists in EMea~ the 

decreasing filled-filled interactions would be shown not to govern the trend. 

However calculations indicate filled-filled interactions are apparent in EMea 

ligand, but to a smaller extent than the EPha counterparts. Surface plots 

like those for PMea shown in Chapter 3 clearly show that a filled-filled 

interaction exists in methyl compounds too. The filled-filled interaction is 

less in the methyl ligand, but could be enough to account for the observed 

ionization energies. 

Orbital Calculations 

Calculations are executed on PMea and AsMea at several C-E-C 

angles to determine the dependency of orbital energy on angle. Ab initio 

and Extended Huckel results are collected in Table 15 with the experimental 

ionization potentials for reference. An increase in ionization energy is 

observed with the decrease in bond angle. The calculated HOMO energy in 

trimethylphosphine is more stable than in trimethylarsine when both have 

a bond angle of about 990

, opposing the observed PES. An accurate bond 
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Angle STO-3G (eV) 3-21G (eV) EH (eV) -Expt. IP (eV) 

AsMes 

94 -6.898 

97.6 -6.581 

99.0 -6.546 -8.722 8.69 

99.6 -6.532 -12.542 

PMes 

99.1 -6.734 -8.749 -13.134 

103 -6.401 
8.57 

Table 15. HOMO orbital energies for various calculations at several 
angles. 

angle for AsMea is not known. A value of 96±5° has been reported,85 but 

the uncertainty in this is too great to be useful. PM3 calculations were also 

executed. Parameterization for arsenic is observed to be poor. Results are 

contrary to all other available calculational methods attempted. 

If relaxation energy is considered, the observed ionization potentials 

can be reconciled with calculated HOMO energies. Moving down the 

periodic table relaxation energy (ER) decreases (see Table 12).82 Using any 

of the ab initio AsMea eigenvalues from 94-99.6° and Ea, the predicted 

(observed) ionization energies for AsMea are more stable than for PMea at 

99.1°. The decreasing angle is associated with an increase in s character in 
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the lone pair. This indicates that the geometry of the ligands is not the 

predominant factor in determining observed ionization energy in these 

ligands. 

0.74 

9.0 

IP obs I 
0.63 

IPK I 

eV 

AsMe
3 

AsPh 3 

PMe 3 

8.0 

Figure 17. Comparison of experimental ionization potentials (IPabs) and 
Koopman's ionization potentials (IPK). IP abs + ER = IPK 
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Using the experimental data, the same type of analysis can be made. 

The sum of the observed ionization potential (IP oba) and ER gives the 

ionization potential predicted by Koopman's Theorem (IPK). Table 16 

summarizes these values for ERg ligands where E=P, As and R=Me, Ph. 

The IPK's for arsine compounds are lower than the corresponding 

phosphines. This analysis also shows the decreasing filled-filled interaction 

Ligand !Poba (eV) IPK (eV) tlli+fill-fill (eV) 

AsMea 8.69 9.11 

AsPha 8.06 8.48 
0.63 

PMea 8.57 9.30 

PPha 7.83 8.56 
0.74 

Table 16. Summary ofIP obs' IPK, and effects due to change in R plus 
filled-filled interaction for ERg 

moving down the periodic table. Figure 17 graphically depicts the effects 

governing the ionization energies of these ligands. Changing from methyl 

to phenyl should have similar effects on the ionization potentials for arsenic 

and phosphorus (~). The difference between EMea and EPha are 0.63 eV 

for E=As and 0.74 eV for E=P. If ~ values are approximately the same, a 

difference in filled-filled interactions of ==0.1 eV is determined. This ,is 
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consistent with observations in the PES leading to conclusions that the 

filled-filled interactions decrease moving down the periodic table. 

Discussion 

PE spectra of the ligands EPha (E=P, As, Sb, Bi) and EMea (E=P, As) 

reflect a number of factors that must be considered when examining 

ionizations. Several interactions must be accounted for in assigning even 

seemingly simple compounds because spectral trends are not always as 

expected using the simplest models. 

The expected order of a-donation emerging from the PES data is PPha 

> AsPha, SbPha, BiPha based solely on lone pair ionization energies. 

Filled-filled interactions are present in each of these compounds and the 

ERa ligands, but decrease upon descent of the periodic table. This change 

in filled-filled interaction is an important factor determining the ordering of 

lone pair ionizations. 

Analysis comparing calculated HOMO energies and the PES ofPMea 

and AsMea shows relaxation effects can have a considerable influence on the 

order of lone pair ionizations. Relaxation energies, however, cannot be the 

sole controlling influence either. The atomic energies reported in Table 12 

also include relaxation energies and the order ofionization is the reverse of 
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the EMea and EPha. A combination of decreasing filled-filled interactions 

and decreasing relaxation energies are necessary to adequately explain the 

observed valence ionizations of the free -ligands ERa. 
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CHAPTER 6 

Investigation of Metal-EPhs Interactions Through PES 

Introduction 

In the last chapter the electronic structure of the free ligands EPha 

(E=P, As, Sb, Bi) are compared through photoelectron spectroscopy. The 

expected order of a-donation, based solely on the lone pair ionization energy, 

is PPha > AsPha, SbPha, BiPha. A filled-filled interaction between the lone 

pair on E and phenyl orbitals is evident for each ligand, but decreases upon 

descent of the periodic table. Ionization energies for the E-C a bonds are 

destabilized in the heavier elements of the Group. 

By examining the PES of organometallic compounds containing these 

EPha ligands, further bonding information can be elucidated. The 

compounds Cp'Mn(CO)2EPha (E=P, As, Sb) and CpMn(CO)2EPha (E=P, As) 

are analyzed in the same manner as the organometallic compounds of 

Chapter 4. It is expected that metal ionization energies will increase in the 

order E=P < As, Sb, based on the free ligand lone pair ionizations. 

Examination of the separation of the metal bands should give an indication 

of relative 7t-acceptance properties of the EPha ligands. 
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PES of Cp'Mn(CO)2EPha 

Photoelectron spectra for Cp'Mn(CO)2EPha (E=P, As, Sb) are shown 

in Figure 18. The peak parameters for metal ionizations (M1-M3) are shown 

in Table 17. Data for L=CO are included for reference. 

The spectra of Cp'Mn(CO)2PPha and CpMn(CO)2AsPha are quite 

similar. Shoulders assigned as ME are pronounced and ME' peaks are 

independent bands. The metal region is a broad band fit with three 

asymmetric Gaussians representing the three filled orbitals for the d6 

electron configuration. The second metal band is constrained to have the 

same shape as the first because there is insufficient information for peak 

parameters to be independently determined. Some broadening of M3 may 

also be due to vibrational fine structure from the back-donation from the 

metal into carbonyl orbitals. The energy of the ionization M1 in L=PPha is 

experimentally the same as that in AsPha. The expectation of M1 

stabilization when L=AsPha compared to PPha is not fulfilled. 

Because of the interference of the phenyl ionizations, Cp ionizations 

are not independently distinguishable. Fit parameters for the ring and ME 

ionizations are collected in Table 18. Areas are reported relative to M1 in 

Table 17. Meaningful information is limited in this region due to the 

number of overlapping ionizations. The region containing ring ionizations 



112 

11 10 9 8 7 6 
Ionization Energy 

Figure 18. Valence ionizations for Cp'Mn(CO)2EPha. 
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I Cp'Mn(CO)2L I 
I Ligand I Band I IP (aV) I WH (aV) I WL (aV) I ReI. Area I 

M1 6.56 0.39 0.34 1.00 

M2 6.78 0.39 0.34 1.00 
PPha M3 7.09 0.61 0.29 1.66 

split 0.39 - - -
M1 6.52 0.31 0.30 1.00 

M2 6.77 0.31 0.30 1.12 
AsPha M3 7.07 0.60 0.32 2.17 

split 0.41 - - -
M1 6.60 0.32 0.29 1.00 

M2 6.86 0.32 0.29 0.83 
SbPha M3 7.13 0.55 0.26 1.40 

split 0.40 - - -
M1IM2 7.85 0.63 0.38 1.00 

CO M3 8.19 0.63 0.38 0.52 

split 0.34 - - -

Table 17. Peak positions (eV) and splitting for metal valence 
ionizations of Cp'Mn(CO)2L. 
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I Cp'Mn(CO)2L I 
I Ligand II Band· I IP(eV) I WH (eV) I WL (eV) I ReI. Are;] 

ME 8.47 0.63 0.30 3.59 

CplPh 8.97 0.63 0.51 7.30 

PPh3 CplPh 9.33 0.71 0.66 9.09 

ME' 10.11 0.37 0.36 2.17 

ME 8.53 0.58 0.25 4.02 

CplPh 9.00 0.58 0.52 10.37 

AsPh3 CplPh 9.33 0.58 0.55 8.66 

ME' 9.96 0.45 0.30 2.47 

ME 8.63 0.60 0.55 5.34 

CplPh 8.97 0.47 0.43 7.91 

SbPh3 CplPh 9.27 0.60 0.44 8.10 

ME'/CE 10.11 1.07 0.92 9.95 

Table 18. Fit parameters for Cp'Mn(CO)2L. All areas relative to M1 
in Table 17. 

is fit with a minimum number of peaks for the many overlapping 

ionizations. 

Bands in the PES for Cp'Mn(CO)2SbPh3 are not as clear as the other 

two compounds in the series. The antimony-carbon ionizations in the free 

ligand were shown to be destabilized compared to phosphorus and arsenic. 

In the organometallic compound containing antimony, E-carbon bonds lie 
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such that they overlap with ME' ionizations. The broad band about 10.3 eV 

certainly contains more than a single ionization band. Metal ionizations for 

E=Sb are stabilized 0.08 eV compared to E=As. The expectation that these 

ionizations would coincide is also not fulfilled, but the differences in energy 

are not great. The metal positions are further considered in the Discussion. 

PES of CpMn(CO)2EPhg 

Figure 19 shows the valence ionizations for CpMn(CO)2EPh3 (E=P, 

As). As in the Cp' analogs, the ionizations are readily assigned to metal, 

rings, and metal-E. The metal ionizations are fit with three bands. Fit 

parameters for CpMn(CO)2L compounds appear in Table 19. As in the Cp' 

analog, the M1 ionization energies are indistinguishable for L=PPh3 and 

AsPh3. Metal ionizations are stabilized about 0.1 eV from the Cp' 

compounds p as expected. The Cp compounds do not provide any more 

substantial information, but do support the assignments of ME and ME'. 

If the ionizations assigned to ME and ME' were cyclopentadienyl in origin 

a destabilization of about 0.3 eV would be expected from Cp to Cp'. No 

significant shift is observed. Analysis of these compounds is also important 

to verify that no unforseen shifts occurred that might indicate that other 

ionizations were improperly assigned. 
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CpMn(COhPPh 3 

CpMn(COhAsPh3 

11 9 8 7 6 

Ionization Energy (eV) 

Figure 19. Valence ionizations for CpMn(CO)2EPha. 
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I CpMn(CO)2L I 
I Ligand I Band I IP (eV) I WH (eV) I WL (eV) I ReI. Area I 

M1 6.64 0.38 0.37 1.00 

M2 6.94 0.38 0.37 1.19 

M3 7.16 0.69 0.24 1.40 

ME 8.48 0.60 0.20 2.66 

PPha CplPh 8.99 0.48 0.42 7.89 

CplPh 9.36 0.65 0.47 9.53 

ME' 10.16 0.70 0.40 3.38 

split 0.37 - - -
M1 6.65 0.44 0.34 1.00 

M2 6.97 0.44 0.34 0.72 

M3 7.18 0.69 0.25 0.94 

ME 8.55 0.35 0.22 1.46 

AsPha CplPh 8.95 0.49 0.42 5.76 

CplPh 9.32 0.59 0.53 7.58 

ME' 10.00 0.31 0.31 1.15 

split 0.35 - - -
M1IM2 7.97 0.65 0.38 1.00 

CO 54 M3 8.33 0.65 0.38 0.58 

split 0.36 - - I -
Table 19. Peak positions and half-widths for valence ionizations of 

CpMn(CO)2L. 
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A preliminary examination of the spectrum of Mo(CO)5AsPha gives 

a first ionization potential of7.34 eV. Just as in the manganese compounds, 

this value is indistinguishable from the corresponding PPha compound 

(7.35 eV). The metal d6 orbitals are not directly involved in a boding. The 

positions of these ionizations reflect the charge on the metal. The ligands 

EPha interact with the metal such that the charge on the metal is the same 

in the end. This constant value of metal ionizations in phosphorus and 

arsenic compounds indicates that the amount of a-donation is the same. 

Discussion 

Table 17 and Table 19 include information about the splitting of the 

metal orbitals. As shown in Chapter 4 the energy of M3 is subtracted from 

the average of M1 and M2 to determine the splitting. Splitting values for 

all ligands examined are identical within experimental error. This indicates 

that the n-acceptance is about constant in the series. Values are comparable 

to carbonyl, but this is not an accurate comparison as shown for PMea 

versus PPha. In an earlier chapter, extensive interactions among Cp, metal, 

and L orbitals were shown to make some interpretation difficult. For these 

reasons L\tab values are not calculated or discussed for EPha ligands. 
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Further analysis of the series Mo(CO)5EPha (E=As, Sb, Bi) is 

necessary to make the trend more clear. The compounds are known18 and 

the additional clutter of the cyclopentadienyl ring is eliminated. Metal 

ionization energies and ~Btab could be examined for arsenic, antimony and 

possibly bismuth. 

Comparisons can be made between the lone pair ionizations of PPh3 

and PMea and other EPh3. The difference between PMe3 and PPh3 lone 

pair ionizations is 0.74 eV, resulting in metal ionization shifts of 0.24 eV 

[Mo(CO)5L] and 0.37, 0.38 eV [CpMn(CO)2L, Cp'Mn(CO)2L]. In the EPh3 

series the difference between lone pair ionizations is only 0.23 eV. Metal 

ionizations energies for the organometallic compounds are expected to be 

quite close. Analysis of L\tab values from Mo(CO)5L would provide an 

independent measure of the relative a-donor properties for these ligands. 

It is observed that the M-E interaction are not the dominant factor in 

determining the properties of the organometallic compounds. The 

8ubstituants, R, govern the a-donor properties of the ligands, ERa. 
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ConclusionsIFuture Directions 

PMe3.nP~ Conclusions 
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Photoelectron spectroscopy studies give a bonding picture in which 

PPha is a better a-donor than PMea and the two are comparable x-acceptors. 

This is in agreement with previous PES experiments. The free ligands 

PMea_nP~ have lone pair ionization energies in the order PMea > PMe2Ph 

> PMeP~ >PPha. Organometallic metal ionizations as well as ~8tab values 

support the order of a-donation. A filled-filled interaction between the lone 

pair and phenyl orbitals is identified in the series PMea_nP~ as the primary 

contributor to the observed trends. The filled-filled interaction is reflected 

in the ionizations of the metal compounds containing PPha. Assignments 

for ionization bands have been made for organometallic compounds 

containing PPha compounds, such as Mo(CO)5PPha, that have in the past 

caused uncertainty. 

It has been shown in earlier chapters that filled-filled interactions 

between the phosphorus lone pair and phenyl x in the PMea_nP~ series lead 

to a destabilization of the lone pair energy in PES with the increased 

number of phenyl rings. !fno such filled-filled interactions were present the 
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trend of first ionization potential would be reversed in accord with 

electronegativities of methyl and phenyl. The experimental time frame for 

PES is too quick for rotation of the phenyl ring to occur, so the filled-filled 

interaction is present throughout the experiment. 

Gas-phase proton affinities would also display the opposite trend in 

the absence of filled-filled interactions. With the coordination of hydrogen 

to phosphorus the filled-filled interaction should diminish. Proton affinities 

do not show a regular pattern moving through the series of free ligands. 

This can be accounted for by considering what happens to the geometry 

during the experiment. The largest separation in PA is between PMea and 

PMe2Ph, while no experimental difference is observed between PMeP~ and 

PPh3. Changes in geometry should increase the proton affinity. The 

greatest change in geometry should occur in the protonation of PMe2Ph, 

accounting for the largest separation observed between PMea and PMe2Ph 

proton affinities. Rearrangement of the phenyl rings upon protonation is 

minimized in triphenylphosphine due to steric interactions between phenyl 

rings. Some filled-filled interaction remains such that the overall trend is 

consistent with the gas-phase ionization potentials. 

Ab initio calculations are consistent with the experimental gas-phase 

PES and PA observations. When filled-filled interactions are maximized in 
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PMe2Ph the predicted ionization energy is considerably less than when 

filled-filled interactions are minimized. If the filled-filled interaction is 

minimized, the HOMO energy is very close to that of PMea' with PMea 

being easier to ionize. The inclusion of the filled-filled interaction results 

in the same order of first ionization as the both PES and PA studies: PPha 

< PMePh2 < PMe2Ph < PPha. Geometry optimization on the phosphine 

ligands containing more than one phenyl ring predict some filled-filled 

interaction due to the crowding of the phenyl rings. Calculations of the 

protonated ligands show the rotation of the rings, minimizing any 

interactions with the lone pair position. 

As the introductory chapter shows solution studies seem to 

consistently contradict results of gas-phase experiments. Table 20 

summarizes some of the important results from previous research. It is 

important to further address these studies with possible explanation for the 

seemingly opposing results. 

Infrared carbonyl stretching frequencies can be used to compare the 

donor/acceptor properties only when the ligands have significant differences. 

Subtle changes cannot be discriminated using this technique due to the 

complexity of the effects. Increasing the a-donation of a ligand has two 

primary effects. First, more electron density is put on the metal center, 
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IPeV PA pKa2 AHHP AHMP 
kcal/mollO kcal/mol41 kcal/mol44 

PMe3 8.57 223.5 7.85 -31.6 -29.4 .. 
PMe2Ph 8.29 226.0 6.25 -28.4 -26.2 

PMePh2 8.00 226.7 4.65 -24.7 -20.0 

PPh3 7.83 226.7 3.05 -21.2 -16.3 

Table 20. Summary of previous studies. Ionization potentials from 
this work. AHMP for CpOsL2Br. 

allowing for increased back-donation to the n* orbital of the carbonyl. 

Second, the increased 0' interaction ofM-L weakens the M-CO 0' bond. This 

in tum strengthens the C-O interaction.22 These two have opposite effects 

on Yeo' Ligands with n-acceptance capabilities set up a competition for 

back-donation between CO and L which will affect the value ofveo. This 

has been addressed by Brown and Darensbourg.22 m stretching frequencies 

are not good indicators of the O'in properties of PMe3_nP~ ligands. 

Compounds containing PMe3 and PPh3 differ in veo on the order of 10 cm-1, 

which is on the order of solvent effects. Many previous comparisons of 

phosphine O'in properties are based on veo or force constants which come 

from Yeo' 
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The filled-filled interaction also affects the observation in m and 

NMR. The phenyl rings can couple with the carbonyls making m difficult 

to interpret in terms of 0' and 1t especially when the frequency range is so 

small for PMea and PPha compounds. NMR studies give self contradictory 

results. Trends in coupling constants are inconsistent; M-P coupling 

constants in Hg and Cd display the opposite trend of platinum compounds. 

The vibrational coupling between the phenyl rings and carbonyls can result 

in some of these problems encountered in the NMR studies. 

The reactivity of organometallic compounds containing phosphines 

has led to the commonly held belief that PMea is a better a-donor and PPha 

is a better 1t-acceptor. The displacement of PPha by PMea has been 

attributed to sterics in the case of Tolman's Ni(PRa)4 compounds. It is 

important to remember that the order of bond strength and a-donation are 

not necessarily the same. The lone pair in PPha is significantly more 

delocalized than that of PMea. Overlap of PPha and a metal will therefore 

be less than PMea' weakening the M-P bond in the case of PPha. The 

difference in ligand "softness" may also be a factor in the observed reactivity 

of these ligands. 

One of the most extensively used pieces of evidence in comparing 

tertiary phosphines is the observed order of PKa values. It would be 
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expected that the gas-phase proton affinities would parallel the solution 

pKa. As explained previously, this is not what is observed. The major 

difference between these two measurements is the presence of solvent in the 

PKa experiments. The importance of structure and filled-filled interaction 

has been clearly demonstrated. If the lone pair of the free ligands is 

S(pR~ + H +-... H(P~) + + S 

S=solvent 

solvated in solution, the filled-filled interaction is diminished. The PKa 

values are really measuring the exchange of a proton for solvent. The 

gas-phase PES and proton affinity show a greater preference for the 

formation ofPPhaH+ over PMeaH+. It can therefore be concluded that PPha 

also shows a greater preference for the solvent resulting in the observed PKa 

trends. The same logic can be extended to heats of protonation for free 

ligands. 

Solvation effects can be further used to explain the observed oxidation 

potentials for organometallic compounds. Lichtenberger and coworkers86 

showed that the opposing order of oxidation potentials and ionization 

potentials for tetrathiafulvalene and bis(ethylenedioxo)tetrathiafulvalene are 
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due to solvation effects. In that case it was possible to extrapolate back to 

no solvation, in agreement with the PES. 

Heats of protomition for organometallic compounds exhibit the same 

trend as the free ligands. Protonation occurs at the metal center so the 

solvation effects discussed for the free ligands do not directly apply. The 

work of Darensbourg and Brown22, however, is applicable here. As 

discussed in connection to carbonyl stretching frequencies, changes in 

a-donation has severe affects on the metal center and the other surrounding 

ligands. The important point from Darensbourg and Brown is the 

weakening of the 0' bonds of the surrounding ligands with the increase in 

a-donation of the ligand L. In the case of proto nation ofFe(CO)a(PRa)2 the 

M-H bond where R=Ph is weakened compared to that where R=Me. 

(8HHM=-23.3 kcallmol PMea and 8HHM=-14.1 kcallmol PPha). Molecules 

containing PPha are also more sterically crowded than PMea analogs, 

increasing the difficulty in protonation of PPha compounds over PMea 

compounds. 

Several studies 7 ,8,26 claim there is no x-acceptance observed in the 

phosphines PMea.nP~ by comparing straight line plots for N containing 

compounds with P containing compounds. Because straight line plots are 

obtained does not necessarily mean there is no interaction, but perhaps the 
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same degree ofinteraction in the series. The present PES certain show that 

7t-acceptance is present to the same degree in the series PMe3_nPh. Close 

examination of spectra shown in previous chapters shows that interaction 

exists, but not as obvious as in the nitrogen counterpart. Previous PES 

studies indicating no 7t interaction in phosphines are shown to have 

insufficient detail to see the features observed in this work. 

Too often, researchers have tried to simplify the interactions of these 

phosphines. Terms such as IIbasicity", "cr-donor", and "7t-acceptor", are not 

clearly defined. Individual factors that control the observations have been 

sought, but the sum of effects has not always been considered. This 

dissertation shows the importance of filled-filled interactions and solvent 

effects which have not been clearly considered when developing models of 

the bonding of tertiary phosphines. 

ERg Conclusions 

PES studies on EPh3 ligands have shown that the filled-filled 

interaction observed in PPh3 is evident in these ligands as well. This 

interaction decreases moving to the heavier elements. The free ligands 

EMe3 also display filled-filled interactions, but to a lesser degree. The 

dominant factors controlling the PES of the free ligands and organometallic 
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compound~ containing these ligands are the presence of filled-filled 

interaction and the decrease in relaxation energy moving down the periodic 

table. The relative aht interactions for EPhaligands were shown to be quite 

similar. The effect of changing R in ERg is much more significant than the 

identity of the element E. 

Future Directions 

Several experiments should yield additional interesting results. 

Certainly it would be nice to prepare the Cp'Mn(CO)2BiPha to complete the 

series of compounds presented. It appears, however, that this compound 

would not give a significant amount of new information. To this point the 

preparation of this compound has been elusive in this lab. Mo(CO)5ERa 

(R=Me, Ph) compounds would give more information about the trends for 

the Group 15 elements. Preparation of Mo(CO)5BiPha might prove more 

successful and informative. It has been observed that the CpMn(CO)2L 

compounds can be more complicated due to the cyclopentadienyl 

interactions. An examination of ~tab for arsenic could be conducted and 

compared to the phosphines. Work with the antimony analogs is also 

possible with extreme care and modifications to the instrument inlet system. 
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Another interesting series of compounds to pursue are L=phosphite. 

Phosphites are considered better 7t-acceptors than the PMe3_nP~ series 

examined in this work. PES should show this and provide a better 

understanding of M-phosphite bonding. The oxygen lone pairs might 

complicate the spectrum, however information about 7t-acceptance certainly 

should be available. 

Gas-phase XPS of the free ligands, primarily PMe3_nP~ would be 

useful in comparing the similarities in phosphorus charges. The 

organometallic compounds could also be analyzed to compare charges at the 

metal center. Unfortunately at this time that equipment is not functional 

in this laboratory. This technique could also incorporate other ERa ligands 

discussed here as well as phosphites. 

Finally, the connection between gas-phase and solution results could 

be further substantiated. Additional electrochemistry work in a variety of 

solvents might prove useful in the extrapolation of solution data to the 

absence of solution. This data should correlate directly to the gas-phase 

PES. 
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This paper and the one following in Appendix B stem form work done 

during my first summer of research in the Lichtenberger lab. This work 

was a collaborative project with the research group of J.L. Beauchamp at 

California Institute of Technology. Compounds were sent to us or purchased 

commercially. All PES were collected by me or by a summer REU student 

under my direction. These were some of the first compounds I ran and 

where I really learned the workings of the instrumentation. Amino acids 

condense on the colder portions of the instrument readily, causing the 

sensitivity and resolution to quickly degrade. Instrument maintenance was 

required between each sample instead of approximately every few weeks. 

The data was fit, analyzed, summarized here. This was sent to the 

Beauchamp group with an explanation of our experimental methods. 
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Abstract 

The gas phase proton affinities of amino acids are compared to their 

adiabatic ionization energies obtained from photoelectron spectra. Using 

primary aliphatic amines as reference species, a lin.ear correlation exists 

between the proton affinities and the adiabatic nitrogen lone pair ionization 

energies for those amino acids which protonate on the amine group, even in 

cases where the nitrogen lone pair is not the highest occupied molecular 

orbital. Many of the amino acids fit the correlation well, which confirms the 

prediction of amine protonation from earlier studies and also corroborates 

the assignment of the bands in the complex photoelectron spectra of these 

species. Proline and sarcosine, amino acids with a secondary nitrogen, 

deviate from this correlation and instead fit a correlation using secondary 

aliphatic amines as reference species. Deviations from the correlation exist 

for molecules, such as lysine, methionine and tryptophan, which contain an 

intramolecular hydrogen bond between the basic side chain and the amine 

site. The gas phase proton affinities of these species are larger than 

predicted by the correlation. Deviations from the correlation are also 

predicted for very basic amino acids, such as histidine and arginine, which 

protonate preferentially on the side chain instead of the amine group. 
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Introduction 

It is well known that amino acids form zwitterions in solution. 

However, studies have established that amino acids posses a non-ionic form 

as the dominant species in the gas phase. Simple gas phase thermochemical 

calculations [1] estimate the transfer of a proton from the carboxyl group in 

glycine to the amine terminus is nominally endothermic by 33 kcal morl. 

This is substantiated by electronic structure calculations [2] which predict 

that the zwitterion is less stable than the non-ionic form of glycine in the 

gas phase by 20 kcal morl. Protonation or cationization of the neutral 

amino acid in the gas phase can be accomplished by a variety of techniques. 

Desorption of an amino acid or larger biological sample from an acidic 

matrix via laser desorption [3], plasma desorption [4], or fast atom 

bombardment [5] has become an efficient method for producing charged 

species. Electrospray [6] and thermospray [7] ionization techniques are also 

used to produce multiply charged gas phase biological species. 

Unfortunately, covalent attachment of an ionized functional group (such as 

a quaternary nitrogen) is the only method currently available which one can 

select the specific site of ionization [8]. 

The addition of a proton or cation to a large biological molecule, such 

as a peptide, may occur at a number of sites due to the many basic 



142 

functional groups within the molecule. Ionization of these multifunctional 

species is a complex process, accompanied by folding of the molecule to allow 

several basic sites to simultaneously interact with and solvate the charge 

center [9,10]. We have undertaken a systematic study aimed at better 

understanding the site specificity and energetics of peptide protonation, as 

well as the gas phase structures of these species, beginning in the present 

paper with an examination of the amino acids themselves. 

In assessing the protonation energetics of molecules, it has proven 

fruitful to examine correlations of proton affinities with adiabatic lone pair 

ionization energies of basic sites [11]. Such correlations are observed even 

when the site of protonation is not associated with the highest occupied 

molecular orbital Oowest ionization energy). These correlations have several 

applications. If the lone pair ionization potential of a basic site in a 

molecule can be determined using photoelectron spectroscopy, then such 

correlations can be used to predict the intrinsic base strength of that site, 

even when the molecule may posses another basic site. Similarly, if the site 

of protonation can be determined, the correlation can be used to estimate 

the orbital ionization energy of the site, which is useful in assigning bands 

in complex photoelectron spectra [11]. Deviations from the correlations 

indicate unusual interactions which lead to differential stabilization of 
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either the radical ions or conjugate acids of n-donor bases [12]. 

Intramolecular hydrogen bonding interactions can also lead to deviations 

from a correlation of proton affinities with orbital ionization energies, since 

these correlations generally consider isolated functional groups. 

The present study examines the correlation of adiabatic lone pair 

ionization energies with proton affinities of amino acids. The following two 

sections of the paper assess the available data for protonation energetics of 

amino acids and ionization energetics as derived by photoelectron 

spectroscopy. The final section presents the correlation of these data and 

discusses implications which it has for the site specificity of proto nation and 

structures of this important class of molecules. 

Proton Affinities of Amino Acids 

Studies of gas phase proton transfer equilibria, generalized in 

equation 1, have provided a wealth of data for the base strengths of organic 

molecules. Equilibrium constants measured for proton transfer reactions 

yield values for the relative free energies of proto nation (~GO). These values 

can be converted to relative enthalpies of protonation (LUfO) if the entropy 

change can be estimated or determined by measuring the equilibrium 

constant at several temperatures. The proton affinity (PA) of a species is 
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defined as the enthalpy change for reaction 2. 

Locke and McIver [1,13] report the gas phase basicities for 19 of the 

20 common amino acids using the technique of ion cyclotron resonance (ICR) 

spectroscopy. Of the 20 commonly occurring amino acids, only arginine 

could not be evaporated off a heated probe tip into vacuum without 

substantial decomposition. The basicity of sarcosine (N-methyl glycine) was 

also recorded using this technique. Although sarcosine is not one of the 

common amino acids, it is a methyl derivative of glycine possessing a 

secondary nitrogen center. The gas phase basicity values of the stable 

+ + 
BH-B+H (2) 

species were obtained by bracketing the amino acid between bases of known 

strength. An increasing ladder of experimental basicities was generated and 

the values were reported with uncertainty of ±0.2 kcal morl. 

The proton transfer reactions studied by Locke and McIver were 

performed at different temperatures, depending on the volatility of the 
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amino acid. These experiments establish accurate .1Go values at a 

particular temperature. Proton affinities refer to the enthalpy of 

protonation, and are usually reported at 298 K. In the absence of detailed 

studies over a wide range of temperatures, the usual procedure used to 

relate differences in free energies and enthalpies of protonation is to 

estimate the entropy changes, considering mainly changes in rotational 

symmetry numbers for the neutral bases and their conjugate acids. This 

procedure does not yield the correct values or even order of the proton 

affinities when a phenomenon such as internal hydrogen bonding 

contributes unusually large entropy changes. The results of Locke and 

McIver for amino acid proton affinities are listed in Table 1, derived from 

the free energy differences, assuming that the proton was attached only to 

the amine group in order to estimate entropy changes and that no 

cyclization occurred. As recognized by Locke and McIver this does not yield 

correct values for species where protonation leads to formation of an 

intramolecular hydrogen bond and cyclization. 

Meot-Ner et al. [14] also report gas phase basicities for six amino 

acids using the technique of high pressure mass spectroscopy (Table 1). The 

six species studied could not form intramolecular hydrogen bonds, and the 

entropy differences in the proton exchange reaction determined by van't Hoff 
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plots were determined to be negligible. Thus, as an approximation, it was 

assumed that for proton transfer reactions between amino acids and 

reference bases, basicity differences were equivalent to proton affinity 

differences (8.1Go = 8Mr). The relative order of the six amino acid proton 

affinities determined by Meot-Ner et al. agrees with the order reported by 

Locke and McIver [13], although the absolute proton affinity values for these 

species differ up to 3.7 kcal morl. Locke and McIver suggest that the 

disagreement in proton affinity values may in part be attributed to the 

difficulties associated with accurately measuring the partial pressures of the 

amino acids in proton transfer equilibrium reactions. The pressure of the 

reacting amino acid base is difficult to measure since most amino acids are 

involatile and decompose upon heating. Some of the more volatile 

decomposition products have relatively high base strengths and interfere 

with the studies of proton transfer equilibrium. In the studies ofMeot-Ner 

et al. the partial pressures of the amino acids could not be measured 

directly, but were estimated based on measured ion molecule reaction rates. 

These estimated values were used in the basicity and proton affinity 

calculations. 

Bojesen [15] reports for 20 amino acids (Table 1) the relative order of 

proton affinities obtained from metastable yields measured in the 
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competitive dissociation of proton bound dimers in the second field free 

region of a reverse geometry sector mass spectrometer. The intermediate 

indicated in reactions (3) and (4) was directly generated by FAB ofan acidic 

matrix containing the bases Bl and B2 [16]. The metastable yields of the 

protonated bases Bl H+ and B2H+ were measured and assumed to be 

proportional to the dissociation rates. Bojesen assumed that the order of the 

dissociation rates for processes (3) and (4) was equal to the order of PAs of 

Bl and B2 if the reverse activation energies and the entropy effects of the 

two reactions could be ignored [15]. Hence, when the Bl H+ ion was more 
+ 

<
B1+BiH (3) 

--LB1B!l1* 
+ 

B1H + B2 (4) 

abundant than the B2H+ ion after decomposition, the proton affinity of Bl 

was greater than the proton affinity of B2. While this bracketing method 

did not provide quantitative data, it did provide reasonable estimates for the 

order of gas phase proton affinities. Other investigators have used this 

methodology to derive thermochemical data and attempted to be more 

quantitative in the analysis of metastable yields [17]. 

With the exception of four amino acids, the relative order of proton 

affinities reported by Bojesen [15] agrees with the order reported by Locke 

and McIver [13]. Aspartic acid appears too high in Bojesen's order of 
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proton affinities, but is within the experimental uncertainty of the ICR 

values. Bojesen's data yield proton affinities of asparagine, glutamic acid 

and glutamine which appear higher than those predicted by the ICR 

bracketing technique by approximately 2.5, 6.2 and 7.0 kcal mor l , 

respebtively. The reason for this discrepancy is not obvious. The 

importance of cyclic intramolecular hydrogen bonded structures in the 

metastable experiments is difficult to assess, since the reactants and 

producto are characterized by broad and ill-defined internal energy 

distributions. It is interesting to note that the largest deviations involve 

amino acids with the ability to cyclize in acidic media and lose water 

(Scheme 1). Perhaps a proton bound dimer of a cyclized amino acid and a 

+ 

Scheme 1 

water molecule is detected in the metastable decomposition experiment. 

This species would possess the same mass as the protonated amino acid and 

would have enhanced proton affinity due to multiple hydrogen bonds. 
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Photoelectron Spectra of Amino Acids and Related Compounds 

Since most of the common amino acids can be regarded as derivatized 

glycine molecules, the photoelectron spectrum of glycine (H2NRCHC02H, 

R=H) [18] serves as a standard for comparison to the more complex species 

(Figure 1). The He I and He IT photoelectron spectra for a number of amino 

acids have been recorded and include the assignments for the nitrogen lone 

pair (nN)' carbonyl oxygen lone pair (no)' and oxygen 7t (7too) orbitals [18-22]. 

These orbitals are most affected in the photoelectron spectrum when 

substitution on the a-carbon occurs. Typically, the lowest ionization energy 

is attributed to the nitrogen lone pair orbital, nN' and is spectrally isolated 

in a distinct band from the I1a and 7too peaks. The oxygen lone pair (no) 

ionization potential is found approximately 1 eV higher in energy than the 

nN orbital. The 7too ionization occurs at even higher energy, and is not as 

clearly resolved as the other two bands. Except where noted, all displayed 

photoelectron spectra are obtained with a He I light source. 

The adiabatic ionization potential (IP) of the nitrogen lone pair (nN) 

orbital changes as the amino acid side chain varies. As the electron 

donating ability of the side chain increases, the nN IP shifts to lower energy 

since the lone pair orbital destabilizes. This trend is clearly demonstrated 

in the photoelectron spectra of amino acids with alkyl side chains (Figure 
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2). The destabilization of the lone pair orbital increases the electron donor 

ability of the site and leads to enhanced basicity. As a result, proton 

affinities increase as the IP decrease. 

The highest occupied molecular orbital (lowest IP) of some amino 

acids is not the nitrogen lone pair (nN) orbital, but is an orbital associated 

with a functional group of the side chain. Amino acids such as methionine 

and cysteine have the sulfur lone pair orbital (Ils) of the side chain as the 

lowest ionization energy (Figure 3). The aromatic phenyl1t orbitals in the 

side chains of phenylalanine and tyrosine also have low ionization energies 

which makes distinguishing between the 1t and nN orbitals difficult (Figure 

4). Although the 1ta, ~, and nN bands in the phenylalanine spectrum 

appear to overlap, each orbital can be assigned by comparing the peaks to 

similar known spectra [23]. In contrast, the tyrosine spectrum clearly shows 

the 1ta spectral peak at the lowest energy. The electron donating hydroxyl 

substituent attached to the para position of the aromatic ring destabilizes 

the 1ta orbital and decreases its ionization potential [24]. Since the 1ta IP 

shifts to lower energy, the peaks in the tyrosine spectrum are more resolved 

and are easily identified. 

The amino acid tryptophan has the most difficult photoelectron 

spectrum to interpret and was recorded for this study (Figure 5) [25]. Seki 
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and Inokuchi [22] recognized that the molecular structure of tryptophan 

could be separated into two distinct subunits; an alanine and an indole 

moiety. Comparing ionization energies of distinct bands in the low energy 

region of these molecules, Seki and Inokuchi predicted the molecular orbital 

characteristics of each band of tryptophan. Figure 6 shows spectra for 

indole, alanine, and tryptophan with the low energy ionization region 

enlarged. The spectrum of indole has six overlapping 7t orbital peaks in a 

band between 7.5 and 9.0 eV, and two peaks between 9.5 and 10.5 eV. The 

spectrum of alanine has only one peak for the nN orbital at 9.0 to 11.0 eV. 

The spectrum of tryptophan appears to be a combination of the indole and 

alanine spectra. Deconvolution of the broad spectral bands of tryptophan 

using gaussian peak fitting programs [26] can separate many of the 

expected peaks. From inspection, the lower energy band contains the 

ionization potentials from the aromatic rings of the indole subunit. The 

second band (roughly between 8.7 and 10.5 e V) contains the nitrogen lone 

pair ionization potentials for the amine and the indole groups. The 

comparison of adiabatic ionization potentials suggests the first (lower 

energy) peak in the second band of tryptophan belongs to the nitrogen lone 

pair of the amine. However, the assignment of the peak is somewhat 
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uncertain since substitution onto the indole ring could shift the energy of 

the aromatic orbitals, or possibly the nitrogen orbital of the indole. 

Because of geometry changes which accompany ionization, the 

nitrogen lone pair ionization potential of the amine is usually a broad band 

in the photoelectron spectrum, making assignment of the adiabatic 

ionization potential difficult. Estimates of the adiabatic ionization 

potentials, which are summarized in Table 2, may be in error by as much 

as ±0.2 eV, especially in cases where the nitrogen lone pair is not the 

highest occupied molecular orbital. The absence of entries in Table 2 

indicates that photoelectron spectra for these species were not available. 

For the amino acids listed in Table 2, the difference in vertical and adiabatic 

nitrogen lone pair ionization energies is a constant 1.0 ± 0.1 eV, with only 

glycine and serine being slightly larger with differences of 1.2 eV. For this 

ionization process, the Franck-Condon envelope does not in any case suggest 

unusual interactions in the molecular ion or different conformations with 

unusually different ionization energies. 

The adiabatic ionization energy for the nN orbital of threonine is not 

included in Table 2. The photoelectron spectrum of threonine has been 

recorded, but the ionization energies are reported only in tabular form [18]. 

Unfortunately, the data presented do not agree with earlier published 
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results [20]. The ionization energy of the nN orbital is reported as 0.2 eV 

higher than the nN ionization energy for serine. The addition of a methyl 

substituent to the sidechain of an amino acid should not increase the 

adiabatic nN ionization energy, and the result reported for threonine is 

contrary to theoretical predictions and chemical intuition. 

Correlation of Lone Pair Ionization Energies with Proton Affinities 
of Amino Acids 

The proton affinity of a molecule is related to the homolytic bond 

energy in the conjugate acid [D(B+ -H)] by the thermochemical cycle in 

Scheme 2. If the homolytic bond dissociation energy is constant for a 

particular functional group, the proton affinity will exhibit a linear 

correlation with the quantity IP(H) - IP(B), equation 5 [27]: 

PA=1P(H)-1P(B)+[D(B + -H)] (5) 

The correlation of the nitrogen lone pair ionization energy of the 

amine group with the proton affinity of numerous amino acids is shown in 

Figure 7. Included in the figure for comparison is the correlation observed 

for several simple primary and secondary amines (data in Table 2). A least 

square fit of the primary amine data yields a line of slope 1.29 and 

correlation coefficient (R2) ofO.9a. Many of the amino acids fit the primary 
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amine correlation reasonably well, which is consistent with the amine group 

being the preferred site of proto nation [1,14]. A least square fit of the amino 

acid data (excluding glycine, tryptophan, methionine and lysine) yields a line 

of slope 0.97 and correlation coefficient (R2) 0.63. Failure to observe an 

exact correlation can be attributed to several factors. There are orbital 

interactions in the more complex amino acids which are not operative in the 

simple aliphatic amines. Such interactions tend to increase orbital energies 

of the highest occupied molecular orbitals, which includes the nitrogen lone 

pair. This increase corresponds to a decrease in the ionization energy [28] 

which might explain the observation that the majority of the points in 

Figure 7 for the amino acids are slightly above the correlation line for 

aliphatic amines. Such speculation may be unwarranted, however, since the 

scatter of the points for the amino acids around the primary amine 

+ 
PA(B) 

+ BH B+H 

D(B'-H} I IWQQ 

+ B+H B+H 
JP(B) 

Scheme 2 
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correlation line may reflect the difficulty of accurately assigning adiabatic 

ionization potentials from the photoelectron spectra, as previously discussed. 

We have chosen to display the photoelectron spectra in part to make this 

problem clear. 

Proline and sarcosine fail to fit the correlation for primary amines, as 

expected, and instead fit the correlation for secondary amines. The two 

different correlations shown correspond to homolytic bond dissociation 

energies of 107 and 97 kcal mor l for primary and secondary amines, 

respectively. This decrease in homolytic bond dissociation energies from 
I 

primary to secondary amines is analogous to the decrease in primary and 

secondary C-H bond energies in isoelectronic hydrocarbons. 

Interestingly, for the primary amines, glycine exhibits a noticeable 

deviation from the correlation. As noted above, glycine has one of the 

largest differences between vertical and adiabatic ionization energies (1.2 e V 

compared to 1.0 e V for most of the amino acids). A difference of 1.0 e V 

would bring glycine into closer agreement with the correlation. On the other 

hand, the deviation may be real, and signal the importance of a stable 

conformation of the molecular ion which can be accessed in the 

photoionization process. 
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The point for lysine in Figure 7 does not fit the correlation. As noted 

above, the proton affinity value for this species was derived with no attempt 

to consider the effects which intramolecular hydrogen bond formation have 

on the differences between oMr and oL\Go values for proton transfer 

equilibrium. The deviation of lysine from the correlation represents the 

strength (enthalpy) of the intramolecular hydrogen bond, less the free 

energy change which results from cyclization. Meot-Ner [9] calculated the 

net stabilization (or deviation) to be approximately 7 kcal mor l for each 

additional bond formed in amine complexes. If we estimate the entropy of 

cyclization (L\Scyc1) to be approximately -20 eu, then this indicates an 

internal hydrogen bond strength of about 18 kcal mor l for the eight 

membered ring: 10 kcal mor l is attributed to the deviation of lysine from 

the correlation in Figure 7, plus approximately 8 kcal mor l for the free 

energy of cyclization (-TL\S) at the experimental temperature of 415 K. This 

bond strength is somewhat less than the unstrained intermolecular 

hydrogen bond strengths between primary amines (roughly 23 kcal mor l for 

ethylamine) [29] and comparable to the intramolecular hydrogen bond 

strengths in diaminoalkanes ( 18.5 kcal mor l for 1,4-diaminobutane) [30]. 
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The point for methionine in Figure 7 is also displaced from the 

correlation in a direction which suggests the possibility of intramolecular 

hydrogen bond formation (six member ring). The 4 kcal morl deviation is 

significantly less than the 10 kcal morl deviation noted for lysine and 

corresponds to a hydrogen bond strength of approximately 12 kcal morl. 

This result is consistent with hydrogen bond strengths to sulfur being 

typically less than to nitrogen centers. 

Another amino acid included in Figure 7 for which a major deviation 

from the correlation is observed is tryptophan. As previously shown, the 

photoelectron spectrum of tryptophan is complex, and the adiabatic nitrogen 

lone pair ionization energy is roughly estimated to be 8.7 eV. Plotting the 

nitrogen lone pair ionization energy as this value displays behavior similar 

to lysine in which the proton affinity is larger than expected by 

approximately 7 kcal morl corresponding to a 15 kcal morl hydrogen bond 

strength (again assuming .1Scycl to be -20 eu for cyclization and using an 

experimental temperature of 420 K) [13]. This suggests that a somewhat 

weaker hydrogen bond compared to lysine results from the constrained ring 

geometry of the indole substituent. 

As mentioned earlier, the correlation can be used to estimate the 

orbital ionization energy of the site of protonation if the proton affinity of 
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the molecule can be determined. Although the proton affinity for histidine 

is known, it is difficult to predict the nitrogen lone pair ionization energy of 

the species from the correlation. Histidine, and similarly arginine, is 

anticipated to deviate from the correlation. These two species are among 

the most basic amino acids, and protonate on the side chain. 

Conclusions 

A linear correlation exists between the proton affinities and nitrogen 

lone pair ionization energies of the amino acids which proton ate on the 

amine group. The correlation is even observed for those species such as 

tyrosine and cysteine, where the nitrogen lone pair is not the highest 

occupied molecular orbital. Although the majority of the amino acids fit the 

correlation well, a few species deviate. Lysine, methionine and tryptophan, 

which form intramolecular hydrogen bonds when protonated (shown below), 

have enhanced proton affinities over the values predicted from the 

correlation. This is easily explained since the free energy change associated 

with the entropy lost in cyclization is more than compensated by 

stabilization gained by forming hydrogen bonds. 

It is of interest to speculate about the possibility of extending 

correlations of the type presented here for the simple amino acids to more 
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complex multifunctional molecules, such as peptides. In addition to the 

amine terminus and the more basic side groups, it becomes necessary to 

consider the amide linkage as a potential site of protonation. Accurate 

determination of proton affinities in equilibrium studies for species beyond 

methylated dipeptides will probably be difficult because of low volatility of 

the neutral species. In addition, intramolecular hydrogen bond formation 

will be more prevalent and this usually results in high proton affinities 

(where reference species may be lacking) and low rates for proton transfer 

reactions. Metastable studies of the type performed by Bojesen may be 

more fruitful, but the origin of the substantial quantitative differences from 

equilibrium studies noted above for selected compounds needs to be 

identified before the results can be regarded without suspicion. A similar 

technique, developed in our laboratory [31], involves forming an adduct of 

the protonated biomolecule with a reference base and determining the 

preferred dissociation pathway when the hydrogen bond is broken using cw 

infrared laser multiphoton activation [32]. With respect to the other 

variables in the correlation discussed in the present work, the complexity 

and poor resolution of photoelectron spectra of small peptides will make it 

difficult to assign specific ionizations with any certainty. With some hope 

of further progress, we are currently examining acylated amino acids as 
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models for the amide group in peptides, and N-alkylated amino acids to 

determine the possibility that the base strength of the amine terminus can 

be substantially increased. 
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Table 1: Proton Affinities of the Amino Acids obtained from Metastable 
decomposition, ICR proton transfer and HPMS proton transfer reactions. 

Metastable decomposition 
of [Bl B2H]+ a 

PAorder 

Gly 
Ala 
Cys 
Ser 
Val 
Asp 
Leu 
Thr 
Ile 
Phe 
Met 
Tyr 
Asn 
Pro 
Glu 
Trp 
GIn 
Lys 
His 
Arg 

ICR proton 
transfer reactionsb,c 

212.0 
214.8 
214.7 
217.2 
217.4 
217.1 
218.5 
218.8 
219.3 
220.5 
221.8 
222.7 
220.2 
223.1 
216.9 
225.8 
218.8 
230.7 
232.3 

HPMS proton 
transfer reactionsd 

209.9 
213.9 

215.6 

216.2 

216.8 

220.1 

(a) Reference [15]; (b) References [1,13]; (c) Entropy values estimated at 0.6 cal 
morl K- l ; (d) Reference [14]; (e) Proton affinities relative to PA(NHa) = 204.0 kcal 
morl. 
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Table 2: Proton Affinities and Ionization Energies for the Amino Acids and 
Reference Bases used in the Correlation Diagram of Figure 7. 

Species (B) PA (B)B PESb 1st :£pc NIpd unr-Hf 
Amino Acids 
Gly 212.0 18 8.8 8.8 101.3 
Ala 214.8 19 8.88 8.88 106.0 
Cys 214.7 18 8.0 8.83 104.7 
Ser 217.2 18 8.8 8.8 107.4 
Val 217.4 19 8.71 8.71 104.6 
Asp 217.1 f 

Leu 218.5 19 8.51 8.51 101.2 
Thr 218.8 
Sar 218.9 18 8.3 8.3 fTll3 
Ile 219.3 19 8.66 8.66 105.4 
Phe 220.5 20 8.5 8.5 103.8 
Met 221.8 18 8.0 8.8 111.1 
Tyr 222.7 18 8.0 8.6 107.4 
Asn 220.2 
Pro 220.1 18 8.2 8.2 96.5 
Glu 216.9 
Trp 225.8 22 7.2 8.7 112.8 
GIn 218.8 
Lys 230.7 18 8.6 8.6 115.4 
His 232.3 
Arg >232.0 

Reference bases 
MeNH2 214.1 33 . 8.97 8.97 107.3 
EtNH2 217.0 33 8.86 8.86 107.7 
PrNH2 217.9 33 8.78 8.78 106.8 
tBuNH2 220.8 34 8.60 8.60 105.5 
(Me)2NH 220.6 33 8.23 8.23 96.8 
(Me)EtNH 222.8 30 8.20 8.20 98.3 
(Et)2NH 225.9 34 8.01 8.01 97.0 

(a) Proton Affinities in kcal morl , see text for references. (b) References for 
photoelectron data. (c) Lowest adiabatic ionization potential in e V. (d) Nitrogen lone 
pair ionization potential in e V. (e) Homolytic bond dissociation energy in kcal morl. 
(£) (-) indicate no data is available for this species. 
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Figure 1: He II photoelectron spectrum of glycine, recorded by Cannington 
and Ham [18]. Nitrogen lone pair, carbonyl oxygen lone pair, and oxygen 1t 

orbitals appear as distinct peaks. 

Figure 2: The highest occupied molecular orbital Oowest ionization 
energy) in most of the amino acids is the nitrogen lone pair orbital of the 
amine. The substitution of an alkyl group on the side chain of an amino 
acid lowers the ionization energy of the nitrogen lone pair orbital. The 
spectra of the alkyl amino acids recorded by Klasnic [19] clearly display this 
trend. The adiabatic ionization energy decreases from 8.88 eV for alanine 
(a), to 8.71 eV for valine (b), to 8.66 eV for isoleucine (c), and finally 8.51 eV 
for leucine (d). 

Figure 3: Molecules such as (a) methyl cysteine and (b) methionine have 
ionizable functional groups in the side chain which are the highest occupied 
molecular orbital. The He I and He II spectra of these compounds recorded 
by Cannington and Ham [18] identify the sulfur lone pair at lower ionization 
energy than the nitrogen lone pair. 

Figure 4: Photoelectron spectra of (a) phenylalanine and (b) tyrosine, 
recorded by Cannington and Ham [18], in which the aromatic 1t and nN 
orbitals have very similar energies. Only by comparison to model 
compounds can the overlapping peaks in the phenylalanine spectrum (a) be 
identified. The tyrosine spectrum (b) is more easily resolved since the 1t3 

orbital is destablized by the substitution of the hydroxyl group on the para 
position of the side chain ring. 

Figure 5: Photoelectron spectrum of tryp~ophan (full spectrum). 

Figure 6: The tryptophan molecule can be broken into two pieces; an indole 
and alanine moiety. The photoelectron spectrum of indole (a) displays 
distinct ionization bands for the low energy aromatic 1t and higher energy 
nl"l0rbitals. The photoelectron spectrum of alanine (b) clearly shows the nN 
orbital of the amine as the lowest ionization energy, but the value is similar 
to that of the nN orbital in the indole. The tryptophan spectrum (c) appears 
to be a summation of the indole and alanine spectra. Since the nN peaks 
from the indole and alanine overlap, it is difficult to identify the ionization 
potential of the amine. 
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Figure 7: The correlation of the nitrogen lone pair ionization energy of the 
amine group with the proton affinity of numerous amino acids is shown 
(open circles). Most of the amino acids fit the correlation with the primary 
amine data (filled circles), which is consistent with the amine group being 
the preferred site of protonation. As expected, proline and sarcosine fail to 
fit the correlation for the primary amines and instead fit the correlation for 
the secondary amines (filled squares). Data for all the amines are listed in 
Table 2. Deviations from the correlation are explained in the text. The 
lines through the points are least square fits to the reference aliphatic 
amine data for primary and secondary amines. 
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APPENDIXB 

Proton Mfinities and Photoelectron Spectra of Phenylalanine, 
N-Methyl- and N,N-Dimethyl-Phenylalanine. Implications for 

N-Methylation as an Approach to Charge Localization in Peptides. 

The compounds in this Appendix were run at the same time as those 

of the previous Appendix. My participation in this project is exactly the 

same as Appendix A. I ran or supervised the running of the compounds 

shown. Data was interpreted and results sent to the Beauchamp group. 

For this manuscript a final draft was sent to us for comments before 

publication. It was accepted by J. Am. Chem. Soc. in April 1994. 
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Abstract: 

A Fourier transform ion cyclotron resonance (FI'-ICR) technique for 

measuring gas-phase proton affinities is presented which utilizes collisional 

dissociation of proton-bound clusters by off-resonance translational 

excitation. A simplified RRKM analysis relates unimolecular dissociation 

rates to proton affinities. This technique is used to measure values for the 

proton affinities of phenylalanine, N-methyl- and N,N-dimethyl

phenylalanine of 220.3, 223.6 and 224.5 kcallmol, respectively (relative to 

the proton affinity of NHa=204 kcaI/mol). The proton affinity measured for 

phenylalanine is in excellent agreement with reported literature values. 

The photoelectron spectra of these three molecules are also presented and 

analyzed. Assignments of bands to specific ionization processes are aided 

by comparison with model compounds such as methyl substituted amines 

and 2-phenylethylamines. These data are employed to examine the 

correlation of adiabatic nitrogen lone-pair ionization energies with gas-phase 

proton affinities for phenylalanine, N-methyl- and N,N-dimethyl

phenylalanine in comparison to correlations for other amino acids and 

selected aliphatic amines. Although amine nitrogen methylation increases 

the potential for localizing charge at the amine terminus of protonated 

peptides by increasing the gas-phase proton affinity, the present study 
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establishes that the increase is not sufficient to compete with protonation 

of some of the more basic side chains in peptides. 

Introduction: 

The number of investigations into chemical reactivities and 

dissociation mechanisms of biological molecules in the gas phase has 

increased dramatically during recent years. This is due in part to the 

advances in experimental methodology for the desorption and ionization of 

thermally fragile high molecular weight molecules. Desorption of an amino 

acid or larger biological sample from a matrix using laser desorption, l 

plasma desorption,2 or fast atom bombardment (FAB)3 has become an 

efficient method for producing charged species. Additionally, electrospray4 

and thermospray5 ionization techniques are used to produce multiply 

charged gas-phase biological species. Both positive and negative ions of 

large biological molecules, such as peptides, have been produced using these 

techniques. The attachment of a proton or cation to a peptide may occur at 

a number of sites due to the many basic functional groups within the 

molecule. This is a complex process since folding of the molecule allows 

several basic sites to simultaneously interact with and solvate the charge 

center.6,7 Only in the case of negative ions where deprotonatioll occurs at 



180 

either the carboxy terminus or a highly acidic side chain is the charge site 

well defined. Collision-induced dissociation (CID) has proven to be an 

efficient technique for obtaining molecular sequence information of 

peptides.8 In both negative and positive ion eID, the fragmentation 

processes are directed by the location of the charge site. In most cases, 

dissociation of negative peptide ions (M-HY without acidic side chains 

results in the selective cleavage of the C-terminus peptide bond, disclosing 

the identity of the end amino acid.9 Dissociation of positive peptide ions 

(M+H)+ is typically less selective and results in numerous products as the 

proton migrates along the backbone directing cleavage at amide linkages. lO 

For peptides which incorporate highly basic amino acid residues such as 

arginine, lysine, glutamine and histidine, the proton is coordinated 

preferentially to the amino acid side chain and not to the peptide backbone. 

This changes the dissociation products observed from predominantly 

backbone sequence ions to a mixture of sequence and side chain ions.8 More 

importantly, in low-energy cm of these molecules only side chain ions are 

produced and sequence information is 10st.11 

The present study examines the effect of amine methylation as an 

approach for localizing the charge site in protonated peptides. 

N-methylation could potentially increase the basicity of an amino acid to a 
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level greater than many of the most basic unsubstituted amino acids, with 

the exception of arginine which has a proton affinity of 245 kcal/mo1.12 

Incorporation of a methyl-substituted amino acid into the N-terminus of a 

peptide with a highly basic side chain could change the low-energy CID 

products from side chain to backbone sequence ions as the proton relocates 

to the modified amine terminus. Charge localization would be useful for 

exploring the differences in dissociation mechanisms for these complex 

molecules. The present study investigates phenylalanine, one of the most 

basic of the amino acids which protonates on the amine nitrogen, to 

determine the effect of methyl substitution at the amine nitrogen to the 

proton affinity of the molecule. 

A FT-ICR technique for measuring gas-phase proton affinities is 

introduced which utilizes collisional dissociation of proton-bound clusters by 

off-resonance translational excitation.13 A simplified RRKM analysis is used 

to determine proton affinities from product ion abundances. This 

experimental methodology is similar to that pioneered by Cooks and 

co-workers14 for the extraction of thermochemical data from competitive 

dissociation processes. 

We have demonstrated that it is useful when assessing the 

protonation energetics of molecules to examine the correlations of proton 
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affinities with adiabatic lone-pair ionization energies of basic sites.15,16 

Such correlations can be made even when the site of protonation is not 

associated with the lowest ionization energy for the molecule. These 

correlations have been shown to have several applications. IT the proton 

affinity and site of protonation are known, the correlation can be used to 

estimate the orbital ionization energy of the site which is useful in assigning 

bands in complex photoelectron spectra. Similarly, if the lone-pair 

ionization potential of a basic site in a molecule can be determined using 

photoelectron spectroscopy, then such correlations can be used to predict the 

intrinsic base strength of that site. The correlation of adiabatic nitrogen 

lone-pair ionization energies with gas-phase proton affinities for 

phenylalanine, N-methyl- and N,N-dimethyl-phenylalanine is presented with 

the purposes of identifying the effect of methyl substitution on the amine 

nitrogen to the base strength of the molecule and assessing the 

photoelectron band assignments. 

Experimental Details 

Photoelectron spectra were recorded at the University of Arizona on 

an instrument featuring a a6-cm radius hemispherical analyzer (10-em gap) 

with customized sample cells, excitation sources, detection and control 

electronics, and data collection methods that have been previously 



183 

described.17 Since the amino acids sublime and then deposit on cooler parts 

of the instrument, the sensitivity and resolution progressively degrade with 

time during data collection. The data are represented analytically with the 

best fit of asymmetric Gaussian peaks (GFIT program).18 The confidence 

limits of the peak positions and widths are generally ± 0.02 eV. The 

confidence limit of the area of a band envelope is approximately ± 5% with 

uncertainties introduced from the baseline subtraction and fitting in the 

tails of the peaks. When peaks are strongly overlapping, as in the first 

ionization band of phenlyalanine, the individual parameters of a peak are 

less significant since they are dependent on the parameters of other peaks 

in the band. The energetic onset of each peak (adiabatic ionization energy) 

is estimated to occur at the point twice the half-width at half-maximum 

from the vertical ionization energy on the low energy side of the band. 

The proton affinities of the samples were determined at Caltech using 

an external ion source Fourier transform ion cyclotron resonance (F'r-ICR) 

mass spectrometer. A detailed description of this instrument has been 

previously published.9 The spectrometer incorporates an external Cs+ ion 

bombardment source, octopole ion guide for transferring ions into the high 

field region of a 7 Tesla superconducting magnet, a standard 2"x2"x3" 

detection cell, and the electronics required for data acquisition and 
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processing in the Fourier transform mode. The instrument has three 

regions of differential cryogenic pumping, resulting in a residual background 

pressure of high 10.10 or low 10.9 torr in the detection cell. A specially 

designed ionization gauge is an integral part of the ICR cell and is 

accurately calibrated using a capacitance manometer connected directly to 

the cell through a static port. Reactive gases and inert collision gases are 

delivered through stainless steel tubing directly to the ICR cell using 

computer controlled General Valve pulsed valves or manual Varian leak. 

valves. Typical static N2 gas pressures used in collision-induced dissociation 

experiments are 2 to 5 x 10.8 torr. 

Samples are typically prepared by dissolving small amounts of solid 

(-0.1 mg) directly into a 2-3 pi drop of a mixture of glycerol and 

trifluoroacetic acid spread onto a copper probe tip. For the generation of 

proton-bound clusters, equal amounts of both reference bases are thoroughly 

mixed together and a small sample is used for the analysis. Several solid 

samples do not readily dissolve in the glycerolltrifiuoroacetic acid matrix 

and must first be dissolved in water (typically, 0.5 mglml). For these 

mixtures, 1-2 pi of solution are mixed with the matrix on the probe tip. 

Desorption of proton-bound clusters from the probe tip is accomplished in 

the source region of the spectrometer using 6-8 ke V Cs+ ions. 
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N,N-dimethyl-phenylalanine was synthesized using the technique 

described by Bowman and Stroud.19 The product yield was adequate at 

23%. Purity was confirmed by examination of the melting point (218° C) 

and HI-NMR of the product. All other samples were commercially available 

from Sigma Chemical Company and used as provided without further 

purification. 

Results and Discussions 

Most of the naturally occurring amino acids are (X-substituted glycine 

derivatives, and can be represented by the general formula, 

H2N-RCH-COOH, where R represents one of nineteen different side chains. 

Proline is the only amino acid that does not fit this general formula, as it is 

a cyclic secondary amine. Differences that arise in the photoelectron spectra 

or gas-phase proton affinity values of amino acids primarily show the effect 

of changing the R group of the molecule. We have detailed in a previous 

paper the affects of varying the amino acid side chain on gas-phase proton 

affinities and nitrogen adiabatic lone-pair ionization potentials.14 The 

present study examines the gas-phase properties of the amino acid 

phenylalanine and its N-methyl derivatives. Differences in the 
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photoelectron spectra and gas-phase proton affinities of these species result 

from the effect of methyl substitution on the amine nitrogen. 

Photoelectron Spectra of Substituted Phenylalanines. 

Typically, the lowest ionization potential observed in the photoelectron 

spectra of the amino acids results from ionization out of the amine nitrogen 

lone-pair orbital (nN)' which has a lower ionization potential by 1 eV than 

the next closest peak.20 "For amino acids with complex side groups which 

have orbital energies comparable to the nitrogen lone-pair, such as aromatic 

rings or sulfur, nitrogen or oxygen atoms, the lowest ionization potential 

may result from ionization out of a side-chain orbital. This makes it 

difficult to interpret the photoelectron spectra of several of the amino acids, 

since the peaks for ionization from the nN orbital and the side-chain orbital 

tend to overlap and are unresolved. The amino acid phenylalanine is an 

(X-substituted glycine compound with the side chain R=benzyl. The 

photoelectron spectrum is shown in Figure 1a. The broad band that spans 

the low ionization potential region between 8 and 10 eV results from the 

overlap of three peaks. These peaks result from ionization out of three high 

energy molecular orbitals; one contributed from the amine nitrogen lone-pair 

and two from the side-chain aromatic ring. Close-up examination of the 

first ionization band is shown in Figure 2a. The band displays shoulders on 
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the low and high energy sides, requiring at least three peaks to suitably 

model the band profile. 

The peaks in the low ionization potential region of phenylalanine can 

be identified by comparison to appropriate model compounds. In benzene, 

the degenerate e2g orbital contributes a single peak in this region of the 

photoelectron spectrum. The vertical ionization potential of the e2g orbital 

is reported to be 9.25 eV. Substitution of a methyl group on the benzene 

causes a change in molecular symmetry, creating symmetric (1t3) and 

anti symmetric (1t2) orbitals. The 1t3 orbital is destabilized with respect to 

the 1t2 orbital and yields a lower vertical ionization potential of 8.83 eV, 

while the 1t2 orbital ionization potential of 9.36 eV is slightly higher than 

that of the e2g orbital of benzene.21 These ionizations account for 2 of the 

3 low energy peaks in the phenylalanine spectrum. 

A comprehensive study of the photoelectron spectra and ionization 

potentials for several substituted 2-phenylethylamines has been reported by 

Houk et. al.22 The aromatic 1t orbitals of 2-phenylethylamine, as well as 

phenylalanine, are quite similar to those of toluene. The 1t3 and 1t2 orbitals 

are not easily distinguished in the photoelectron spectrum of 

2-phenylethylamine (Figure 1b), since the amine nitrogen lone-pair orbital 

appears in the same energy region and creates an unresolved broad band 
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similar to that in the photoelectron spectrum of phenylalanine. Two peak 

maxima can be identified at 8.99 and 9.35 eV. Determining the location of 

the nN orbital peak, as well as the location of the 7ta and ~ peaks, is aided 

by methylation on the amine nitrogen of2-phenylethylamine. It is expected 

that the ionization potential of the nN orbital decreases with each methyl 

substituent, while the aromatic ionization potentials remain unaffected. 

This trend in the nN orbital energies is predicted from the vertical ionization 

potentials of methylamine, dimethyl amine and trimethylamine decreasing 

from 9.64 eV to 8.97 eV to 8.44 eV, respectively.2a The nN peak maximum 

lies near 8.7 eV in the photoelectron spectrum of N-methyl-

2-phenylethylamine (Figure 1c), and this peak is well resolved in the 

N,N-dimethyl-2-phenylethylamine spectrum at 8.35 eV (Figure 1d). Since 

secondary amines are predicted to have ionization potentials 0.6 to 0.8 eV 

lower than those of primary amines, the nN orbital peak in the 

2-phenylethylamine spectrum should lie in the region between 9.3 and 9.5 

eV. The peak near 8.99 eV in the 2-phenylethylamine spectrum is identified 

as the 7ta orbital, as substitution of a hydroxyl group at the para position of 

the ring changes only the lowest vertical ionization potential from 8.99 to 

8.41 eV and leaves the broad band at 9.35 eV unaffected (Figure Ie). 
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The photoelectron spectrum of phenylalanine is very similar to that 

of 2-phenylethylamine. Both have a broad band in the low ionization 

potential region contributed from aromatic 1tg, 1t2 and amine nitrogen 

lone-pair nN orbital peaks. It is anticipated that methyl substitution on the 

amine nitrogen of phenylalanine will shift the nN ionization potential to 

lower values, without having a significant effect on the phenyl1t ionization 

potentials. The stacked photoelectron spectra of all three methylated 

phenylalanine species with an expanded low ionization potential region is 

shown in Figure 2. Table 1 lists the vertical and adiabatic ionization 

potentials for the numbered peaks in each photoelectron spectrum of Figure 

2. The spectrum of N,N-dimethyl-phenylalanine (Figure 2c) is the easiest 

to interpret, as substitution of two methyl groups has changed the spectrum 

dramatically from that of the unsubstituted parent molecule. Peak I, with 

a vertical ionization potential of 8.2 eV, is contributed from the nN orbital 

as the destabilization has lowered its ionization potential and shifted the 

peak from under the broad band. The 1tg and ~ vertical ionization 

potentials (8.9 and 9.3 eV, respectively) are relatively unaffected by amine 

methylation and are similar to the analogous ionization potentials in 

toluene. 
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The nN orbital can be assigned in the N-methyl-phenylalanine 

spectrum (Figure 2b) using the following arguments. Secondary amines are 

expected to have ionization potentials 0.4 to 0.5 eV higher than tertiary 

amines, therefore the nN orbital peak is predicted to lie in the region 

between 8.6 and 8.7 eV. The peak with the lowest ionization potential (1) 

in Figure 2b must arise from the nN orbital. Table 1 confirms that the 

vertical and adiabatic ionization potentials of the 7ta and 7t2 orbitals (peaks 

II and III, respectively) remain relatively constant from N-methyl- to 

N,N-dimethyl-phenylalanine. Methyl substitution at the amine has little 

affect on these orbitals. 

Comparing the trends in the photoelectron spectrum of phenylalanine 

to those of 2-phenylethylamine, it is possible to identify the vertical 

ionization potential for the nN orbital. Primary amines are expected to have 

ionization potentials 0.6 to 0.8 eV higher than secondary amines, so the 

vertical ionization potential for the nN orbital of phenylalanine should lie in 

the region between 9.2 and 9.5 eV. This identifies peak II at 9.3 eV as the 

nN orbital. The peak with the lowest ionization potential (I) in Figure 2a is 

identified as the 7ta orbital, as substitution of a hydroxyl group at the para 

position of the ring changes only the lowest vertical ionization potential from 

8.9 to 8.5 eV, and leaves the broad band at 9.3 relatively unaffected.24 The 
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1t2 orbital has the highest ionization potential in all three substituted 

phenylalanines, and is always peak ITI. 

The trends in the vertical ionization potentials of the substituted 

phenylalanines are best snmmarized in Figure 3. The effect oflowering the 

nN ionization potential upon methyl substitution on a prima.ry amine 

(methylamine) is clearly shown in Figure 3a. This trend is also observed in 

the nN ionization potential of substituted 2-phenylethylamines (Figure 3b), 

while the 1t3 and 1t2 orbitals remain relatively unchanged. Substituted 

phenylalanines display the same trends in the nN and 1t orbitals as does 

2-phenylethylamine, and facilitates the assignment of these orbitals. 

Proton Affinities of Substituted Phenylalanines. The gas-phase 

proton affinity of phenylalanine has been determined by numerous 

investigators to be between 219 and 221 kcallmol.12,25-28 The proton affinity 

values for methyl substituted phenylalanines have not been previously 

reported. 

Several experimental methodologies exist for the determination of 

gas-phase proton affinities. Proton transfer reactions which reach 

equilibrium at a fixed temperature yield gas-phase basicities which can give 

proton affinities if the entropy of protonation can be estimated using 

statistical thermodynamics.29-30 Unfortunately, the use of equilibrium 
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techniques with biomolecules is restricted by their low volatility. The 

kinetic method, pioneered by Cooks and co-workers,14 has held the most 

promise to date for determining proton affinities of relatively non-volatile 

molecules. The proton affinity is correlated to the ratio of the product ion 

abundances in the dissociation of proton-bound dimers. These ions are 

typically produced by metastable decay of the clusters in the field-free 

region of a multi-sector mass spectrometer, but more recently have been 

generated by low energy collision-induced dissociation of proton-bound 

clusters in four-sector instruments.31 

To determine the proton affinity of a base B2 using the kinetic 

approach, a proton-bound dimer is formed from a reference base Bl of 

known proton affinity and the base B2• The dissociation of the cluster is 

dominated by two unimoiecular reactions (Equation 1). Two assumptions 

are made in analyzing data from these experiments: (1) if species Bl and 

B2 are structurally similar, the difference in the entropy of proto nation (0..18) 

for forming the products is small and (2) the dissociation reactions have zero 

or very small reverse activation energies. With these assumptions, the 
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difference in activation energies for reactions la and Ib, (8Eo)' is equal to 

the difference in proton affinities PA(B!) PA(B2). 

The kinetic method uses Transition State Theory to model 

unimolecular dissociation rates of the proton-bound dimers. As a result of 

this approach, dimers are described with a singular effective temperature 

(T). In reality, both Cooks type experiments and our own deal with a 

non-thermal internal energy and the dissociation kinetics are more 

appropriately analyzed using RRKM theor;2 and averaging over the energy 

distribution. We have applied a quantitative approach to extracting proton 

affinity values from cluster fragmentation data which relies on the use of a 

RRKM analysis. We start with the simplified RRK33 unimolecular 

dissociation rate described by Equation 2, in which is the frequency factor 

for the reaction, E is the total energy of the excited molecule with s 

(
E - E~l 

k(E)-v B J (2) 

vibrational degrees of freedom, and Eo is the activation energy. If there are 

two competing dissociation channels for the molecule, as there are for the 

proton-bound clusters, then the rates of channels 1 and 2 are related by 
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Equation 3. Simple mathematical manipulation of Equation 3 yields an 

expression which allows the proton affinity of the unknown base to be 

extracted from the ratios of the fragment ion abundances (Equation 4), 

provided SEo is small compared to E-Eo' A more thorough derivation of 

RRKM unimolecular dissociation rates using the Whitten-Rabinovich 

k1(E)a.!l(E - E;il»)8-1 (3) 

~(E) V2 E - ~(2) 

approximation gives virtually the same mathematical relationships and 

same conclusions. As stated above, the dissociation rates are proportional 

to the product ion abundances and the differences in activation energies are 

proportional to the differences in proton affinities. Plotting the natural log 

of the ratio of the product ion abundances versus the reference base proton 

affinity for a series of bases, allows the proton affinity of the unknown 

species to be determined. The proton affinity of the unknown base is found 

where the dissociation rates for the reference and unknown base are equal 

(In ratio=O). An example of such a plot is shown below. It should be noted 



195 

that the inverse of the slope of the plot is equal to the excess internal energy 

per degree of freedom in the activated complex, and can be related to the 

temperature of the cluster. 

Gas-phase proton affinities of methyl substituted phenylalanines were 

determined by FT-ICR mass spectrometry using the technique described 

above and on average have an uncertainty of ±1 kcallmol. Proton-bound 

clusters of reference bases and substituted phenylalanines were generated 

in the FAB source and transferred into the trapped ion cell of the FT-ICR. 

Parent cluster ions were initially isolated by applying resonant frequency 

ejection pulses to all other species in the cell. The clusters were then 

translationally excited with sustained off-resonance radio frequency 

excitation 15 and collisionally dissociated against a static pressure of nitrogen 

(2x10·8 torr) on a time scale of several seconds. 

Ion populations generated in the F AB source and transferred to the 

detection cell have a wide distribution of energy, since without translational 

excitation, product ions are observed for dissociation against a static N2 gas 

pressure which produces typically one or two collisions per second. 

Collisional dissociation appears to occur on a time scale faster than 

collisional or radiative cooling of the cluster ions. Using sustained 

off-resonance translational excitation, collision conditions are varied from 0 
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to 4 e V in the center of mass frame to determine if the average relative 

kinetic energy of the cluster has an effect on fragment product ion 

distributions. The kinetic energy of a trapped ion obtained from sustained 

off resonance radio frequency excitation is described by Equation 5, where 

q is the charge of the ion, Eo is the amplitude of the applied electric field, 

m is the mass of the ion, and (ro-roc) is the difference between the applied 

excitation frequency and natural cyclotron frequency of the ion. The 

time-averaged center of mass kinetic energy of the trapped ion is 

determined by Equation 6. A plot of product ion abundances versus center 

of mass kinetic energies for the proton-bound dimer of N-methyl-

phenylalanine with 2-aminopyridine is shown in Figure 4. Increasing the 

center of mass kinetic energy to 2.6 e V produces nearly complete 
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dissociation of the dimer into protonated 2-aminopyridine and protonated 

N-methyl-phenylalanine. Both species are produced with similar intensities 

since they have nearly identical proton affinities. Although the relative ion 

abundance of each product increases with increasing kinetic energy, the 

ratio of the product ion abundances is fortunately unaffected. A plot of the 

natural log of the ratio of product ion abundances versus the relative kinetic 

energy for proton-bound dimers of N-methyl-phenylalanine with proline, 

2-aminopyridine and trimethylamine is shown in Figure 5. Off-resonance 

collisional activation ia conducted under multiple collision conditions, with 

sequential encounters resulting in accumulation of sufficient internal 

excitation to produce dissociation. Increasing the relative kinetic energy 

allows for more internal excitation to be accumulated per collision, but does 

not alter the level of internal excitation which produces dissociation. This 

is in contrast to single-collision excitation, where internai energies 

considerably in excess of those required to produce dissociation may result 

from an individual encounter. As a result, product distributions used to 

derive proton affinities in these Fr-ICR experiments are relatively 

insensitive to the ion kinetic energies used. 

The dissociation technique described above is similar to one we 

recently developed using cw CO2 laser irradiation, in which the 
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proton-bound dimer of a reference base and a molecule of interest is 

subjected to infrared multiphoton dissociation (IRMPD) in an FT-ICR 

trapped ion cell.34 Clusters are slowly energized until cleavage occurs 

selectively along the lowest energy pathway. This process also dissociates 

the cluster into two intact products with the species of higher basicity 

preferentially retaining the proton. 

To demonstrate the methodology employed for determining proton 

affinities, we present a detailed investigation for N-methyl-phenylalanine. 

The proton affinity of N-methyl-phenylalanine was determined by 

coUisionally dissociating pr.oton-bound clusters of five different reference 

bases with N-methyl-phenylalanine, and evaluating each of their product ion 

distributions. The data for each experiment is listed in Table 2. The proton 

affinity ofN-methyl-phenylalanine is bracketed between the values of223.0 

kcallmol for 6-methylpurine and 223.8 kcallmol for 2-aminopyridine.35 A 

more precise estimate of the value can be made from the data plot in 

Figure 6. The proton affinity ofN-methyl-phenylalanine extracted from the 

plot is 223.6 kcallmol, which is not the median of the bracketed energy 

difference but is closer to 2-aminopyridine. 

Since the proton affinity of phenylalanine has been published by 

numerous investigators, phenylalanine can be used as a model compound to 
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test the accuracy of our experimental methods. Proton-bound clusters of 

phenylalanine with isoleucine and with methionine are isolated and 

dissociated in the FT-ICR trapped ion cell. In agreement with the 

N-methyl-phenylalanine results, the ratios of product ion abundances 

remain constant over a range of collision energies. A plot of the natural log 

of the ratio of ion abundances versus the proton affinity of the reference 

base was generated using the values of 219.3 kcallmol and 221.8 kcallmol 

for the proton affinities of isoleucine and methionine, respectively (data in 

Table 2).25 The plot yields a proton affinity for phenylalanine of 220.3 

kca1/mol, in excellent agreement with the previously reported range of 219 

to 221 kcallmol. Although determining proton affinities with this technique 

in theory is quite simple, it can be difficult to generate a variety of 

proton-bound clusters. Several reference bases with a range of proton 

affinities were used in the attempt to generate dimers, but most failed to 

produce any detectable clusters. For reasons not yet understood, we found 

it easier to generate proton-bound dimers of reference bases with N-methyl

phenylalanine. 

The proton affinity ofN,N-dimethyl-phenylalanine was determined by 

collisionally dissociating the proton-bound clusters of N,N-dimethyl

phenylalanine with N-methyl-phenylalanine and with trimethylamine. As 
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with the above phenylalanine example, N,N-dimethyl-phenylalanine forms 

proton-bound dimers with a very select group of reference bases which do 

not encompass a large range of proton affinities. The proton affinity of 

N,N-dimethyl-phenylalanine is bracketed between a range of 223.6 and 

225.1 kcallmol (data in Table 2), and an analysis for these dissociations 

similar to Figure 6 yields a proton affinity of 224.5 kcallmoI. 

Correlations of Adiabatic Nitrogen Lone-Pair Ionization 

Potentials with Proton Affinities of Substituted Phenylalanines. The 

proton affinity of a molecule is related to the homolytic bond energy in the 

conjugate acid D(B+-H) as indicated by Equation 7. If the homolytic bond 

dissociation energy is constant for a particular functional group, the proton 

PA(B)=JP(H)-IP(B)+D(B + -H) (7) 

affinity will exhibit a linear correlation with the quantity IP(H)-IP(B). We 

have previously reported that a linear correlation exists between the proton 

affinities and the adiabatic nitrogen lone-pair ionization energies for amino 

acids which protonate on the amine group.14 Many of the amino acids 

correlate well with data for simple primary amines, but the amino acids 

proline and sarcosine do not. These species (as expected) best fit the 
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correlation for secondary amines. The correlation of the nitrogen lone-pair 

ionization energy of the amine group with the proton affinity of numerous 

amino acids, including phenylalanine, N-methyl- and N,N-dimethyl

phenylalanine is shown in Figure 7. Included in the figure for comparison 

is the correlation observed for several primary, secondary and tertiary 

amines. Deviations from the correlation have been previously explained in 

detail. 14 

The point for phenylalanine in Figure 7 does not precisely fit the 

correlation for primary amines. Although it is difficult to interpret the 

photoelectron spectrum of phenylalanine (as described above), we are 

reasonably confident with the assignment of the nitrogen lone-pair as the 

second band in the photoelectron spectrum. The similar trends observed in 

the simple amine and 2-phenylethylamine ionization energies resulting from 

amine methylation support our conclusions (Figure 3). It is noteworthy to 

mention though, if the peak for the lowest ionization potential (I) in the 

photoelectron spectrum of phenylalanine is chosen instead of the second 

peak (II) for the adiabatic nitrogen lone-pair ionization potential, the point 

for phenylalanine in Figure 7 resides slightly above the correlation line for 

the primary amines and appears to be in better agreement with many 

aliphatic amino acids. 
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Deviation of the phenylalanine point below the primary amine 

correlation line of Figure 7 implies the proton affinity is larger than the 

value expected from simple protonation on the amine nitrogen. This 

enhanced basicity is proposed to result from stabilizing cation-n interactions 

between the proton on the amine nitrogen and the aromatic ring in the side 

chain. Previous studies have established that interactions between 

quaternary ammonium groups and n electrons of aromatic groups (such as 

benzene) are highly stabilizing. Interaction energies for benzene with 

protonated ammonia, methylamine, and trimethylamine have been reported 

as 19.3, 18.8 and 15.9 kcallmol, respectively.a6-a7 The large, polarizable ring 

in the side chain of phenylalanine can adopt a geometry which interacts 

with the proton on the amine nitrogen. The net stabilization is not as large 

as the energies reported above since geometric constraints prevent an 

optimum interaction and entropic effects due to cyclization must be 

considered. The point for phenylalanine is displaced horizontally from the 

correlation curve by roughly 3.0 kcallmol, implying an intrinsic proton 

affinity (neglecting intramolecular interactions) of217.3 kcallmol. Meot-N er 

et. al. measured the proton affinity of phenylalanine using the technique of 

high pressure mass spectroscopy.as This measurement was performed at a 

higher temperature which would tend to mask stabilizing intramolecular 
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interactions. Although generally treated in the literature as a value much 

too low for the proton affinity of phenylalanine, Meot-Ner et. al. determined 

the proton affinity to be 216.8 kcal/mol, in better agreement with that 

predicted by the correlation curve. 

The point for N-methyl-phenylalanine fits the correlation in Figure 

7 for secondary amines reasonably well. As with phenylalanine, the point 

is slightly below the correlation line but is only displaced horizontally by 

approximately 1.8 kcallmol. Since the proton affinity of N-methyl

phenylalanine has not previously been published, there is no high 

temperature value available for comparison. Addition of a methyl group on 

the amine nitrogen increases the proton affinity of that site, but appears to 

weaken the intramolecular cation-1t interaction as the displacement from the 

correlation line is not as great as in phenylalanine. 

The point for N,N-dimethyl-phenylalanine, in contrast to the above 

examples, lies to the left of the correlation line for the tertiary amines. The 

addition of a second methyl group to the amine nitrogen is presumed to 

disrupt the interaction with the side chain. Although this molecule does not 

necessarily fit the tertiary correlation, it follows the trend observed for the 

majority of aliphatic amino acids which fall to the left of the correlations for 

aliphatic amines. 
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One additional argument is offered which supports the postulate that 

the proton affinity of phenylalanine reflects cation-1t interactions. 

Substitution of methyl groups onto the nitrogen of primary amines increases 

the proton affinity substantially, whereas substitution of methyl groups onto 

the amine nitrogen of phenylalanine does very little to increase the proton 

affinity. The addition of one methyl group to ethyl amine increases the 

proton affinity by 5.8 kcaVmol. The difference in the measured proton 

affinities of phenylalanine and N-methyl-phenylalanine, 3.4 kcaVmol, is not 

as large as expected. If the intrinsic proton affinity estimated from Figure 

7 is used for phenylalanine (217.3 kcaVmol), the anticipated proton affinity 

of N-methyl-phenylalanine should be 223.1 kcaVmol (217.3 + 5.8). This 

value is in reasonable agreement with that observed experimentally 

(223.6 kcaVmol), and suggests that the protonated phenylalanine has 

additional stabilization. 

Conclusions 

The photoelectron spectrum of phenylalanine is difficult to interpret 

due to overlapping peaks in the low ionization potential region between 8 

and 10 eV. The peaks can be assigned by comparison to several model 

compounds such as toluene, methylamine and substituted 

2-phenylethylamines. The first ionization potential of phenylalanine is not 
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attributed to ionization from the nitrogen lone-pair nN orbital, but from the 

aromatic 7ta orbital in the side chain. The nN orbital has a higher ionization 

potential and appears as the second peak in the deconvoluted spectrum. 

Methyl substitution on the amine nitrogen destabilizes the lone-pair orbital, 

shifting the nN peak in the spectrum to a lower ionization potential. By 

completely shifting the nN peak out from under the broad spectral band 

using two methyl substituents, the nN orbital can be identified with 

certainty. This technique is useful for identifying orbital peaks which are 

unresolvable in complex photoelectron spectra. 

A quantitative approach for extracting gas-phase proton affinities 

from cluster dissociation data is presented. The proton affinities of 

phenylalanine, N-methyl-phenylalanine and N,N-dimethyl-phenylalanine are 

determined by collisionally dissociating proton-bound clusters with standard 

reference bases. A simplified RRKM analysis is used to determine proton 

affinities from product ion abundances. This methodology is similar to that 

introduced by Cooks and co-workers for the extraction of thermochemical 

data from competitive dissociation processes.14 

Substitution of methyl groups onto the amine nitrogen of 

phenylalanine does not increase the basicity of the molecule substantially. 

Complete methylation only changes the proton affinity by approximately 
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4 kcallmol. This increase is less than that observed for methylation of 

simple amines. Weak stabilizing intramolecular cation-1t interactions in 

phenylalanine between the aromatic side chain and the proton on the amine 

nitrogen causes the proton affinity to be slightly higher than if simple 

protonation occurred on the amine. Methylation of the amine nitrogen 

increases the basicity of the molecule but decreases the strength of 

interaction. This results in only a small net increase in the proton affinity 

of the molecule. 

The present study establishes that proton affinities for most of the 

amino acids will not dramatically increase to levels which compare to side 

chain protonation by simply methylating the amine nitrogen. In the absence 

of any special stabilization due to interactions between the site of 

protonation and the side group, proton affinities of single amino acids should 

increase by 8 to 10 kcallmol from methylation. Such species tend to have 

low initial proton affinities, however, and methylation will not bring the 

values higher than those of species such as lysine or histidine. 

Phenylalanine is one of the more basic amino acids, yet complete 

methylation did not increase the proton affinity substantially. Four 

unsubstituted amino acids still possess proton affinities greater than 

N ,N-dimethyl-phenylalanine. 
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Figure Captions: 

Figure 1. He I photoelectron spectra of (a) phenylalanine, (b) 
2-phenylethylamine, (c) N-methyl-2-phenylethylamine, (d) 
N ,N-dimethyl-2-phenylethylamine and (e) p-hydroxy-2-phenylethylamine. 
The broad band in the 8 to 10 eV region observed in each spectrum results 
from the overlap of three peaks from aromatic 1t3' 1t2 and nitrogen lone-pair 
(nN) molecular orbitals. Methyl substitution on the amine nitrogen of (c) 
and (d) shifts the ionization energy of the nN orbital out from under the 
broad band, allowing it to be easily identified. Para hydroxylation of the 
phenyl ring in (e) shifts only the 1t3 orbital, leaving the peaks for the 1t2 and 
nN orbitals in the region of 9.3 to 9.5 eV. Spectra (b) through (e) were 
recorded by Houk et. al.22 

Figure 2. Expansion of the low ionization energy region in the 
photoelectron spectra of (a) phenylalanine, (b) N-methyl-phenylalanine and 
(c) N,N-dimethyl-phenyla1anine. The nitrogen lone-pair orbital peak in 
phenylalanine [peak II in (a)] shifts to lower energy upon methylation 
[peaks I in (b) and I in (c)]. Peak energy values and identifications are 
listed in Table 1. 

Figure 3. Trends in the vertical ionization potentials for N-methyl 
substituted (a) methylamines, (b) 2-phenylethylamines and (c) 
phenylalanines. The nitrogen lone-pair (nN) ionization potential decreases 
steadily in methyl substituted amines, while the aromatic 1t orbitals remain 
relatively unaffected. Peak assignments for phenylalanine are confirmed by 
evaluating the trends in the nN orbital. 

Figure 4. Variation in relative product ion abundance with center of mass 
collision energy observed in the collision-induced dissociation of the 
proton-bound dimer of N -methyl-phenylalanine and 2-aminopyridine 
(mlz=274). Protonated N-methyl-phenylalanine (mlz=180) and protonanted 
2-aminopyridine (mlz=95) are produced with similar intensities since they 
have nearly identical proton affinities. Off-resonance excitation is performed 
for 600 ms using N2 as the collision gas (2x10-9 torr). Center of mass 
collision energies vary over the range of 0 to 2.6 e V. 
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Figure 5. The ratio of product ion abundances for the collision-induced 
dissociation of proton-bound dimers of N-methyl-phenylalanine and 
reference bases is unaffected by the average relative kinetic energy. Flat 
slopes in this plot indicate that proton affinities obtained using this 
technique are independent of collision energies and structural entropic 
effects. 

Figure 6. Ln (protonated N-methyl-phenylalanine / protonated reference 
base) versus reference base proton affinity for five proton-bound dimers. 
The proton affinity for N-methyl-phenylalanine extracted from the plot is 
223.6 kcallmol. Data for these experiments are found in Table 2. 

Figure 7. The correlation of the amine nitrogen lone-pair adiabatic 
ionization energy with the proton affinity of numerous amino acids is shown 
(open circles). Most of the aminoacids fit the correlation with the primary 
amine data (filled circles), which is consistent with the amine group being 
the preferred site of protonation. Proline, sarcosine and 
N-methyl-phenylalanine fail to fit the correlation for primary amines and 
instead fit the correlation for secondary amines (filled squares). As 
expected, N,N-dimethyl-phenylalanine fits the correlation for tertiary 
amines (filled triangles). Deviations from the correlations are explained in 
the text. The lines through the points are least-squares fits to the reference 
aliphatic amine data. 
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Table 1: Vertical and Adiabatic Ionization Potentials for Peaks in the 
Photoelectron Spectra of Phenylalanine, N-methyl-phenylalanine and 
N,N -dimethyl-phenylalanine. 

Species Peak Vertical IP Adiabatic IP Orbital 
(eV) (eV) assignment 

Phenylalanine I 8.9 8.5 7ta 

II 9.3 8.8 nN 

III 9.7 9.2 7t2 

N-methyl I 8.7 8.2 nN 
phenylalanine II 9.1 8.5 7ta 

III 9.4 8.9 7t2 

N ,N-dimetyl I 8.2 7.7 nN 
phenylalanine II 8.9 8.5 7ta 

III 9.3 9.0 7t2 
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Table 2: Summary of the Ratios of Product Ion Distributions from the 
Collision-Induced Dissociation of Proton-Bound Clusters Containing 
Substituted Phenylalanines and Various Reference Bases 

Proton Bound # of Trials Reference Bas Average Ratio Average In 
Dimer Proton x-PhelBase ratio 

AffinityR 

Phe with: 

De 12 219.3 4.5 1.5 

Met 4 221.8 0.1 -2.0 

Me-Phe with: 

Pro 11 220.2 6.2 1.8 

6-Mopurine 10 223.0 1.2 0.2 

2-NH2 15 223.8 0.9 -0.1 
pyridine 

(Me)SN 16 225.1 0.6 -0.5 

GIn 3 227.4 0.1 -2.0 

Me2-Phe with: 

Me-Phe 3 223.6 1.8 0.6 

(Me)sN 4 225.1 0.7 -0.4 

a) proton affinities in kcallmol. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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APPENDIXC 

Electronic Structure and Bonding of CGO to Metals 

This paper examines the interactions of C60 with metals through 

Fenske-Hall calculations. The experimental work is primarily mine. 

Calculations on C60 began as a project for CHEM618 and developed into this 

paper and expanded into Appendix D. I was involved in every aspect of the 

preparation of this manuscript. Coordinates had to be set up and 

manipulated for the different structure possibilities. All calculations were 

executed by me or under my direction with the exception of the C2 

transformation of C60• Large quantities of data were compiled and 

manipulated to obtain the results presented. 
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Abstract 

The electron distribution and orbital interactions of CGO with metals 

coordinated at different sites on the outside of the fullerene are evaluated 

with the Fenske-Hall molecular orbital method. The characters and nodal 

properties of the frontier orbitals of Ceo are first evaluated in terms of basis 

transformations to the C2 units that join the pentagons and to the Cs units 

of the pentagons in the CGO molecule. The highest occupied molecular 

orbital (HOMO, ~ symmetry) of CGO is largely 7C bonding between the 

carbon atom pairs that join adjacent pentagons. The lowest unoccupied 

molecular orbital (LUMO, t lu symmetry) is predominantly 7C antibonding 

between these carbon atom pairs. These orbital characters and energies are 

well-situated for synergistic bonding of a metal atom to the carbon-carbon 

pair between the pentagons, in which the HOMO of Ceo donates sigma 

electron density to the metal, and the LUMO of Ceo accepts pi electron 

density from the metal. The electron donation and acceptance between the 

individual molecular orbitals of the CGO molecule and the orbitals of a metal 

at different possible bonding sites of Ceo is probed with a Ag+ ion. It is 

found that the bonding is favored at the site between the pentagons, and 

that many different orbitals of CGO are involved in the interaction. The net 

bonding of Ag+ to Ceo is weaker than to ethylene. Calculations are also 
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carried out on the organometallic complexes CsoPt(PH3)2 and C2H4Pt(PHa)2' 

The net bonding of ethylene and C60 to platinum is found to be very similar 

in these cases. A significant difference in this case is that the net negative 

charge on C60 is more delocalized in the carbon cluster in contrast to the 

localized charge on ethylene. 
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Introduction 

Since the report of a method to synthesize and purify bulk quantities of C60 

[1], a number of groups have initiated investigations of the chemistry of 

this unusual carbon species [2]. One interest has been in the chemistry 

of Cso with metals, with potential relevance to catalysis and important 

optical, electronic, and magnetic properties.[a] Although every carbon 

atom in Cso is chemically equivalent, the structure of Cso offers many 

different possible bonding sites and modes of interaction with metals. For 

instance, the hexagon rings (of which there are 20) might coordinate to 

metals similar to the six carbon atoms in benzene rings. This is called 11s 

bonding and is labeled as position 6 in Figure 9. Likewise, the pentagon 

rings (of which there are 12) might coordinate to metals similar to the five 

carbon atoms of cyclopentadienyl rings (1')5 bonding, position 5 in Figure 9). 

Pairs of carbon atoms might coordinate to metals similar to alkenes (112 

bonding, see below), and individual carbon atoms might also bond directly 

to single metal atoms (1')1 bonding). There are also other, less-symmetrical 

sites available, such as 1')4 bonding to four carbon atoms similar to dienes, 

or 1')3 bonding to three carbon atoms similar to allyls. 

There are two different types of carbon-carbon bonds in Cso available 

for 1')2 coordination to a metal center. In one type each carbon atom of the 
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pair is a member of a different pentagon, and the bond joins the two 

pentagons (position ~' in Figure 9). This bond is sometimes referred to as 

the fused edge bond between two hexagons. Here these bonds will be 

referred to as the bonds between pentagons or the ~' positions. There are 

thirty of these ~' bonds. The other type of carbon-carbon bond has both 

carbon atoms within the same pentagon (position 2' in Figure 9). These will 

be referred to as the bonds within pentagons or the 2' positions. There are 

60 bonds of this type. Studies to this time indicate that the 2" site between 

pentagons is more reactive than the 2' site within pentagons (vide infra). 

The extent of charge delocalization between the metal and the eGO 

molecule is of particular interest. Our early STM studies of eGO on gold 

surfaces [4] were the first to indicate that electron delocalization from the 

metal into the lowest unoccupied molecular orbital of eGO is important to the 

electronic and physical properties of this molecule. The conditions for 

imaging the eGO molecule on gold, and the patterns of highlighted tunneling 

current on the surface of the eGO molecule, showed delocalization of gold 

electron density near the Fermi level into the low-lying t lu orbitals of eGO. 

This is particularly significant, as subsequent discoveries of the 

superconcuctivity of eGO doped with alkali metals are interpreted in terms 

of partial occupation of the t lu molecular orbital [5]. 



230 

e60 with transition metals 

CGO has been shown to form several interesting organometallic 

complexes, and some reaction trends are emerging. Fagan and coworkers 

[6] were the first to show that CGO could behave in a manner analogous 

to an electron deficient alkene. They synthesized a complex with the 

formula (112.CGo)Pt(PPha)2 (Ph = C6H5) by the simple displacement of 

ethylene by CGo, Their x·ray crystal structure showed that the Pt(O) 

complexed to the CGO at the bond shared between pentagons (position 2") 

with the C60 taking on the role of an electron deficient alkene bonded to an 

electron rich metal center. Fagan's group also was able to coordinate C60 

to ruthenium by reaction of C60 with [Cp*Ru(CHgCN)g]+OgSCF g-, 

Cp * =C5Me5 [5, 6]. While no structure has been reported for the reaction 

product, they have determined that the C60 only displaces one CHgCN per 

ruthenium. The CGO is thus only filling a single coordination site at the 

metal and is not coordinating in an 116 fashion (position,ID. 

The ability ofC60 to coordinate as an 112.aIkene has been demonstrated 

by several other groups as well. Two iridium complexes have been 

characterized that provide added information about the nature of the 

bonding in these 112.CGO systems. The first of these complexes, (112• 

CGo)Ir(CO)(Cl)(PPhg)2' has been characterized with infrared spectroscopy by 



231 

Balch and coworkers [7]. A series of (,,2.alkene)Ir(CO)(Cl)(PPh3)2 

complexes were compared to the parent compound, Ir(CO)(Cl)(PPh3)2' to see 

how the CO stretching frequency varied as a function of the added alkene. 

When very electron deficient alkenes such as TCNE or C2F 4 were 

coordinated, vco increased by 99 em-! and 104 em-! respectively. The 

analogous Cao complex shows a shift in vco of only 61 em-I. These VCO 

shifts show that while Cao is able to withdraw some electron density from 

the metal, it is less effective in removing electron density from the metal 

than TCNE and C2F 4' Balch's group indicates that the extent of electron 

withdrawing ability of Cao appears to be comparable to that of O2 since the 

dioxygen complex, (02)Ir(CO)(Cl)(PPh3)2' has essentially the same CO 

stretching frequency as the ,,2.Cao complex. 

A second iridium complex of Cao has been reported by Shapley and 

coworkers [8]. They prepared (,,6.C9H7)Ir(CO)(,,2.Cao)' CgH7 = indenyl 

ligand, by a simple displacement of cyclooctene by Cao. A comparison ofvco 

for the cyclooctene complex and the Cao complex shows that Cao is more 

effective at withdrawing electron density £I'om the metal; a shift of 44 cm-! 

is observed upon replacement of the cyclooctene with Cao. Added evidence 

for the ability of Cao to withdraw electrons from the iridium is provided by 

the reduction potentials of the ,,2.Cao complex. The reduction potentials for 
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the complex show that the Cso is more negative upon coordination. Bulk 

Cso has reduction potentials at -0.63 V and -1.03 V. When Cso is 

coordinated to the iridium these potentials shift to -0.75 V and -1.10 V. The 

fact that these reduction potentials are more negative is consistent with the 

idea that the bonding between Cso and Ir involves a flow of electron density 

from iridium to the Cso. This makes it more difficult to add electrons to the 

Cso when it is coordinated. This bond between Cso and iridium can be 

readily broken by addition of CO, PPha or P(OMe)a' but it is resistant to 

cleavage by addition of C2H4, C2H2, H2 or CHaCN. 

Further evidence for a flow of electron density from metals to Cso is 

provided by the work of Howard and coworkers [9]. They have reported 

the first EPR spectrum for a Ag-Cso complex by the reaction between vapor 

deposited Ag atoms and vapor deposited CS<Y'C70 molecules in a cyclohexane 

matrix at 77 K An analysis of the EPR spectrum acquired at 175 K showed 

that only 13% of the unpaired spin population resided in the Ag 5s orbital. 

The remaining 87% of the unpaired spin population is proposed to reside in 

the Cso or in the Ag 5p orbital. While the structure of this Ag-Cso complex 

is not yet known, the electron density at the Ag atom has clearly been 

altered by its interaction with Cso. 
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Other metals have been reacted with C60 in hopes of isolating 

complexes which have the C60 coordinated in geometries other than as an 

112-alkene. Huang and Freiser have reported the synthesis of a species of 

formula Ni(C60)2 + in a mass spectrometer at long trapping times [10]. 

When Ni+ is laser desorbed in the presence of C60 vapor the Ni(C60)+ ion is 

first observed. At later times in the presence of additional C60 vapor a 

signal consistent with the formation of Ni(C60)2 + is observed. This may be 

the first example of a complex with C60 bonded in an 115 fashion (position 5), 

but further characterization is needed before the structure will be known 

and the bonding can be characterized. 

As mentioned in the introduction, there is evidence that the transfer 

of electron density from metals to C60 is also present when C60 is adsorbed 

as a thin film on metal substrates. Zhang, Edens and Weaver have 

performed surface enhanced Raman and electrochemical studies of C60 

adsorbed on a Au electrode [11]. They report the major SERS band 

frequencies for C60 - on Au and C60 on Au. Their comparison of the C60 - on 

Au frequencies to the corresponding Raman band frequencies for bulk C60 

show that several bands shift to .lower frequencies upon formation ofC60-. 

In addition, band strengths also changed as expected by Jahn-Teller 

distortions in the mono anion. Upon closer examination of their data it is 
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apparent that CGO adsorbed on Au shows SERS vibrations at intermediate 

frequencies between bulk CGO and CGO - on Au. This is consistent with a 

partial reduction of the CGO when it is adsorbed on Au. 

This partial reduction of CGO adsorbed on Au is supported by the work 

of Ohno and coworkers [12]. Photoemission and inverse photoemission 

were used to probe the electronic structure of CGO adsorbed on a variety of 

metal and semiconductor surfaces. Their studies show that the adsorption 

of monolayers of CGO onto metal surfaces results in a transfer of charge from 

the metal. They estimate an additional 0.1 - 0.5 charge units per C60 upon 

adsorption. With semiconductors the amount of charge transfer was lower 

and was dependant on the dopant in the semiconductor. 

All these studies indicate that when CGO interacts with metals there is 

a flow of electron density between the metal and CGO' In the organometallic 

complexes the picture that emerges is that CGO prefers to coordinate as an 

112-alkene fragment. The traditional scheme used to describe the bonding 

of an alkene to a metal utilizes donation from the occupied 7t orbital of the 

alkene to an empty metal orbital with simultaneous back-donation from an 

occupied metal d orbital into the empty 7t* orbital on the alkene [13]. 

The questions that arise are whether C60 has orbitals of appropriate 

symmetry, energy, and overlap with the metal for use in this manner, and 
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what is the relative extent of electron donation and acceptance. We report 

here a series of molecular orbital calculations on model systems directed at 

probing the answers to these questions. The orbital structure of CGO is 

described in terms of the more widely known orbitals of alkenes and 

cyclopentadienyl. The bonding of a silver atom to different sites on the CGO 

molecule is compared, and the electron distribution in a simple analog of 

Fagan's (112-C60)Pt(PRa)2 complex is calculated. 

Methods 

Our purpose in this investigation is to examine the orbital overlap 

interactions between CGO and metals in order to obtain a basic 

understanding of the modes of interaction. For the purpose of comparison 

with other organic molecule-metal interactions, we choose the Fenske-Hall 

molecular orbital method [14]. This method has been widely used for 

the study of electron distributions and bonding in organometallic molecules, 

and it is well-suited for the purposes of the present investigation. The 

method is based on the Hartree-Fock-Roothaan LCAO-MO formalism, with 

the difference from traditional ab initio methods that certain mathematical 

(not empirical) approximations are made for the integrals in the definition 

of the Fock matrix elements. Because of these approximations, the atomic 
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basis is limited to a minimal valence atomic set plus the immediate virtual 

basis (i.e. nd, (n+l)s, (n+l)p on the transition metal). There are no variable 

or empirical parameters in the matrix elements or in our choice of basis 

functions. The method retains the full overlap matrix and is iterative on the 

charge distribution of the molecule. Although the method retains the basic 

features of ab initio calculations, the efficiency of the method allows 

convenient calculation of the orbital interactions of large molecules, such as 

the organometallic Cso-platinum complex. The utility and limitations of the 

method for modeling the electronic structure and properties of 

organometallic molecules have been determined from numerous combined 

theoretical and photoelectron spectroscopy studies [15]. 

The truncated icosohedral structure of Cso in the gas phase is 

completely determined by two parameters. These are the length of the bond 

between pentagons and the length of the bond within pentagons. All 

investigations of these bond lengths have found that the bond between 

pentagons is slightly shorter than the bond within pentagons. We have 

taken these bond lengths from the geometry optimized by Scuseria (1.372, 

1.453) [16]. These are not much different from the bond lengths 

determined by solid state X-ray diffraction (1.355, 1.467) [17] and gas 

phase electron diffraction (1.401, 1.458) [18]. Changes in these bond 
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distances, including constraining them to be equal, have little impact on the 

results of this investigation. In order not to bias the comparison of bonds 

and charge distributions within the CGO molecule when it is coordinated to 

metals, these bond lengths were left constant in all calculations. 

The coordinates for the calculation on the platinum complex are 

idealized from the structure of CGOPt(P(CGH5)a)2 reported by Fagan [5, 6]. 

PPha is modelled with PHa' the two platinum-phosphorus bonds are set 

equivalent, and the geometry around each phosphorus is tetrahedral. The 

two direct platinum-carbon distances are set equivalent at 2.10 A. Fagan 

reported the phosphorus, platinum, and coordinated carbon atoms to be 

within 0.02 A of the same plane, and they are held in the same plane for 

these calculations. The z axis of the platinum atom is pointed at the 

midpoint of the carbon-carbon bond, and the x axis is parallel to the bond. 

For purposes of comparison, coordinates for the platinum-ethylene complex 

were idealized similarly. The same coordinates were used for the Pt(PHa)2 

portion of the molecule, the platinum-carbon distances were held at 2.10 A, 

and the ethylene was constrained to be planar. 

For the calculations of the Ag+ ion coordinated to different sites ofe60, 

the distance between the carbon atoms and the silver ion is based on the 

structure of the platinum complex. In all cases the silver ion is positioned 
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2.10 A from the nearest carbon atoms, and the z-axis of the Ag+ ion is 

directed at the center of the closest bonding carbons. 

Results and Discussion 

Orbital Characters of C60 

Many electronic structure calculations on CGO have been carried out at 

different levels of approximation [19]. The symmetry designations of the 

valence orbitals ofCGO are widely known, but the nodal characteristics of the 

orbitals and the relative bond orders between the carbon atoms provided by 

each orbital are less widely recognized. Before discussing the interactions 

of CGO with transition metals, it is helpful to become familiar with the 

characteristics of the frontier orbitals of CGO' 

The highest occupied orbitals of CGO are the five-fold degenerate ~ 

levels. Below these by about 1.5 eV are both the five-fold degenerate hg and 

four-fold degenerate gg levels, which taken together give nine levels at 

nearly the same energy according to both calculations and experimental 

measurements. [20] The next occupied levels, comprised of the deeper 

0' and 7t orbitals of the molecule, are several eV more stable in energy. The 

lowest unoccupied orbitals of CGO are the three-fold degenerate t lu levels. 

These levels are separated from the ~ by about 1.7 eV according to electron 
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spectroscopy measurements. [21] Slightly above these are the t1g 

orbitals. 

If the CGO surface were completely flat, all of these orbitals would be 

purely carbon P1t in character. The slight bending of the carbon-carbon 0' 

bonds from a plane produces a slight rehybridization in these orbitals [190. 

According to the present calculations, this is not a major perturbation. The 

amount of carbon s character in these frontier orbitals is negligible for the 

purposes of this discussion (less than 1%). The second column of Table I 

shows the contribution to these orbitals from the carbon p orbitals that are 

perpendicular to the surface of the molecule. Except for the hg orbital, these 

frontier orbitals are more that 98% composed of the p orbitals normal to the 

surface. The character of the hg orbital is 75% of the p orbital perpendicular 

to the surface and 25% of the p orbitals in the plane of the surface. The 

primary effect of this mixing is to tilt the p orbitals on these carbon atoms 

so that the p orbital lobes which extend from the molecule are bent toward 

the carbons on the adjacent pentagons. 

The bonding character of these orbitals is more easily understood in 

terms of simpler fragments ofCGo• The construction of the frontier orbitals 

of CGO in terms of the commonly known orbitals of diatomic C2 is shown in 

Figure 10. The C2 units in this diagram are the carbon pairs between the 
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pentagons corresponding to ~' sites. Note that the 1t and 7t * orbitals of the 

C2 fragments are not composed purely of the carbon p orbitals that are 

perpendicular to the surface of C60' but are composed purely of carbon p 

orbitals that are perpendicular to the C2 bond axis. As shown in Table I, 

the hg orbital is more completely represented in terms of these p orbitals 

that are perpendicular to the C-C 2" bonds (81%) than by p! orbitals that are 

defined perpendicular to the surface of the molecule (75%). Most 

significantly, the HOMO Chu) is comprised 77% of the carbon-carbon 1t 

bonds, and only 19% of the carbon-carbon 1t * antibonds. Thus this orbital 

is net bonding across the 211 positions. In contrast, the LUMO (tIu) is 92% 

carbon-carbon 1t * in character. Thus the HOMO and the LUMO provide a 

pair of potential donor and acceptor orbitals across the 2" positions similar 

to the 1t and 1t* orbitals of an olefin. These will be an important point for 

the discussion of the interactions of C60 with transition metals. The other 

frontier orbitals should also not be forgotten in this discussion. The other 

unoccupied orbital, the tlg, is 96% C-C 1t* in character. Also, the deeper 

occupied hg and gg orbitals have substantial C-C 1t character. 

Another way of constructing the orbitals of C60 is to combine the 

symmetry orbitals of the twelve pentagons that make up the structure. The 

pertinent P1t orbitals of the C5 rings are the a2" with no nodes between the 
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P orbitals of the C5, the el" orbitals with one perpendicular node through 

the C5, and the e2" orbitals with two nodes through the C5• As Figure 2 and 

Table I show, the frontier molecular orbitals are comprised primarily of the 

C5 el" orbitals. Note that the p orbitals for these representations are now 

perpendicular to the plane of the C5 rings, and that these orbitals are less 

effective at accounting for the frontier orbitals. The total contributions of 

the Pn orbitals of C5 to the frontier orbitals of CGO range from a high of 88% 

to a low of 52%. 

In addition to the relative energies. and nodal characteristics of the 

frontier orbitals ofCGO' the individual bond orders between the carbon atoms 

provided by each orbital are also significant. Table II lists the Mulliken 

overlap population contributions from each frontier orbital to the carbon

carbon 2' and 2" bonds. The numbers represent the total overlap population 

between the carbon pairs if each symmetry orbital is doubly occupied. The 

total occupation of the hu orbitals is net bonding in the 2" positions (between 

pentagons) but essentially nonbonding in the 2P positions (within the 

pentagons). The unoccupied t1u and t lg orbitals are net antibonding in the 

2" positions. The overall stability of the orbitals is reflected in the total 

overlap populations in the 2' and ~' bonds. The gg and hg orbitals have 

similar positive total 2' and 2" overlap populations, and the total for the ~ 
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orbital is somewhat lower in magnitude. The total 2' and 2" overlap 

populations for the empty t1u and t lg orbitals are both negative, reflecting 

the antibonding character of these orbitals. 

The final row in Table II lists the total overlap populations of all pairs 

of carbon atoms. In addition to the 2' and :I' bonds, these numbers include 

the interaction of carbon atoms separated by more than one bond. In each 

case the total is considerably more negative than the total in just the 2' and 

2" bonds. This shows that the interactions between carbon atoms separated 

by at least two bonds are significant to the total description, and that these 

interactions are net antibonding in the frontier orbitals. 

Figure 3 summarizes the pertinent results for the HOMO and LUMO 

orbitals. In this Figure, the relative area of the sphere on each carbon atom 

represents the percent contribution of that carbon p orbital to the molecular 

orbital, and the phase is represented by the shading of the sphere. The 

HOMO and the LUMO are each comprised primarily of combinations of the 

el" symmetry orbitals of the C5 units, with a single node through the C5 

units. For the HOMO, the combinations have net bonding interactions 

between the carbons joining different C6 rings. For the LUMO, the 

combinations have net antibonding interactions between the C5 rings. 
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These orbitals are most critical for electron donation and acceptance with 

transition metals. 

Bonding of c60 to a single transition metal atom 

As an initial examination of the orbital factors that contribute to the 

coordination of a transition metal atom to the surface of CGO' we have 

carried out calculations of a Ag+ ion coordinated at the different sites 

depicted in Figure 1. The Ag+ ion has a filled d-orbital shell available for 

electron donation to empty orbitals of CGO' and empty 5s and 5p orbitals 

available for accepting electron density from filled orbitals of the CGo' Thus 

the Ag+ ion has the necessary symmetry orbitals and occupations to probe 

the electronic interactions at the various bonding sites. The Ag+ ion is a 

relatively "hard" probe in the sense that electron donation from the d 

orbitals to CGO is expected to be relatively small. For instance, other 

calculations have shown that the interaction of Ag with ethylene is weak 

[22]. We include a calculation of Ag+ with ethylene for purposes of 

comparison. These calculations will also be used to compare with the 

results of Howard and coworkers on the EPR results of Ag with CGO [5,9]. 

The pertinent points of the interaction of the Ag+ ion with the different 

sites on CGO are snmmarized in Table III. The most significant point to 
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notice in this Table is that site 2" is the only site that results in a net 

positive overlap population between CGO and Ag+, and even here the bonding 

is weak in comparison to ethylene. On the eGO side, the largest interactions 

at the ~' position involve donation from the HOMO hu and acceptance by 

the LUMO tlu and t lg, but there are also significant interactions from 

numerous other orbitals of the eGO' 

The relative interactions are seen more clearly by focusing on the Ag+ 

orbitals. The d orbitals that are not the correct symmetry for donation into 

the t lu orbital remain doubly occupied and are dominated by filled-filled 

interaction with the eGO' Donation from the Ag+ d orbitals to eGO is most 

effective for the 2", 5, and 6 positions. Donation from CGO to the 5s orbital 

of Ag+ is clearly most effective for the ~' position. The overlap populations 

between the Ag+ orbitals and eGO give more emphasis to these observations. 

The 2" position significantly favors both sigma donation and pi acceptance 

by eGO with the most positive overlap populations. This is the site occupied 

by the metal in all complexes that have been structurally characterized to 

this time. 

An indication of the electronic structure of the neutral Ag-CGO complex 

studied by Howard and coworkers is obtained by adding one electron to the 

LUMO of the previous calculations on the cation. Table IV shows the 
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relative energies of the LUMOs that accept this electron, the second lowest 

unoccupied orbitals (SLUMO), and the HOMOs. These energies show that 

the bonding of a neutral Ag atom is favored at site! because of the absolute 

stability of the LUMO, the small energy separation of the LUMO from the 

HOMO, and the large energy separation of the LUMO from the SLUMO. 

The order of stability for the different sites is! > 2' > 2" > 5 > 6. Site 1 was 

favored by the original authors [5, 9]. The bonding is dominated by a single 

sigma bond to a single carbon center, and utilizes the Ag 5s and 5pz orbitals 

and a linear combination of the C60 t lu orbitals for the unpaired electron. 

Calculations on the neutral Ag-C6o adduct were difficult to converge because 

of the close energy proximity of Ag 5s/5p and C60 t lu orbitals. As a 

consequence, little can be said with confidence with regard to the character 

of the unpaired electron on the basis of these calculations, except that the 

electron is likely to be highly delocalized between the Ag 5s, Ag 5pz, and C60 

orbitals. 

Bonding ofC6o to platinum in C6oPt(P(C6HsJal2 

A point that is emerging from the experimental and theoretical studies 

is that the symmetry interactions ofC60 with. metals favor similarities to the 

symmetry interactions of olefins. The similarity in bonding of CGO and C2H4 
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to metals is further illustrated by comparing calculations on CsoPt(PHg)2 

and (C2H4)Pt(PHg)2' The platinum atom is coordinated at the 2" position 

of the Cso with a geometry similar to that of the ethylene complex. The 

ethylene donates 0.342 e- from its 1t bond to the platinum center. In 

comparison, the Cso donates 0.211 e- electrons from its occupied~, hg' and 

gg frontier orbitals. In return, the ethylene accepts 0.566 e- into its 1t* 

orbital from the platinum. The Cso accepts 0.329 e- into its t lu orbitals and 

0.115 e- into t lg orbitals for a total acceptance of 0.444 e- into these orbitals. 

Thus both (J' donation and 7\: acceptance are weaker for these orbitals of Cso 

in comparison to the 1t orbitals of ethylene. Interestingly, the change in net 

charge at the platinum center caused by these interactions is almost the 

same in these two cases (+0.224 e- for the ethylene complex, +0.233 e- for 

the Cso complex). 

The similarities between ethylene and Cso for coordination to this 

platinum center become more striking when the donation and acceptance 

from all of the orbitals ofCso are considered. A large number ofCso orbitals 

become involved to a small extent with the metal center, and the sum of 

these individually small contributions becomes significant. As in the case 

of the Ag+ analysis with Cso in the previous section, this is most evident by 

focusing on the populations of the metal orbitals. These are collected in 



247 

Table V. As can be seen, the metal orbital populations are essentially 

identical for these ethylene and eGO platinum complexes. 

A significant difference between· the ethylene and eGO platinum 

complexes is the distribution of charge in the coordinated ligand. In the 

ethylene complex, the excess negative charge that is accepted from the 

platinum is confined to the two carbon atoms that are coordinated to the 

platinum center. In the eGO complex, the negative charge is delocalized 

throughout the sixty carbon atom framework. The charge distribution is not 

uniformly distributed, as illustrated in Figure 4. The carbons with the 

greatest negative charge are not the two that are directly coordinated to the 

platinum center. Instead, the four carbon atoms that are directly bonded 

to these two have the greatest negative charge, and there are regions of high 

and low charge around the eGO' In the ethylene complex, the confinement 

of negative charge near the metal center destabilizes the metal density in 

comparison to the eGO complex. 

Conclusions 

The frontier orbitals of eGO have both energy and nodal properties 

suitable for synergistic electron donation and acceptance with transition 

metals. The highest occupied orbitals are appropriate for donating to a 
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vacant metal coordination site, and the lowest unoccupied orbitals are 

appropriate for accepting electron density from the metal in a 1t fashion. 

The character and nodal properties of both sets of orbitals favor coordination 

of a metal with these bonding characteristics at the 2" site of CGO' which is 

the bond between two pentagons. This bond is often depicted as the double 

bond in valence bond representations ofCGo' The description of the bonding 

is qualitatively similar to that ofC2H4 with metals, although it is found that 

numerous orbitals of CGO contribute to the total interaction.. From the 

calculations on the C2H4Pt(PHa>2 and CGoPt(PHa>2 complexes, it is also 

found that the total donation and acceptance by CGO is very similar to that 

by C2H4 in this case. 
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I 
C90 II ca;~on I C2 I 

C • elY' orbItal 1t 1t a2" e " 2 

tIl!' 98% i I i -- : 96% -- : 81% : --
~lu (LUMO) 98% 4% i i I 

: 92% 10% ~ 72%-= --
hu (HOMO) 100% 77% : 19% 

i i -- ~ 63% ~ 25% 

h(! 75% 
i 

58% ~ 23% 
i i 

16% ~ 30% ~ 6% 
I I I 

gl! 100% 85% I 11% -- ; 71% J 17% 
i 

Table I. Percent characters of the frontier orbitals 
ofCso in terms of the 1t orbitals of the carbon atoms, 
the 1t orbitals of the C2 units linking the pentagons, 
and the 1t orbitals of the pentagons. 
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III gg I hg I hu I t 1u I t 1g 

In each 2' bond 0.009 0.033 -0.001 0.030 0.025 

In each 2" bond 0.068 0.019 0.078 -0.086 -0.103 

Total in 60 2' bonds 0.51 1.99 -0.07 1.82 1.52 

Total in 30 2" bonds 2.03 0.58 2.33 -2.58 -3.10 

Total in all 2' and 2" bonds 2.54 2.58 2.26 -0.75 -1.58 

Total in all interactions 0.11 -0.48 -1.52 -2.56 -3.47 

Table n. Mulliken overlap populations in the frontier orbitals of 
C60. The 2' bonds are within the pentagons, and the 2" bonds are 
between pentagons. The final total includes overlap populations 
between carbons that are separated by more than one bond. 

I 
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Ag 4~z popu1ation 

Ag 58 population 

Ag 4~z overlap 
popu1ation 

Ag 5s overlap 
population 

total overlap 
population 

Table III. 
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I 
ethylene Coo Coo Coo Coo Coo 

site 1 site 2' site 2" site 5 site 6 

1.842 1.996 1.918 1.910 1.909 1.908 

0.281 0.299 0.289 0.325 0.121 0.090 

0.095 -0.032 0.018 0.036 -0.064 -0.085 

0.211 0.143 0.132 0.157 0.033 -0.003 

0.096 -0.014 -0.016 0.019 -0.043 -0.190 

Mulliken population analysis for the key orbitals of Ag+ 
coordinated to ethylene and to various coordination sites 
ofC60. 
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Site on Coo 1 2' 2" 5 6 

SLUMO energy -7.35 -7.43 -8.01 -7.77 -7.23 
(Separation from LUMO) (1.44) (1.27) (0.52) (0.28) (0.46) 

LUMO energy -8.79 -8.70 -B. 53 -B.05 -7.69 

HOMO energy -12.67 -12.70 -12.6B -12.B5 -12.B7 
(Separation from LUMO) (3.8B) (4.00) (4.15) (4.80) (5.1B) 

Table IV. Relative eigenvalues of Ag+-C60 calculations for the different 
sites. 
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I ~gan IISdZ2 ISd.2-,2 ISd., ISd .. Isd,z I 68 
1

6PX 

1
6PY 

1
6PZ 

I 

, C2H.' 1.866 1.915 1.989 1.455 1.989 0.481 0.522 -.050 0.344 

C60 1.866 1.927 1.988 1.455 1.987 0.482 0.545 -.043 0.306 

Table V. Metal orbital populations from Oigand)Pt(PH3)2 calculations, 
where the ligand is C2H4 or e60. 
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Figure Captions 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Some sites for metal bonding to C60. Site! is bonding to single 
carbon atom. Site 2" is 11 bonding to carbon atoms in two 
different pentagons. Site 2' is 112 bonding to carbon atoms 
within the same pentagon ring. Site 5 is ~ bonding to the five 
carbon atoms of a pentagon. Site 6 is 11 bonding to the six 
carbon atoms of a hexagon. 

Molecular orbital diagram of the valence orbitals ofCao in terms 
of the fragment orbitals of C2 (between pentagons) and of C5 
(pentagons). 

Nodal characteristics of the ~ (HOMO) and t1u (LUMO) orbitals 
of Cao. The areas of the spheres represent the percent 
contributions of the carbon p orbitals and the shading represents 
the phase. 

Representation of the negative charge distribution on C60 in 
CaoPt(PHa)2' Figure A is the side of C60 coordinated to the 
platinum with the ¢ symbol representing the site of the 
platinum. Figure B is the opposite side. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Abstract 

The electron distribution and orbital interactions of eGO with metals 

coordinated at different sites on the outside of the fullerene are evaluated. 

These sites include the position of a metal atom directly above a carbon 

atom (111 site), the metal atom centered above two carbons of a pentagon or 

above two carbons between two pentagons (both T}2 sites), the metal atom 

centered above a pentagon (T}5 site), and the metal atom centered above a 

hexagon (T}G site). The frontier orbitals of eGO are illustrated first with 

three-dimensional orbital contour plots. A palladium atom is then used to 

probe the bonding at the different sites on the eGO surface. The results with 

Pdo are compared to our earlier study with the harder Ag+ ion in order to 

examine the effects of metal electron richness and size. In addition, these 

results are compared with the bonding to more traditional ligands that 

represent the hapticity of these sites, such as methyl (T}1), ethylene (T}2), 

cyclopentadienyl (T}5), and benzene (T}G). The strength of the metal-CGO 

interaction and the amount of charge delocalized from the metal to eGO is 

sensitive to the site of coordination, the electron richness of the metal, and 

distortions in the geometry of CGo' As discussed in our previous work, the 

frontier orbitals of eGO are well-suited for synergistic bonding of a metal 

atom to a carbon-carbon pair in an alkene-like fashion, in which the HOMO 
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of C60 donates carbon-carbon 1t bonding electron density to the metal, and 

the LUMO of C60 accepts electron density from the metal into a carbon

carbon 1t'" antibonding orbital. Although the HOMO and LUMO of C60 

describe the basic interaction, many frontier orbitals are involved. The site 

above the C-C bond between two pentagons is favored over the site above 

the C-C bond within a pentagon, and the interaction above the other sites 

is indicated to be net repulsive by these calculations. The differentiation 

between these sites increases with the electron richness of the metal center. 

The bonding of the metal to C60 is generally weaker than to the small 

ligands, except for very electron rich metal centers where the bonding to the 

,,2 site between pentagons apparently becomes stronger than the bonding 

to ethylene. 
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Introduction 

While early experimental studies on CGO concentrated on identifying 

and isolating this material [1], more recent research interests involving 

fullerenes have become greatly diversified [2]. One growing interest has 

been in the chemistry of CGO with metals, with potential applications based 

on special properties that arise from the unique spherical structure of CGO 

and the framework of partially delocalized carbon 1t orbitals [3]. Every 

carbon atom in CGO is chemically equivalent, however, the structure of C60 

offers many different possible bonding sites and modes of interaction with 

metals, as shown below. Bonding sites are labelled with numbers 

corresponding to hapticity. The site directly above a carbon atom is nl and 

is labeled site 1. The sites centered above the pentagons (n5) and hexagons 

(n6) are labelled 5 and §, respectively. There are two different types of 

carbon-carbon bonds in CGO available for n2 coordination to a metal center, 
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and these are labelled 2' and ~'. Other less-symmetrical bonding modes, 

such as 114 or 113, are also available. 

In one 112 type of site each carbon atom of the pair is a member of a 

different pentagon, and the bond joins the two pentagons. These bonds will 

be referred to as the bonds between pentagons and they correspond to the 

2" positions for coordination of a metal atom. These bonds are often referred 

to as the fusion between two six-membered rings. However, these fusions 

between six-membered rings are different from those that occur in graphite 

and polyaromatic hydrocarbons. More important than the fusion of six

membered rings is recognition that these bonds connect two different 

pentagons. It is the occurance of the pentagons that leads to the curvature 

of the structure and the special properties of CGo, The connection of 

pentagons also occurs in the structure of C70' with similar chemical effects 

[4]. The structure of C70 has other 6:6 ring fusions that do not connect 

pentagons, and these sites do not show the same reactivity. Therefore we 

prefer calling the site between pentagons the 2" position rather than the 6:6 

ring fusion. The other type of carbon-carbon bond in CGO has both carbon 

atoms within the same pentagon (a 6:5 ring fusion). These will be referr~d 

to as the bonds within pentagons or the 2' positions. 
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C60 has been shown to form several interesting organometallic 

complexes, and definite bonding trends have been identified 

[4][5]"[15]. In organometallic complexes the picture that emerges is 

that C60 prefers to coordinate as an electron deficient 112.alkene.like 

fragment with the metal at the 2" position. The amount of charge 

withdrawn from the metal by C60 is intermediate between that withdrawn 

by ethylene and tetracyanoethylene (TCNE). 

Many electronic structure calculations on C60 have been carried out at 

different levels of approximation. Most of these have dealt with bond 

lengths, orbital energies and other properties of C60 alone [16]. Few 

have explored the structure and bonding characteristics of the 

organometallic derivatives [17].' A recent paper by Rogers and Marynick 

examines the possibilities of binding C60 in an 116 fashion [18]. The 

bonding of C60 and benzene to the Cr(CO)a fragment were compared. In 

this study C60 was shown to be bound much more weakly than benzene to 

the metal. Koga and Morokuma have reported a molecular orbital 

calculation on the model compound (1'}2.C60)Pt(PHa)2 in comparison to (1'}2. 

C2H4)Pt(PHa)2 [19]. They found that Pt(PHa)2 donates electron density 

much more strongly to C60 than to ethylene and forms a stronger bond. 

Other bonding modes have not been explored and compared. 
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The traditional scheme to describe the bonding of an alkene or other 

unsaturated organic fragment to a metal utilizes donation from the occupied 

7t orbitals of the fragment to empty metal orbitals with simultaneous back

donation from occupied metal d orbitals into the empty 7t. orbitals o~ the 

fragment [20]. Key questions are whether CGO has orbitals of 

appropriate symmetry, energy, and overlap with a metal at different sites 

for bonding in this manner. If the orbitals are available, what is the 

relative extent of electron donation and acceptance? In our previous paper 

the orbital nodal characteristics of CGO were examined in terms of a 

fragment analysis and the different bonding sites were probed using a 

"hard" Ag+ ion [17]. Here we report the effects of probing with a "soft" 

metal center at the different sites on the CGO molecule, and compare the 

bonding to other simple organic ligands. For purposes of comparison, we 

choose PdQ as the probe. This choice is not entirely theoretical in nature. 

Palladium has recently been reported to form the first organometallic 

polymer with CGO [21]. The polymer has the formulation CGoP~ and it 

is proposed that each palladium atom is bound to the 7t electron surface of 

two CGO molecules in a dumbbell fashion. 
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Methods 

The purpose of this investigation is to further examine the orbital 

overlap interactions between C60 and metals in order to better understand 

the reactivity trends. Calculations are carried out using the Fenske-Hall 

method [22] in exactly the same manner as our previous publication 

[17]. New programs which we have developed for the three-dimensional 

representation of molecular orbitals which were not available at the time of 

our previous study have been employed here [23]. The Fenske-Hall 

method is an approximate, non-empirical molecular orbital method that has 

been used extensively for investigation of the electronic structure and 

bonding of inorganic and organometallic moleules. The method contains the 

essential elements of orbital overlaps, charge distributions, and energies 

that are suitable for the purposes of this investigation. An advantage of the 

method for this study is that it allows efficient evaluation and comparison 

of the individual electronic structure interactions of several different 

conformations. The method has been successful in reproducing and 

predicting trends in electronic structure properties between related 

molecules, particularly as shown by high resolution valence photoelectron 

spectroscopy [24]. The disadvantage of this approach is that the 

approximations of the method have not been optimized to provide reliable 
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total energies for direct studies of potential surfaces related to reaction 

coordinates or geometry distortions. For this reason, the calculations are 

generally carried out for geometries that are determined either 

experimentally or by other theoretical means. 

The truncated icosohedron structure of eGO is completely determined 

by two bond lengths, the e-c length within the pentagons, and the e-c 

length between the pentagons. The bond lengths for eGO used in these 

calculations are from the geometry optimized by Scuseria (1.372 A between 

pentagons, 1.453 A within pentagons) [25]. These are within 0.02 A of 

the bond distances determined experimentally by solid-state X-ray 

diffraction [26] and gas phase electron diffraction [27]. In order not 

to bias the origin of the changes in bonding and charge distributions within 

the eGO molecule when it is coordinated to metals, these bond lengths are 

initially left constant in all calculations. Distortions in these geometries will 

be considered subsequent to the changes in electronic structure, as described 

in the results and discussion section. The internal bond distances and bond 

angles of the small ligand counterparts of the various bonding sites were 

also idealized for purposes of this comparison. Ethylene, benzene and 

cyclopentadienyl were all taken as planar. For the calculations of a metal 

coordinated to different sites of eGO and to small ligand counterparts, the 
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distance between the bound carbon atoms and the metal is based on the 

structure of(TJ2-C60)Pd(PPha)2 [15]. In all cases the metal is positioned 2.10 

A from the nearest carbon atoms, and the z-axis of the metal is directed at 

the center of the bonding site. When the metal is coordinated to the TJ2 

positions, the carbon atoms are in the xz plane. 

Results and Discussion 

In our previous publication of studies on the interaction of C60 with 

metals [17], the nodal properties of the frontier orbitals of C60 were 

discussed and illustrated. The frontier orbitals are most easily understood 

in terms of a fragment analysis. In one view, the molecule is composed of 

the twelve pentagons and the frontier orbitals of C60 are composed oflinear 

combinations of the familiar orbitals of the cyclopentyl group. It was found 

that the el" combination of the pentagon carbon Pn orbitals (a single node 

perpendicular to the 05 plane) is the prim~ry contribution to the frontier 

orbitals. In another view, C60 is composed of the 30 C2 units that represent 

the 2" positions between the pentagons. In this case the frontier orbitals are 

simply described in terms of linear combinations of the 7t and 7t * orbitals of 

an alkene. It was found that the C2 units are a better (more complete) 

description of the frontier orbitals of 060 in terms of the total character of 

the orbitals. 
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Even with these descriptions, it is difficult to obtain a total 

appreciation for the nodal characteristics of these orbitals without a visual 

representation. We find the three-dimensional renderings of these orbitals 

to be enlightening, not only conceptually, but also in relation to 

experimental properties of e60• One example of the value of visualization 

is the localized molecular orbitals of C60' which emphasizes the single bond 

character between the carbons in the pentagons ~positions) and the double 

bond character between the carbons between pentagons ~ positions) 

[28]. The visualization of the canonical orbitals has been most revealing 

in relation to the STM images of C60 on gold, where the contrasts in the 

STM images are directly related to the spatial distributions of the LUMOs 

of e60 [29]. Figure 1 shows a three-dimensional representation of the 

HOMO (~, molecular orbitals 116-120 of the 240 valence molecular orbitals 

of e60) and LUMO (tlu' orbitals 121-123) of e60 viewed down the center of 

a pentagon. Figure 2 shows the same orbitals as Figure 1 viewed at a 90° 

rotation, such that the central pentagon in Figure 1 is at the top in 

Figure 2. Because each set of orbitals is degenerate, any rotation Oinear 

combination) among the orbitals in a set gives an equivalent total 

representation. Interesting bonding and antibonding patterns can be 

identified in these representations. In the HOMO, electron density appears 
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to be distributed in ''belts'' around the sphere, while the electron density is 

distributed more evenly throughout the sphere in the LUMO. The e-c Pn 

bonding character of the HOMO at the 2" position.is shown most clearly in 

orbital 116 in Figure 2. In terms of a fragment orbital basis decomposition 

analysis, the HOMO is 77% comprised of the C-C Pn bond at these positions 

[17]. Similarly, the e-c Pn antibonding character at the 2" position is 

observed in the LUMO orbital 121, Figure 2. The fragment basis analysis 

shows that the LUMO is 92% comprised of the C-C Pn antibond [17]. 

Another familiar pattern is the el" orbital of a five-carbon ring which is 

clearly observed in orbitals 119, 122, and 123 of Figure 1. In terms of a 

fragment basis of the pentagons, the HOMO and LUMO are 63% and 72%, 

respectively, comprised of the el" symmetry Pn orbitals of the pentagons 

[17]. 

It is also instructive to look at the total electron density provided by 

two electrons in each of the five orbitals of the ~ symmetry HOMO. The 

sum of these five orbital densities is shown in the surface plot of Figure 3. 

It is clearly seen that the ~ orbitals are net 7t bonding between the 

pentagon rings at the 2" positions, and net 7t antibonding between the 

carbons within the pentagons at the 2' positions. Similarly, the electron 

density plot assuming two electrons in each of the three orbitals of the t lu 
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LUMO is also shown in Figure 3. Here the reverse is seen. The t1u orbitals 

are net 1t antibonding at the Z' positions, and net bonding between the 

carbons within the pentagons. Thus thd HOMO and LUMO orbitals are set 

up very well for donation and acceptance in interactions with metals at the 

2" positions. As will be seen, these HOMO and LUMO orbitals provide a 

good qualitative understanding of the interactions of eGO with transition 

metals, but several other frontier orbitals are also important for 

understanding the total interaction. Other orbitals that are close in energy 

to the HOMO and LUMO were discussed in our earlier work [17]. 

For the next step in examination of the orbital factors that contribute 

to the coordination of a transition metal atom to the surface of eGO' we have 

carried out calculations where Ag+ [17] or Pdo are coordinated at the 

different sites described in the introduction. Both Ag+ and Pdo have filled 

d-orbital shells available for electron donation to empty orbitals of eGO' and 

they have empty 5s and 5p orbitals available for accepting electron density 

from filled orbitals of the eGO' Thus both have the necessary symmetry 

orbitals and occupations to probe the electronic interactions at the various 

bonding sites. However, Ag+ and Pdo differ in the relative "hardness" that 

they exhibit in bonding to ligands. The Ag+ ion is a relatively "hard" probe 

in the sense that electron donation from the d orbitals to eGO is expected to 
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be relatively smaIl. For instance, other calculations have shown that the 

interaction of Ag with ethylene is weak [30]. In comparison, Pdo is a 

relatively "soft" probe, and is much more willing to give up electron density. 

We also include calculations of Ag+ and Pdo with methyl, ethylene, 

cycIopentadienyl, and benzene for the purpose of comparison. 

The pertinent results of the calculations on the interaction of the Ag+ 

ion with the different sites on C60 and the corresponding smaller ligands are 

summarized in Table I. As mentioned before, in addition to the HOMO and 

LUMO of C60 a large number of the other frontier orbitals of e60 are 

involved in electron donation and acceptance with the metal center. By 

focusing on the electron distributions in the different symmetry metal 

orbitals instead of the different e60 orbitals, it is easy to evaluate the total 

electron delocalization between the metal and e60• The most important 

trends are seen by looking at the metal 5s interaction, which is accepting 

electron density from e60 in a (j symmetry interaction, and the metal 4~ 

interaction, which is capable of donating electron density to the e60 in a 7t 

symmetry interaction. The metal 5p orbitals make negligible contributions 

to the frontier orbitals in these calculations. Orbital and overlap 

populations for 5s and 4~ orbitals are tabulated. The d orbitals that are 

not the correct symmetry for donation into the tiu orbital remain doubly 
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occupied and are dominated by destabilizing filled-filled interactions with 

the eGO' This is seen in the Ag+ total 4d overlap populations with eGO' 

Partly for this reason, the interaction of Ag+ with each site on eGO is 

destabilized relative to the interaction with the smaller ligands. 

Donation from the Ag+ d orbitals to eGO is most effective for the ~ Q, 

and 6 positions. For the metal in the 2" position, the total donation is about 

0.09 e-, but only about 0.015 of those electrons reside in the appropriate e60 

LUMO t lu orbital. This emphasizes the point that a large number of the 

frontier orbitals are mixed by the interaction with the metal center. 

Donation from eGO to the 5s orbital of Ag+ is clearly most effective for the 

2" position. The overlap populations between the Ag+ orbitals and e60 lead 

to similar conclusions. The 2" position significantly favors both sigma 

donation and pi acceptance by e60• This is the site occupied by the metal 

in all complexes that have been structurally characterized to this time. An 

important point to note from the tabulated data is that in each case the 

bonding at a given eGO site is weaker than with the corresponding small 

ligand. Rogers and Marynick obtained a similar result in the comparison 

of the bonding of e60 and benzene to a metal [18]. Thus even though the 

frontier orbitals are energetically favorable for delocalization of electron 

density with the metal center, the spatial distribution of the frontier orbitals 
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ofC60 does not favor overlap comparable to the small ligands. For instance, 

even though C60 delocaIizes more electron density to the 5s orbital of a 

metal in the 2" position than does ethylene, the overlap population of the 5s 

orbital with C60 is less than with ethylene. 

Table II summarizes the results of similar calculations with the "softer" 

Pdo probe. As expected, donation from the 4~ orbital is greater and 

acceptance by the 5s orbital smaller for Pdo compared to Ag+. As observed 

in the silver case, the palladium-small ligand interactions are stronger than 

the interactions with the corresponding C60 sites. The 2" position is once 

again the favored C60 site. The metal dxz orbital donates about 0.29 e- to 

the C60, and about 0.09 of this charge is in the appropriate orbital of the C60 

LUMO tlu. The repulsions between C60 and the filled metal orbitals are 

substantial, so that the overall 4d and 5s overlap populations are positive 

only for the 2" position on C60 in which the 5s and 4~ interactions are 

most favorable. The relatively high 5s population at the 2" site compared 

to other C60 sites shows that the donation to the metal is most efficient to 

this site, but again the overlap population of the 5s with C60 is relatively 

low. 

It is interesting to consider the mobility of the metal on the surface of 

C60 between different ~' sites. This requires that the metal traverse 
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orientations either at or close to the other sites. For example, one path 

between 2" sites proceeds across site! (111) to site 2' and on to the next site 

! and the next site ~' as shown in path A below. Another possible route is 

across site 6 (116) of the six membered ring as shown in path B in the figure. 

Other paths between A and B or across the five-membered ring can also be 

envisioned. Whatever path is chosen, the total metal 4d and 5s overlap 

populations with the Cao in Table II show that the intermediate sites are 

net repulsive. The mechanism for movement of the metal to different 

positions on the surface of Cao is probably by dissociation and 

recombination. This is supported by experiment. It has been found in 

--------- ..... -----,,' .... , , , , , 
I , 
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I , , \ , , 

I I 
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proceeding from the monosubstituted (C2H6)aPt derivative of Cao to the 

hexasubstituted (C2H6)aPt derivative, in which the platinums are oriented 

octahedrally on the Cao' that intermediate substitutions involve orientations 

that do not lead to the octahedral sites [3]. It was concluded from this work 
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. that the platinum fragments are able to attach to and dissociate from 

different sites on the eGO surface in proceeding to the sterically favored 

octahedral structure. 

The factors which favor Pd bonding at the ~' site are also apparent 

from examination of the resultant molecular orbitals. The five highest 

occupied molecular orbitals of eGO Pd correspond to the dlO configuration of 

the Pd atom. The most stable of these five orbitals is 63% Pd 4~ and 27% 

delocalized into the eGO' The eGO portion of this orbital is a mixture of the 

~ and t1u symmetry orbitals that results in the reasonably localized 

electron distribution shown in Figure 4. The net interaction is bonding and 

is the single most important factor in stabilizing the coordination of the 

metal. The next three occupied orbitals are more than 97% Pd 4<ix2.y2, 4<ixy, 

and 4<ixz in character, and are primarily nonbonding. The HOMO ofCGO Pd 

(2") is 82% Pd 4~2, 9% Pd 5s, and most of the rest from the eGO ~ 

symmetry orbitals. This orbital represents the donation from eGO to the 

metal 5s, but the presence of the metal 4~2 orbital sets up a filled-filled 

interaction that is net repulsive in this orbital. The lowest unoccupied 

orbitals are derived from the CGO t1u orbitals. The first two are more than 

99% t1u in character. The next is 91% t1u' 5% Pd 4~, and 3% Pd 5px' 

This orbital is the antibonding counterpart of filled ~ to eGO bonding 
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combination. The surface contour diagram in Figure 4 shows that, unlike 

the bonding combination, this orbital remains delocalized across the C60 

portion in these calculations. 

Optimization of the geometries can have an influence on the magnitude 

of these results. G~ometrical distortions of C60 are likely to be most 

important when the metal is bound at the 2" position, because this is the 

position with the strongest interaction and electron delocalization. In order 

to examine the sensitivity of the results to geometrical distortions, we also 

performed calculations with the Pd atom bound to the ~' site of a C60 that 

is distorted as found in crystal structures. For comparison, the bonding to 

a distorted ethylene ligand was also evaluated. The C·C bond distance of 

ethylene was taken from the crystal structure of [(C6H5)3P)2]Pt(1l2.C2H4) 

[31]. This distance is 1.434 A, which is about 0.1 A longer than the free 

ligand value. The hydrogens were bent ~ack such that the CH2 plane 

formed an angle of 270 with the CC vector as found from an ab initio 

molecular orbital· calculation on (PH3)2Pt~1l2.C2H4) [19][32]. For the 

distortion of C60' two approaches were taken. First, the coordinates from 

the crystal structure of [(CsH5)3P)2]Pt(1l2.C60) were used directly [5][33]. 

The C·C bond distance of the coordinated carbons is 1.502 A, which is 

similar to that found in other structures and about 0.13 A longer than the 
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distance in free CSO' The metal-coordinated carbons are pulled out from the 

Cso sphere such that the angle of the plane formed by each coordinated 

carbon and the next carbon atoms in the eso with the vector of the 

coordinated carbon atoms is about 40°. Unfortunately, the accuracy of the 

carbon atom positions from the crystals structures is only about 0.03 A, and 

several other C-C distances are also 1.5 A or greater in length. An 

additional calculation with an idealized distortion was also carried out so 

that the results would not be dependent on errors in the structure. The 

idealized distortion stretched the coordinated carbons to a distance of 1.5 A 

from each other and from the next carbon atoms. Thif? geometry is similar 

to that optimized by the ab initio calculations [19]. The results of these 

calculations were similar for these two representations of the distortion of 

Cso. It is found that the amount of donation from the metal to the ligand 

is sensitive to the distortion. The donation to the distorted ethylene 

increases to about 0.5 e- compared to about 0.4 e- for the undistorted 

ethylene, and the donation to the distorted Cso increases to about 0.4 e

compared to about 0.3 e- to the undistorted Cso' 

In all of these cases, the bonding of the metal to Cso is weaker than to 

the corresponding small ligand. This situation does not improve in going 

from Ag+ to Pdo except in the case of of the bonding to the 2" position, where 
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the donation from the metal ~ orbital to Cao becomes more competitive in 

comparison to ethylene. Specifically, for Ag+ the donation of the ~ to Cao 

is 55% of that to ethylene, for Pdo it is 77%. In our previous study, we also 

compared the bonding of Cso and ethylene to platinum in the complexes 

(PHa)2Pt(112-Cso) and (PHa)2Pt(112_C2H4) [17]. This third row Pt atom with 

phosphine donor ligands is expected to be a much stronger donor group than 

a bare Pd atom, and in these calculations we found the bonding of Cao and 

ethylene to be virtually indistinguishable by this method. Apparently, as 

the donor ability of the metal improves, the bonding of Cao becomes more 

competitive with that of ethylene. After submitting the paper on our 

Fenske-Hall calculations of (PHa)2Pt(112-Cao) and (PHa)2Pt(112_C2H4) in 

March of 1992, a comparison of these two Pt complexes by an ab initio 

molecular orbital method was reported in 1993 [19]. These calculations 

showed a net donation of 0.925 e- to Cao in comparison to 0.347 e- to 

ethylene. The much improved donor ability of the metal that occurs in these 

calculations results in a Cao that is coordinated more strongly than 

ethylene. This relative bonding is consistent with the metal complexes that 

have been prepared to this time. For example, the [(CaH5)aP)2]Pt(112-Cao) 

complex is made by displacement of ethylene from [(CaH5)aP)2]Pt(112_C2H4) 

[6, 5]. Ir(CO)CI(PPha)2 forms a stable complex with Cso [9], but is 
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ineffective in the uptake of ethylene [34]. The relative amount of charge 

donated by the metal is evidenced by the CO stretching frequencies of these 

complexes. For (T15-indenyl)Ir(CO)(Cso) the CO stretching frequency is 1998 

cm-l , which is about 30 cm-l greater than the stretching frequency of the 

corresponding ethylene complex [12]. This is a clear indication that Cso is 

removing more electron density from this metal center than ethylene. In a 

similar study of adducts of Ir(CO)CI(PPha)2' Balch finds that the Cso 

complex removes less electron density from the metal than electron deficient 

alkenes such as C2F 4 and TCNE [9]. In terms of electron withdrawing 

ability, Cso seems to be most similar to O2 [9] or dimethylfumarate [35]. 

An experimental estimate of the charge on the coordinated Cso cluster 

can be obtained from the redox potential [36]. The redox potential of 

[(CsH5)aP)2]Pt(T12_Cso) lies about halfway between the reduction of Cso and 

the reduction of Cso-' It has been shown that this redox process is largely 

localized on the Cso [37]. Electrostatically, the Cso in [(CsH5)aP )2]Pt(T12
-

Cso) behaves like it has a charge of about -0.3 to -0.5 electrons. Our 

calculation on (PHa)2Pt(T12_Cso) using the crystal structure coordinates gives 

a total charge on CSO of -0.34 electrons. Our previous calculation with an 

undistorted Cso gave a charge of about -0.5 electrons. Thus the theoretical 
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results, although extremely approximate, give a reasonable representation 

of the experimental measurements. 

To summarize this series of calculations, we see that the bonding of a 

metal to the surface of CGO is sensitive to the site of coordination, the 

geometrical distortions that can take place, and the electron richness of the 

metal. Coordination at the 2" site is always most favored, as expected from 

the nature of the HOMO and the LUMO, although coordination at the 2' 

site is nearly as effective. As the orbital contour plots show, numerous 

orbitals of CGO in the frontier region are utilized in the bonding. A metal 

which attempts to move across the surface of the CGO from one 2" site to an 

adjacent 2' site or another ~' sites must pass through conformations (such 

as 111, 115 or 11G) that are repulsive according to these calculations. 
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methyl ethylene Cp Bz Csa Csa Csa Csa Csa 
site 1 site 2' site 2" site 5 site 6 

Ag+ ~ population 1.996 1.842 1.808 1.901 1.996 1.918 1.910 1.909 1.908 

Ag+ 5s population 0.270 0.281 0.102 0.056 0.299 0.289 0.325 0.121 0.090 

Ag+ total 4d overlap population +0.075 +0.038 -0.008 -0.115 -0.047 -0.048 -0.02a -0.170 -0.238 

Ag+ ~ overlap population -0.015 +0.095 +0.001 -0.081 -0.032 +0.018 +0.036 -0.064 -0.085 

Ag+ 5s overlap population +0.173 +0.211 +0.034 -0.021 +0.143 +0.132 +0.157 +0.033 -0.003 

Table I. Mulliken orbital population analysis for silver orbitals coordinated to various small ligands and Coo sites. 

methyl ethylene Cp Bz Csa Csa Csa Coo Csa 
site 1 site 2' site 2" site 5 site 6 

Pd 4du population 1.995 1.628 1.637 1.594 1.967 1.769 1.713 1.810 1.865 

Pd 5s population 0.319 0.241 0.038 0.007 0.112 0.172 0.220 0.027 -0.030 

I Pd total 4d overlap population +0.088 +0.096 +0.022 +0.086 -0.024 -0.004 +0.033 -0.117 -0.211 

Pd 4du overlap population -0.021 +0.166 +0.010 -0.001 -0.036 +0.072 +0.105 -0.051 -0.107 

I Pd 5s overlap population +0.189 +0.087 -0.132 -0.123 -0.009 -0.029 +0.016 -0.165 -0.242 

Table II. Mulliken orbital population analysis for palladium orbitals coordinated to various small ligands and Csa sites. 

I:\:) 
CO 
CA:I 
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Figure Captions 

Figure 1. Orbital surface plots (value = ±0.03) of the five degenerate 
orbitals of the hu symmetry HOMO (116-120) and the three 
degenerate orbitals of the tiu symmetry LUMO (121-123) ofC60. 

Figure 2. Orbital surface plots of the orbitals in Figure 1 rotated 90·. 

Figure 3. Surface density plots of a fully occupied ~ HOMO (value = 
0.002 e-/(au)3 and a fully occupied t iu LUMO (value = 0.0012 e
l(au)3. 

Figure 4. Orbital surface plots (value = ±0.03) for the occupied orbital 
which shows the backbonding from the metal ~z to the C60 (A), 
and for the virtual orbital which is the anti bonding counterpart 
(D). 
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APPENDlXE 

The Electronic Structure, Bonding and 13C NMR Chemical Shifts of 
Osmylated C60 

The electronic structure and bonding in the osmylated C60 derivative 

is examined through Fenske-Hall calculations. An Extended Huckel 

calculation was reported during the preparation of this manuscript that is 

contradictory to the work reported here. This EH paper is directly 

addressed to show that FH results are more consistent with experimental 

observations. 

I was involved in all aspects of data collection and manipulation. 

Calculations for all compounds were executed by me. I have been involved 

in all aspects of manuscript preparation including draft preparations. 
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ABSTRACT: 

The electronic structure of the osmylated Cao derivative, Cao(Os04)(4-

tert-butylpyridine)2' is investigated with the aid of Fenske-Hall molecular 

orbital calculations. The electron distribution shows that the osmium metal 

of Os04 is reduced from a formal dO to a d2 configuration and the Cao 

molecule is oxidized upon formation of the complex. A large number of 

orbitals of Cao are involved in the bonding and electron redistribution, and 

no single orbital correlates with the oxidation of Cao. The laC NMR 

chemical shifts do not diminish uniformly with distance from the site of 

substitution, but instead show a somewhat oscillatory behavior, with some 

sizable shifts for carbons that are well-removed from the site of subsitution. 

The calculations show a correlation between the contribution of each carbon 

atom to the LUMO and the upfield shift of that carbon atom in the laC 

NMR. 
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I. Introduction 

Osmium tetroxide is widely used in the oxidation of alkenes to 

alcohols.1 The addition of OsO 4 to the alkene is often accelerated by bases 

such as pyridine, and the adducts are sufficiently stable that many crystal 

structures have been determined.2 The structures are similar to that 

shown in 1, where the coordination about the osmium is basically 

octahedral, with the alkene bonded across the two oxygens of the Os04 that 

are trans to the two coordinated bases L. Similarly, osmylation of C60 

resulted in the first pure derivative of C60, compound 2, where L is 4-tert

butylpyridine.3 This derivative also provided the first X-ray 

crystallographic observation of the carbon framework of C60, showing the 

osmylation at the fusion of two six-membered rings.4 

The C60 molecule is often represented with carbon-carbon double bond 

character at the fusion between two six-membered rings (the bond joining 

carbon atoms of two different pentagons), as shown below. This bond is 

shorter than the bond at the fusion of a six-membered ring and a 

five-membered ling (the bond joining two carbons atoms in the same 

pentagon). Other chemical reactivity of CGO has also demonstrated the 

similarity of this site to that of an electron deficient alkene.5 For example, 
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several organometallic C60 complexes in which the metal is bound to this 

site, analogous to an alkene, have been structurally characterized.6 

We have previously evaluated the electronic structure and bonding of 

C60 to metals, with particular attention to the orbital distributions and 

energies of C60 and the relationships with the more familiar electronic 

structure features of alkene.7 One observation from these studies was 

that a large number of the symmetry orbitals of C60 mix together in the 

interaction with the metal so that the charge perturbations are largely 

localized in the region of the substitution. However, it was also noted that 

the variations in atomic charge or other atomic properties do not necessarily 

vary uniformly as one moves away from site of substitution, but instead may 

show an alteration of values from one carbon to the next. The pattern of 

these values is related to the role of the lowest unoccupied orbitals of C60 

in the perturbed wavefunction. Experimentally, this has been demonstrated 

most clearly by the STM images of C60 on gold, where the sensitivity of the 

experiment allows observation of variations in tunneling efficiency that 

corresponds to the spatial properties of the LUMO ofC60.8 Unfortunately, 

the exact orientation of the C60 on gold could not be determined in these 

experiments. 
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The osmylated derivative of C60 depicted in 2 is perhaps the best 

characterized of the derivatives ofC60 that have been prepared to this time. 

A particularly interesting result has emerged from a very detailed two

dimensional 13C NMR INADEQUATE analysis of this compound.9 In this 

study, it was possible to uniquely assign the shifts of the seventeen 

symmetry-distinct kinds of carbon atoms in osmylated eso' The chemical 

shifts range from 105 to 153 ppm and do not correlate with distance from 

the osmium adduct. It is commented that "No obvious pattern is followed 

for the chemical shifts in this region, and even adjacent carbons well 

separated from the osmyl unit show significant variations."IO 

The focus of the present work is to investigate the electronic structure 

of the osmylated Cso complex. Of particular interest is the character of the 

molecular orbitals in this derivative, comparison to the osmylation of olefins, 

and examination of the relationships to the NMR chemical shifts observed 

using 2D INADEQUATE NMR. While in the course of this work, extended 

Huckel calculations of the osmylated CSO complex were reported.ll 

Oxidation of the CSO is observed in both cases. However, other results in 

the present study are significantly different from the information in the 

previous paper, and will be addressed in the discussion. 
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II. Methods 

The Fenske-Hall molecular orbital method12 was chosen to 

investigate the interactions of CGO with Os04(4-tert-butylpyridine)2' This 

method has been used previously in the study of the electronic interactions 

of CGO with metals.17 Numerous theoretical and photoelectron spectroscopy 

studies have shown the utility and limitations of the method for modeling 

the electronic structure and properties of organometallic compounds.13 

The Fenske-Hall method is an approximation based on the Hartree-Fock

Hoothaan LCAO-MO formalism. All core and valence basis functions are 

included, but the variational space is limited to a minimal valence atomic 

set plus the immediate virtual basis (i.e. nd, (n+l)s, (n+l)p on transition 

metals). The choice of atomic basis functions is completely specified without 

variable parameters. The full overlap matrix is retained. The method is 

approximate in that certain mathematical (not empirical) approximations 

are made for the integrals in the definition of the Fock matrix elements, and 

thus the method achieves considerable computational efficiency. The 

method is iterative on the charge distribution of the molecule. Because of 

the restrictions of the method, the limitations of the basis set and the lack 

of variable parameters, the method is not as effective as some other methods 

at calculating absolute energies or geometries. However, the method 
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contains the essential elements of the effects of charge distributions and 

orbital overlap interactions, and has proven to be extremely effective at 

comparing electron distributions and bonding trends between related 

systems. A particular advantage of the method is the ability to easily carry 

out an analysis of the contributions of individual fragment molecular 

orbitals to the total electronic structure. This type of analysis and 

comparison is central to the present study. 

A stepwise approach is undertaken to develop the electronic structure 

of the osmylated derivative of CSO' The starting point is the electronic 

structure of the symmetric Cso molecule. This electronic structure is first 

compared with that of a Cso molecule that is distorted as in the osmylated 

derivative. The coordinates for the undistorted Cso molecule used a distance 

of 1.37 A for carbon-carbon bond shared between six-membered rings and 

a distance of 1.45 A for the carbon-carbon bond shared between six- and 

five-membered rings.14 Structural determinations give values from 1.355 

to 1.401 A for the short bond and 1.45 to 1.467 for the long bond.15 

CSOOs04(4-tert-butylpyridine)2 was modelled for simplicity with 

CsoOsOiNHa)2' The coordinates for the CsoOs04(N-)2 portion of the 

molecule were taken from the crystal structure. IS As shown in Figure 1, 

the geometry is approximately octahedral about the Os center. The 
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structure is not perfectly symmetric; the Os04N2 octahedron tilts to one side 

and the CGO portion of the molecule is severely distorted. In the CGO 

compound the distance between the carbons bound to oxygen is 1.62A and 

C-O bonds are 1.47 and 1.52A. The osmylation of CGO is also compared to 

the osmylation of alkene. The bent alkene was modelled as in our previous 

comparison ofCGO to small ligands.17c The carbon-carbon distance is 1.43 

A and the hydrogens are bent back 270 from the C-C plane. The osmylated 

alkene was built from the osmium fragment of the CGO compound and either 

an idealized planar alkene with a 1.43A C-C bond length and c-o bonds of 

1.55 and 1.50 A or the bent alkene as described above with carbon-oxygen 

distances are 1.52 and 1.53 A. Carbon-carbon bond lengths for reported 

osmylated alkenes structures are about 1.5 A.17 

DI. Results and Discussion 

Figure 2 shows the orbital energy levels for an undistorted CGO 

molecule in comparison to the orbital levels of a CGO molecule that is 

distorted as in the osmium derivative. The highest occupied molecular 

orbital (HOMO) of the undistorted CGO is five-fold degenerate <hu symmetry) 

and primarily P1t in character as described in detail previously.7 It is 

bonding between carbons on the fused edges of the six-membered rings and 
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antibonding between adjacent carbons within the pentagons. The HOMO 

is well separated from other energy levels. The next two levels are five-fold 

(hg) and four-fold (gg) degenerate, respectively. These two are also primarily 

P1t in character and lie close in energy. The lowest unoccupied molecular 

orbital (LUMO) is three-fold degenerate (t1u) and antibonding at the fused 

edges of the six-membered rings.l7b
,C Previously reported theoretical 

calcu1ations14,18,19 support this pattern of energy levels. Gas phase and 

surface photoelectron spectroscopy are also consistent with these 

results.19,20-22 

The electronic structure ofundistorted e60 has been analyzed in terms 

of C2 units where each C2 units forms the fused edge of two six membered 

rings. The HOMO and LUMO directly correspond to the 7t and 7t * orbitals 

commonly seen in alkenes.l7b,c The same analysis on the distorted e60 

gives similar results. Binding e60 to the osmium fragment destroys the 

symmetry of the carbon cage making each level becomes singly degenerate. 

The five highest occupied orbitals <hu in the undistorted e60) have 73% and 

22% contribution from 7t and 7t. respectively (77% and 19% in undistorted). 

The three lowest unoccupied orbitals (iitu in undistorted) are comprised of 

7% 7t and 90% 7t. (4% and 92% in undistorted). The individual carbons in 

the symmetric C60 have no charge, while those in the distorted fragment 
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have charges ranging from -0.105 to +0.073. These charges are not 

uniformly distributed throughout the molecule. 

The valence orbitals of OsO 4(PY)2 include orbitals of the proper 1t and 

1t * symmetry to bind with an alkene. These orbitals have been discussed by 

Hoffmann and J0rgensen23 using Extended Huckel (EH) calculations. Of 

particular interest here are the calculations on Os04(PY)2 with ethylene. 

Fenske-Hall (FH) calculations are in agreement with the EH results. The 

osmium ofOs04(NH3)2 is formally dO, and the highest occupied orbitals of 

OsO 4(NH3)2 are largely derived from the oxygen P1t lone pairs. The HOMO 

of Os04(NH3)2 is primarily oxygen character from the two oxygen atoms 

that are cis to both ammines (03 and 04 in the figure). Very close in 

energy are orbitals consisting mostly of the oxygens that are trans to an 

ammine (01 and 02 in the figure). The LUMO ofOs04(NH3)2 is 30% each 

from these two oxygens and 38% metal rlxy character (using the coordinate 

system shown above). 

The results of the combination of the osmium and distorted eGO 

fragments are shown in Figure 3. The HOMO of the complex is 70% 

character from the LUMO of the metal fragment, and most of the rest of the 

character is from other orbitals of the Os04(NH3)2 portion. This indicates 

the reduction of the Os04(NH3)2 portion of the molecule, making the metal 
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formally a d2 center. The SHOMO is almost entirely carbon based with 97% 

of its character from the e 60 fragment HOMO. The LUMO of the complex 

is also carbon derived from a mixture of the distorted e 60 fragment LUMO 

and second LUMO (SLUMO). The net result of the addition of C60 to 

OsO 4(NHa)2 is one less occupied eso-based orbital and one more occupied 

OsO 4(NHa)2-based orbital. A precise trace of the origins and correlations of 

the orbitals is difficult. This problem was also discussed by Jf6rgensen and 

Hoffmann for the osmylation of ethylene.2a The ethylene 7t bond is lost, but 

the correlation "takes place through a complex series ofmixings and avoided 

crossings." The situation is even more complex for e so because a large 

number of e so orbitals are involved. The lines between orbitals in Figure 

4 give an approximate sense of the correlations. 

The orbital characters for the ethylene-osmium compound are quite 

similar to those of the eso-osmium complex. The HOMO of the ethylene

osmium compound is composed of almost 70% osmium fragment LUMO, 

showing reduction of the metal center. Only about 6% of the HOMO is 

alkene in character. Differences between bent and planar ethylene are 

insignificant. The largest deviation from the corresponding C60 compound 

is in the LUMO. The ethylene-osmium LUMO is almost entirely (99%) 

derived from SLUMO of the osmium fragment while the LUMO of the e so 
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compound is primarily carbon based. This difference is not unexpected since 

the calculated HOMO for the ethylene (planar -14.9, bent -13.9 eV) is much 

deeper than that of CGO (undistorted -9.9, distorted -9.1 eV), malting 

ethylene less accessible for mixing. The HOMO-LUMO gap for ethylene 

(planar 13.3, bent 9 eV) is also much greater than that ofCGO (undistorted 

5.8, distorted 3.9 eV). Further similarities can easily be observed by 

comparing the Mulliken charges for the two compounds. Table I shows the 

charges on osmium, oxygens, and carbon units to be almost identical. A 

similar result was obtained for comparisons of a platinum derivative of CGO 

and ethylene.17 

Charges on the CGO carbons, except the two bonded directly to the 

oxygens, are small and show no pattern in sign or magnitude relative to the 

position of the metal adduct. The total charge on the CGO fragment of the 

complex is +0.345. Analysis of Mulliken populations shows a redistribution 

of electron density consistent with reduction of the metal fragment and 

oxidation of the CGO fragment. Mulliken population results for the CGO 

fragment are summarized graphically in Figure 3. The redistribution of 

electron density is clearly shown to involve many molecular orbitals. Many 

of the highest occupied orbitals of the CGO fragment show decreases in 

electron occupation upon bonding with the metal fragment. Several orbitals 
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that are empty in the unbound CGO increase in electron population but not 

enough to compensate for losses in the occupied orbitals. Table II 

summarizes the Mulliken populations for the osmium fragment. Several 

filled osmium fragment orbitals show a slight decrease in population, but 

the increase of 1.6 electrons in the fragment LUMO easily offsets these 

decreases. The overall effect is metal fragment reduction and CGO oxidation. 

The magnitude of oxidation/reduction observed in the alkene analog is 

approximately the same, however CGO is able to distribute electron density 

over more carbons. 

Extended Huckel calculations by Jansen and coworkersll for the 

CGOOs04(PY)2 complex gave significantly different results than the Fenske

Hall calculations reported here. The ordering and spacing of the molecular 

orbitals in the undistorted CGO are not in agreement. Jansen reports each 

of the first three sets of molecular orbitals of the undistorted CGO as five fold 

degenerate and they appear to be approximately evenly spaced. Fenske-Hall 

(as well as ab initio14) calculations show the first two levels as five fold 

degenerate and the third level to be four-fold degenerate. The second and 

third levels are closely spaced and separated from the first level. As 

previously noted, these theoretical results are supported by the PES of eGO' 

Other significant differences between the EH study and this FH study are 
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observed in the character of the frontier orbitals ofosmylated C60. Jansen 

describes the HOMO of the osmium-C60 complex as being derived from the 

C60 fragment. Fenske-Hall gives the HOMO as primarily derived from the 

osmium fragment. Predominantly metal character would be more consistent 

in describing this as a d2 system. Jansen's results for the complex LUMO 

character are also in opposition of the FH results. In the EH calculations 

Jansen and coworkers show no correlation of the LUMO's from either 

fragment to the formation of the complex. Because the LUMO's are frontier 

orbitals one would expect that these orbitals would have to contribute to the 

electronic structure of the compound. We believe that the Fenske-Hall 

results better represent the electronic structure of the fragments and their 

combination to form the C60-osmium compound. Fenske-Hall shows clearly 

the d2 configuration expected for the osmium metal while EH does not. 

We tum now to consideration of the l3C NMR chemical shifts. 

Hawkins and coworkers9 acquired l3C 2D NMR INADEQUATE data for the 

osmylated derivative of C60. The 1D l3C NMR shows 22 peaks. Five of 

these are assigned to 4-tert-butylpyridine resonances. The other 17 

correspond to the 17 distinct kinds of carbon atoms in the thermally

averaged structure of osmylated derivative. Figure 5b illustrates the 

indexing convention adopted by NMR by Hawkins and coworkers. It can be 
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seen that the thermally-averaged structure divides the CGO into four 

equivalent quadrants. Each index corresponds to four carbons (or two 

carbons if the carbon is shared between quadrants) which are thermally 

equivalent in the NMR. The chemical shift of each carbon type is assigned 

on the basis of the connectivities in the 2D INADEQUATE experiment. The 

electroIl;ic structure calculation was performed with the coordinates of the 

crystal structure, and for purposes of comparison with the NMR and similar 

averaging was carried out. Carbons that are observed as equivalent by 

NMR are grouped and the charges and orbital character are averaged. It 

is found that there is no correlation between the charges on the carbon 

atoms and the chemical shifts. The LUMO on the other hand, as shown in 

Figure 5, shows a roughly inverse correlation between the carbon atom 

contribution and the NMR shift of that carbon atom. The correlation 

appears to hold best for those carbons located closest to the osmium and 

those furthest away. Of course, many other factors contribute to the 

chemical shift and perfect agreement is not expected, but Figure 5 

illustrates the importance of the contribution of the LUMO to the chemical 

shift. 

In summary, Fenske-Hall calculations have been used to investigate 

the character of the molecular orbitals in the osmium derivative of CGo' 
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Reduction of the metal to a d2 configuration is evident. The amount of 

carbon character in the LUMO of the complex has been shown to have an 

influence on the chemical shift of these carbons. The role of these 

unoccupied orbitals and the observed alternating pattern is an important 

factor in the chemical and physical properties of C60• 
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Fragment (C2H4)OS04(NHa)2 CSOOS04(NHa)2 

Os +1.56 +1.57 

01,02 -0.55 -0.53 

03,04 -0.71 -0.70 

C2Hi C60 +0.34 +0.35 

Table I. Mulliken atomic charges for osmium compounds. 

Metal Fragment Population in 
Orbital Energy (eV) Complex 

*6.35 1.59 

11.22 1.97 

11.31 1.76 

11.54 1.94 

11.55 1.86 

11.57 1.94 

13.00 1.99 

13.33 1.93 

14.60 1.80 

Table D. Mulliken populations in frontier orbitals of metal fragment for 
C600s04(NHa)2' *denotes orbital is unoccupied in fragment. 
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FIGURE CAPTIONS: 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Structure of CGOOs)4(NHa)2 showing the distortion of the CGO 
and the tilt of the Os04(NHa)2 portion. 

Frontier orbital energies for undistorled and distorted CGO 
fragments. 

Molecular orbital correlation diagram for interaction between 
distorted C6Q and Os04(NHS)2 fragments. The solid lines 
represent more than 50% character, the dashed lines represent 
25-50% character, and the dotted lines represent 10-25% 
character. 

Redistribution of electrons in distorted CGO fragment upon 
coordination to the osmium fragment. Valence orbitals 1 
through 120 are doubly occupied and those above 120 are empty 
in the uncoordinated CGo• 

Comparison of the carbon P1t character in the LUMO and the 
laC NMR shift. The numbering indexes for the 17 different 
types of carbons are shown. 
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APPENDIXF 

The He I Valence Photoelectron Spectrum 
of C60 in the Gas Phase 

The gas-phase PES of Cso was previously run in this group by 

331 

Dr. Mark Jatcko. Initially I was attempting to improve signal-to-noise in 

hopes of observing clear vibrational details. Instead, I discovered that 

the previously published spectrum was really a mixture of Cso and C70. 

This work was done when the separation technology was just getting 

under way. I prepared both the mixed fullerenes and pure CGO samples 

from soot using the Soxhlet extraction and chromatography. I did some 

soot preparation, but not all of it. All PES presented here were collected 

by me as well as an attempt at C70 which helped lead me to the 

conclusion that Cso and C70 were subliming at the same time. All data 

manipulation and fitting is my work. Many attempts were made to 

adequately model the spectra. I was also active in manuscript 

preparation. 
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ABSTRACT 

The high resolution He I photoelectron spectrum of C60 in the gas 

phase at 380±10°C is reported. The C6"O was purified by chromatography 

and the spectrum gave no evidence of the presence of C70 or larger 

fullerenes. It is shown that the spectrum reported previously from a sample 

that was presumed purified by controlled sublimation in the instrument 

actually included weak signals from C70. The first ionization band (2Hu 

positive ion state) is examined in detail for the purpose of obtaining an 

accurate experimental measure of the first ionization energy. The analysis 

of the first band shape shows significant intensity from hot bands on the low 

binding energy side corresponding to thermal population the 'l>l (alg,496 cm-

1) breathing vibration in the ground state. The adiabatic ionization is 

determined to be 7.64±O.02 eV. The first vertical and adiabatic ionizations 

coincide, but the existence of short vibrational progressions at approximately 

'l>l(alg' 496 cm-l) and'l>2(alg' 1469 cm-!) indicates a small geometry change 

of the molecule with ionization. The progressions are represented 

reasonably well without significant changes in the vibrational energies from 

the ground to the positive ion state. There is evidence of a weak Jahn

Teller contribution on the order of the energy of the high-frequency 

vibration. The second ionization band is also examined in detail for 
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vibrational information and for evidence of the presence of two different 

electronic states (2Hg and 2Gg) as predicted by theoretical calculations. This 

band gives one peak at 8.90 eV with hot bands as before, but no significant 

vibrational progression in the positive ion. A second peak in this ban'd, at 

9.14 eV, shows a vibrational progression similar to that discussed above. 

These peaks are assigned to the 2Hg and 2Gg states, respectively, on the 

basis of the characters hg and gg molecular orbitals. 
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INTRODUCTION 

The ionization energy is one of the most important characteristics 

that contributes to defining the properties of an atom or molecule. With the 

widespread interest in eGO and related molecules and materials, there have 

been numerous studies of the ionization energy of eGO by a variety of 

theoretical and experimental techniques.1,2 We gave a report on the full 

valence and core photoelectron spectra of thin films of CGO,2 as well as a 

preliminary report3 on the high resolution gas phase valence spectrum of 

CGO' Boon after Huffman and coworkers discovered a method for producing 

macroscopic quantities of CGO•4 Most subsequent studies have involved 

photoemission and inverse photo emission from surfaces and doped solids of 

CGO and the larger fullerenes.5 These studies have been important in 

providing information on the occupied and unoccupied states of the 

fullerenes, and on the transition of solid eGO to a conducting material with 

doping. 

Gas phase investigations have been much less numerous. The spectra 

of gas phase species provide the opportunity to accurately measure the 

ionization energies with reference to vacuum level, and to provide direct 

comparisons with electronic structure calculations of the molecular species. 

With the absence of solid state broadening effects, it is possible to resolve 
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vibrational progressions that give additional information on the nature of 

the positive ions. In addition to our preliminary report on the photoelectron 

spectrum. of gas phase CGO' we have also published the photoelectron 

spectrum of gas phase C70• G With the acquisition of the spectrum of pure 

C70' we learned that the previously reported spectrum of gas phase CGO 

contained a small amount of contamination with C70• The effect was a 

slight broadening of the first ionization band of CGO that was subtle, but 

sufficient to preclude a detailed analysis of the hot bands and vibrational 

progressions. We now report the low-valr,ace ionizations of purified CGO in 

the gas phase, with a detailed evaluation of the hot bands and vibrational 

progressions. The adiabatic ionization potential, which is defined here as 

the transition between the lowest ul(alg) and u2(alg) vibrational levels in 

both the ground state and the positive ion, is revised to 7.64±O.02 eV. 

Evaluation of the hot bands shows that the adiabatic ionization is also the 

vertical ionization. The geometry change from the neutral molecule to the 

positive ion is slight, with a small reduction in symmetry from the Jahn

Teller effect. 
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EXPERIMENTAL 

The material used for these studies was prepared by slight 

modification of previously published methods.4 Toluene was used to extract 

a CSclC70 and higher fullerene mixture from the raw soot. Distillation of 

the toluene left a black solid. This solid was washed with several portions 

of hexane to remove grease and other impurities. The remaining solid was 

transferred to a cold finger sublimation apparatus, heated to approximately 

300°C under high vacuum (=10-S torr), and maintained there for about three 

hours to remove remaining volatile impurities. This results in a mixture of 

about 90:10 Cso and C70. A pure sample of Cso was prepared by running 

the CSclC70 mixture on a neutral alumina column with a hexane/toluene 

mixture as the solvent. Purity of the Cso with respect to C70 was 

determined by the UV Nis spectrum in toluene. 7 

The He I gas phase photoelectron spectra were measured on an 

instrument built around a 36 cm radius hemispherical analyzer (10 cm gap 

between the spheres) with specially designed photon sources, power 

supplies, counter interface, and collection methods that have been described 

elsewhere.a,B The argon 2Pa12 ionization at 15.759 eV was used as an 

internal calibration lock of the energy and the CHaI 2E1I2 ionization at 9.538 

eV (both ±0.003 eV) provided an external calibration of the energy scale. 
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Due to the high sublimation temperature of C60 a specially designed 

stainless steel cell was used for spectra collection.3,ad The instrument 

resolution (measured as the FWHM of the argon 2P312) was 20-30 meV for 

the mixed sample and constant at 25 meV for the purified C60. 

The cell temperature was monitored via an Omega 2170A digital 

thermometer equipped with a K-type thermocouple passed through a 

vacuum feedthrough and attached directly to the ionization cell. The cell 

temperature was maintained via a 500 watt cartridge heater. The data 

presented in the figures were obtained in the temperature range of 

380±10°C. These spectra represent several independent data collections 

which are summed together. There were no observable differences in the 

ionization bands between each independent collection, and no evidence of 

decomposition. All the spectra shown are intensity corrected for the 

analyzer intensity function. In the plots of the data, the length of each data 

mark represents the experimental variance of that point. 

The ionization bands are represented with asymmetric Gaussian 

peaks.9 Each peak is defined with the position, amplitude, half-width for 

high binding energy side (WH) and half-width for low binding energy side 

(WL)' Details of the analytical representations are discussed with the 

results. 
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RESULTS AND DISCUSSION 

At the time of the preliminary report of the photoelectron spectrum 

of C60 in the gas phase,3 it was assumed that the spectrum had no 

contributions from C70. The C70 represented only about 5-10% of the 

extracted material, and it was expected that the controlled sublimation in 

the instrument would further separate the C60 from the C70.10 These 

assumptions were for the most part correct, and the full valence spectrum 

of the C60 purified by chromatography is largely indistinguishable from the 

spectrum of the mixed sample that was simply extracted and sublimed. 

Both the mixed and pure samples sublimed at 380±10°C. In the preliminary 

report it was mentioned that there was some evidence of CO in the 

spectrum, but on closer inspection it was found that the weak, sharp 

ionization at 13.89 eV was actually a satellite line from ionization of the 

argon internal standard by the 13 line of the He I source. The samples 

sublimed cleanly with no evidence of other molecules in the gas phase. 

The full spectrum of purified CGO is shown in Figure 1. There are 

several separate regions of ionization ofCGO between 7 and 15 eV. The first 

two bands, at about 7.6 and 8.9 eV, are well-separated and exhibit 

vibrational structure that will be discussed in detail later. A broad band of 

ionizations begins at about 10.5 e V. Several ionizations in this region are 
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close together and detailed information is not available. I This pattern is 

observed in the surface spectrum of CGO as well as in the spectra of other 

fullerenes. Hydrocarbon ring systems also often show a similar ionization 

pattern.ll The pattern of ionizations agrees well with theoretical 

expectations.2,12 

Although the spectrum of the mixed sample was nearly identical to 

that of the purified sample, we have found that there was a subtle 

broadening of the first ionization band of the mixed sample that complicated 

the vibrational and hot band analysis. This became clear after obtaining the 

spectra of pure CGO and pure C70, which are compared for the first two 

ionization bands in Figure 2. CGO and C70 both have ionization bands in the 

same regions between 7 and 10 eV. The bands of C70 are broader than 

those ofCGO as expected for the reduced symmetry.G Most significantly, the 

first band of C70 has substantial intensity on either side of the first band of 

CGO' and the presence of a small amount of C70 in the gas phase with CGO 

would add intensity on the high and low binding energy sides of the band 

and alter the shape of the top of the band. Figure 3 shows the detailed 

comparison of the first ionization from the mixed sample with that from the 

pure CGo. The band for the mixed sample exhibits visible broadening at 

both the leading edge and the tail. The effect of C70 on the second band of 
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C60 in the mixed sample is almost negligible. As Figure 2 shows, C70 has 

much less ionization intensity in the vicinity of the second ionization band. 

The comparison of this region from the mixed sample to the pure sample 

shown in Figure 4 indicates very little difference in band shape. 

The first two ionization bands of C60 each show internal structure. 

The first band has a strong shoulder on the high binding energy side of the 

peak, and the high signal-to-noise of the data reveals subtle shoulders on 

the high and low binding energy sides of the band (difficult to see in the 

figures). The second ionization band begins with a sharp peak and passes 

through a minimum to a second, broader peak that has several shoulders on 

the high binding energy side. 

The first point to consider in understanding these band shapes is the 

presence of hot bands caused by thermal population of vibrational levels in 

the ground electronic state of C60• The energies and symmetries of the 

vibrational modes of C60 are well known.13,14 In general, photoelectron 

bands are dominated by transitions to the totally symmetric vibrational 

modes. Because of the high symmetry, C60 has only two Ag vibrational 

modes. The low frequency breathing mode at 496 cm-1 (0.0616 eV) will be 

referred to as the u1 (Ag) mode and the high frequency pentagon pinch mode 

at 1469 cm-1 (0.1821 eV) will be referred to as the u2(Ag) mode. As stated 
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previously, the spectra were collected at 3BO±10·C. At the temperature of 

this experiment, one third as many molecules will be in the first excited 

'Ul(Ag) vibrational level as will be in the ground ul(Ag) vibrational state. 

Figure 5 shows the leading edge of the first ionization band with the 

inclusion of hot bands in the ul (Ag) mode. The position of each hot band 

from the main (vertical) peak is constrained according to the ul(Ag) 

frequency, the intensity of each hot band relative to the main peak is 

constrained according to the Boltzmann distribution at the temperature of 

the experiment, and the shape of each hot band is constrained to be the 

same as that of the main peak. Only the position, intensity, and shape of 

the main peak are then optimized, with the hot band contributions following 

automatically. As can be seen, the hot bands give an accurate account of 

the shape of the leading edge of the first ionization band. 

The accurate representation of the leading edge of the main (vertical) 

ionization with the hot bands indicates that the vertical ionization is also 

the adiabatic ionization for excitation to the 2Hu positive ion state. 

Adiabatic is defined here explicitly as excitation to the ground '\)1 (Ag) and 

'U2(Ag) vibrational levels. The maximum of the asymmetric Gaussian peak 

that represents of the adiabatic ionization is at 7.635 eVe Because of the hot 

band analysis carried out here, this is 0.02 eV higher than the previously 
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reported value.3 However, the collected uncertainties of the calibration of 

the energy scale and the position of the internal standard still place an 

overall uncertainty of about ± 0.02 eV on this value. The width of the 

adiabatic ionization (and each hot band) is about 0.16 eV. This is slightly 

greater than the = 0.10 eV halfwidth expected in this region from the direct 

relationship between the instrument resolution factor with the kinetic 

energy of the electrons. The additional broadening of the peak, and the 

asymmetry to the high binding energy side (apparent width of 0.18 eV on 

the high binding energy side compared to 0.13 e V on the low binding energy 

side), indicate additional unresolved vibrational states, most likely from 

Jahn-Teller activation of lower frequency modes (such as the Hg mode at 

275 cm-1). The onset of the band is therefore estimated to be 7.54±0.04 eV. 

This is in exact agreement with a determination from the photoion yield 

versus synchrotron energy for ionization of.a molecular beam of CSO.15,5b 

Note that the hot bands shift the ionization onset at 380°C to less than 7.5 

eV. 

Before examining more closely the Jahn-Teller effects mentioned in 

the previous paragraph, we will look at the total shape of the first ionization 

band in more detail. It is instructive to attempt to model the ionization 

band shape without inclusion of Jahn-Teller effects. In the absence of these 
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effects, the width and shape of the band is determined by the sum of the 

Frank-Condon transitions to the vibrational levels in the positive ion 

state.9b To our knowledge, the vibrational frequencies ofC60 + have not been 

measured. For the purpose of modeling the photoelectron ionizations, the 

normal vibrational modes ofC60 + are not expected to be much different from 

those of the neutral molecule. This is because only one of the sixty 7t 

electrons of e60 is being removed with ionization, and because the highest 

occupied orbitals (~ symmetry) are largely nonbonding.16 For . 

comparison, the shifts in vibrational frequencies that result from adding an 

electron to the lowest unoccupied orbitals (tlu symmetry) ofC60 to produce 

C60- have been measured.17 The changes in the frequencies are less than 

20 em-I, which are impossible to discern in a photoelectron band such as 

that in Figure 3. Therefore it is assumed that, within the certainty of this 

experiment, the vibrational frequencies in the positive ion are the same as 

those in the neutral molecule. 

The total width of the first ionization band is on the order of 0.5 eV, 

so it is expected that progressions in both u2(Ag) (1469 em-I, 0.1821 eV) and 

uI(Ag) (496 cm-I , 0.0616 eV) contribute to the ionization intensity on the 

high binding energy side of the band. Hot bands are also included on each 

of the primary peaks of the u2(Ag) progression exactly as on the main 



345 

ionization described above. The shapes of all peaks are also constrained to 

be the same as the shape of the main peak (WH = 0.181 eV, WL = 0.135 eV), 

and the positions are constrained at the vibrational energies from the the 

main ionization (7.635 eV). Thus only the relative intensities of the 

vibrational component peaks are allowed to vary to match the data. The 

results of this model of the first ionization band are shown in Figure 6 and 

the intensities that were found for each of the peaks are collected in Table I. 

The first progression in '02(Ag) (that is, u2(Ag) = 0, 1, 2, 3 for '01 (Ag) 

= 0 as shown in the first row of Table I) has a fall-off in intensities that is 

reasonable for a Franck-Condon progression as commonly observed in 

photoelectron spectra. The first progression in '01(Ag) (that is '01(Ag) = 0, 1, 

2 for u2(Ag) = 0) as shown in the first column of Table I) also has a 

reasonable Franck-Condon fall-offofintensities. Each succeeding quantum 

in the high frequency progression '02(Ag) is expected to be accompanied by 

a similar progression in the low frequency component '01 (Ag).18 This is not 

found to be the case. For the '02(Ag) = 0 progression the '01 (Ag) = 1 and 2 

components are much weaker than the u1 (Ag) = 0 component, but for the 

'02(Ag) = 1 progression the \)1 (Ag) = 1 component is nearly as strong and the 

'01 (Ag) = 0 component. Similarly strong '01 (Ag) = 1 components are found for 

the higher members of the '02(Ag) progression. This added intensity in 
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'\)1 (Ag) = 1 for '\)2(Ag) = 1 or greater gives rise to the most visibly apparent 

feature of the ionization band shape, which is the flat plateau and strong 

shoulder on the high binding energy side of the main ionization peak. This 

shoulder can not be accounted for by a typical Franck-Condon analysis with 

the '\)1 (Ag) and '\)2(Ag) frequencies. 

The additional "spreading" of the ionization intensity in the first 

ionization band is most likely due to the Jahn-Teller instability. The Jahn

Teller effect in the ground positive ion state of CGO has been discussed 

previously. 19,20 The first ionization band corresponds to excitation to 

the 2~ positive ion state.2 Because of the five-fold degeneracy of this 

positive ion state, the state can lower its degeneracy by means of the Jahn

Teller effect. We and other have discussed the Jahn-Teller effect in relation 

to the shapes of the photoelectron bands.21 Ceulemans and Fowler have 

illustrated qualitatively the splitting of the ~ orbitals with Jahn-Teller 

distortion,19 and Bendale, Stanton and Zerner have calculated the relative 

energies of the distortions of the positive ion with the INDO technique.20 

Harigaya has also looked at distortions of C60 ions with the extended Su

Schrieffer-Heeger method.22 All of the calculations show the reduction of 

symmetry through the shortening and length~ning of bonds relative to the 

neutral molecule. The magnitude of the bond distance changes from the 
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neutral molecule to the ion is small, and so it is anticipated that the J ahn-

Teller stabilization of the ion will be within the vibrational dimensions of 

the neutral molecule. 

The purpose of this paper is not to provide a detailed theoretical 

analysis of the Jahn-Teller effect, but to point out clearly the indications 

from the experimental data. The observation of the extended shoulder on 

the high binding energy side of the first ionization band indicates that 

ionization to a higher energy state is contributing intensity in this region. 

The relationship of the photoelectron intensity to the potential curves for 

these electronic states of the positive are shown qualitatively in Figure 7. 

The shapes of the potential curves and the vibrational frequencies are 

expected to be essentially the same for the reasons earlier. The heavy 

horizontal lines in the potential wells represent the vibrational energies in 

112(Ag) and the dashed lines represent the superposition of the vibrational 

states in 111 (Ag). The higher electronic state is shifted up with respect to the 

ground electronic state so that the first vibrational level adds intensity to 

the peak that accounts for the shoulder on the band. Note that the higher 

vibrational levels also add intensity as indicated on the tail of the ionization. 

The point at which the two potential wells cross is the point of icosohedral 

symmetry at which the two states are degenerate. In the semi-classical 
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description of the Jahn-Teller effect,2I integration over the coordinates of 

the nuclei with time shows that the most probable (Franck-Condon) 

transition does not occur from the perfect icosohedral symmetry, but from 

geometries that are distorted from this symmetry. Sketched below the 

potential curves is a qualitative distribution of ground state geometries 

along a normal mode coordinate Q that splits the electronic states of the 

positive ion. Transitions from this distribution to the split electronic states 

are consistent with the photoelectron intensities. 

The active vibrational modes for the Jahn-Teller distortion from the 

truncated icosohedron symmetry are of Hg and Gg symmetry. The Hg 

distortion splits the hu orbitals into the aIu' eIu' and e2u sets. The Gg 

distortions splits the hu orbitals into an alu and two eu sets. Not all of the 

states predicted by symmetry lead to stable structures.20 The most stable 

state is a 2AIu for a structure in the D5d point group. The Gg distortion to 

a Dad structure gives to a 2Eu state which further undergoes Jahn-Teller 

distortion to the same D5d state. Thus it is a cusp on the potential energy 

surface. The photoelectron band does not give independent evidence of more 

than two states in the Jahn-Teller splitting. 

The Jahn-Teller stabilization energy of CGO + is defined as the 

difference between the energy of the icosohedral structure and the energy 



349 

of the most stable distorted (D5d, 2 A1u) structure. This energy has been 

calculated by theory to be 0.35 eV.20 The separation of the added Jahn

Teller intensity in the photoelectron band from the main peak, plus one half 

of 'U2(Ag) frequency for the separation of the first vibrational level from the 

minimum of the potential well, gives a Jahn-Teller stabilization energy of 

0.33 eV from the photoelectron data. This is excellent agreement. 

The analysis of the second ionization band of eGO is shown in 

Figure 8. The most distinctive feature of this band is the significant valley 

between its two most intense peaks. Theoretical calculations uniformly 

predict two different electronic states, the 2Hg and the 2Gg, to be present in 

this band. Several features of the ionization band support the presence of 

two different ion states. First, the two peaks in the band are separated by 

too great an energy to be explained by a vibrational progression. Second, 

the analysis shows that the two peaks are represented by components that 

do not have the same halfwidths. The first peak is considerably more 

narrow and symmetric. Third, the vibrational progressions on the high 

binding energy sides of the peaks appear distinctly different. We assign the 

first peak to the onset of the 2Hg ion state and the second peak to the onset 

of the 2Gg ion state. There is considerable disagreement among the 

theoretical calculations on the order of these two ion states, which is not 
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surprising when they are separated by only 0.25 e V. The only basis for our 

assigned order is that our previous calculations have shown that the 

characters of the gg orbitals are similar to those of the ~ orbitals, while the 

characters of the hg orbitals are fairly unique among the upper valence 

orbitals.16 The ionization we assign to the 2Gg state has peak widths and 

a '02(Ag) progression on the high binding energy side that are similar to the 

2Hu ionization, while the ionization we assign to the 2Hg state is much 

different. 

The profile of the second ionization band is modeled with many of the 

same assumptions as used for the first ionization band. The hot bands 

contribute to the intensity on the leading edge of the primary peaks exactly 

as described earlier. It was found necessary to treat the main peak and 

vibrational components in the 2Hg ionization independent of those in the 

2Gg ionization. Each component in 'Ul (~) on the 2Hg ionization has the 

same shape as the main peak and is separated according to the frequency 

in the ground state of the molecule. Thus only the intensities are allowed 

to optimize for the vibrational components. Vibrational components in both 

'01(Ag) and 'U2(Ag) were required for the 2Gg ionization. A '02(Ag) progression 

may be present for the 2Hg state, but it must be much weaker than this 

progression for the 2Gg state and it would be obscured by the 2Gg ionization. 
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The intensities of the vibrational components relative to the main peaks are 

collected in Table II. All of the vibrational progressions in this analysis 

appear normal. Each of the ul(Ag) progressions in the 2Gg ionization shows 

about the same intensity pattern, and this pattern is very similar to the 

ul(Ag) progression in the 2H2 ionization. There is no clear evidence of Jahn

Teller splitting of the 2Hg and 2Gg states. It is possible that there is a 

coincidence of the Jahn-Teller splitting with the vibrational energies that 

come from the ground state of the molecule, but it is not possible to discern 

a Jahn-Teller effect on the basis of this data. 

The peak characteristics for ionization to the ground Ag vibrational 

levels of the positive ion states are summarized in Table III. These 

numbers, along with the relative intensities of the other vibrational 

components and the addition of the hot bands, give an accurate analytical 

representation of the valence He I photoelectron contours of e60• This 

experimental information provides a firm foundation for detailed theoretical 

models of the valence positive ion electronic states and the vibrational/Jahn

Teller relationships to the ground state of e60. 
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Table I. Relative intensities of ionization peaks (see text for 
definition) in the first ionization band (2Hu state) of Cao• 

1J2(Ag) 

0 1 2 3 

0 [1.00] 0.47 0.21 0.05 

1Jl(Ag 1 0.25 0.41 0.15 0.02 
) 

2 0.13 0.02 0.20 0.08 

Table II. Relative intensities of the vibrational components in the 
second ionization band of Cao. 

2H g 2Ggt 1J2(Ag) 

0 0 1 2 3 

0 [1.00] [1.00] 0.61 0.18 0.08 

1Jl(Ag) 1 0.43 0.40 0.25 0.09 -
2 0.27 0.01 0.12 0.01 -
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Table III. Peak parameters for ionization to the '\}l(Ag) = 0, U2(Ag) = 
o vibrational states. 

Ion State Energy WH WL Intensity 
(eV) 

2~ 9.635 0.181 0.135 [1.00] 

2H 
L(! 8.899 0.111 0.111 [1.00] 

2G 
'(! 9.141 0.172 0.160 0.603 
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FIGURE CAPTIONS 
Figure 1. He I photoelectron spectrum of pure C60• 

Figure 2. Comparison of the first two ionization bands of C60 and C70. 

Figure 3. Comparison of the first ionization band from the mixed 
sample and the purified C60• 

Figure 4. Comparison of the second ionization band from the mixed 
sample and the purified C60• 

Figure 5. Hot band analysis on the leading edge of the first ionization 
band. The Gaussian curves are the model peaks with the 
vibrational quantum numbers from the ground state as 
indicated. The vertical dashes are the experimental data 
and the line through them is the fit sum of the ionization 
intensity from the model peaks (see text). 

Figure 6. Model of the vibrational progressions in the first ionization 
band. The Gaussian curves are the model peaks with the 
positive ion vibrational quantum numbers as indicated. The 
vertical dashes are the experimental data and the line 
through them is the fit sum of the ionization intensity from 
the model peaks (see text). The Gaussian peaks of the hot 
bands are not shown for clarity but are included in the fit 
sum. 

Figure 7. Model of the vibrational progressions in the second 
ionization band. The Gaussian curves are the model peaks 
with the positive ion electronic states and vibrational 
quantum numbers as indicated. The vertical dashes are the 
experimental data and the line through them is the fit sum 
of the ionization intensity from the model peaks (see text). 
The Gaussian peaks of the hot bands are not shown for 
clarity but are included in the fit sum. 

Figure 8. Model of the first ionization band in terms of Jahn-Teller 
split electronic states (see text). 
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APPENDIXG 
The He I Valence Photoelectron Spectrum of C70 in the 

Gas Phase 

The separation of C70 proved to be a long and painful 

process. It was necessary to get a very clean sample because it 

was observed that C60 would sublime at the same temperature 

as C70. I supervised and undergraduate throughout the process 

of separation. The Wudl separation apparatus was slightly 

modified and I had the glass shop construct one for us. All 

spectra shown in this publication were run and fit by me. I 

assisted in the all aspects of manuscript preparation. My 

correspondence with Dr. Gustavo Scuseria at Rice University 

proved quite useful in making peak assignments for the PES. 
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ABSTRACT 

The high-resolution He I photoelectron spectrum of C70 in the gas 

phase is reported and compared with that of C60 and theoretical 

calculations. Similar to C60' the C70 spectrum shows two separate valence 

ionization band envelopes in the low energy region, but there are more 

separate ion states visible within the two envelopes. The first envelope of 

overlapping ionizations spans from about 7.3 to 8.8 eV, and the second from 

about 8.9 to 10.3 eV. The greater complexity of the C70 spectrum compared 

to that of C60 is expected due to the lower symmetry of C70 and the ten 

additional pi electrons from the additional carbon atoms. The first vertical 

ionization energy is 7.47 ± 0.02 eV, which is destabilized 0.17 eV from that 

ofC60• 
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1. Introduction 

The electronic structure ofC60 and related fullerenes is central to the 

emerging chemical and physical properties of these fascinating molecules. 

Early after the discovery of a method to prepare macroscopic quantities of 

C60 and C70 [1], we reported the valence ionizations of C60 as measured by 

the photoelectron spectroscopy of both thin-film surface [2] and gas-phase 

samples [3,4]. The ionizations of a molecule provide the most direct 

experimental probe of the electronic structure. The first significant 

observation was that, although the sixty carbon atoms provide sixty 

electrons to the valence pi ionization bands, relatively few ionizations were 

observed in the low binding energy region. This is a consequence of the high 

symmetry of the molecule which, unlike any other molecule at the time, 

allowed for delocaIized four-fold and five-fold degenerate electron energy 

levels. The first two separate valence ionization bands accounted for 28 of 

the 60 valence pi electrons. The spacing pattern of the valence ionizations 

agreed well with theoretical predictions. Thus the ionizations strongly 

supported the proposed "soccer ball" structure, which has been since verified 

by other means [5]. Another significant result was the experimental 

measurement of the first vertical ionization energy, which we determined 

to be 7.64 ± 0.02 eV [25,26]. 
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It is of interest to compare these results with a similar study of C70 

and the higher fullerenes. The photoelectron spectrum of C70 provides a 

good means to observe the effects of the reduced symmetry and the increase 

of ten pi electrons over CGO. Orbital correlation between the ionizations of 

CGO and C70 is a step toward better understanding of the higher fullerenes. 

As the number of carbon atoms increases, there is generally an increase in 

the number of hexagons in the structure, but the number of required 

pentagons remains at twelve in order to achieve a closed structure [6]. As 

the number of six membered rings increases, regions of the structures more 

closely resemble single sheets of graphite [7] or large graphitic tubes [8]. 

C70 is the first step toward these graphitic or tube-like structures and may 

be useful in evaluating the progression between the molecule-like fullerene 

characteristics and the more solid-state-like graphitic characteristics. 

Theoretical calculations of the orbital energies and distributions of the 

D5h C70 molecule have been published. Different methods give different 

results for the degeneracy of the HOMO and the relative spacing of the 

molecular orbitals. Some calculations predict a singly degenerate HOMO 

[9,10] while other methods lead to a two-fold degenerate HOMO 

[11,12]. Calculated ionization potentials range from 5.14 to 8.7 eV 

[31,32,34-14]. 
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Zimmerman and coworkers have used charge transfer bracketing 

techniques with a Fourier transform ion cyclotron resonance spectrometer 

to experimentally estimate the adiabatic ionization potentials of several 

carbon clusters. Results of the bracketing technique for C70 give a value 

between 7.50 and 7.72 eV. The first ionization potentials for C50' C60 and 

C70 are not distinguished from each other by this approach [15]. Jost et. 

al. have used synchrotron radiation photoemission and inverse 

photo emission to study the electronic structure of solid phase C70 [16]. 

A similar synchrotron radiation study by Takahashi and coworkers [17] 

gives results similar to those of Jost. These studies of solid phase C70 

provide the general pattern of the valence ionizations. However, because of 

solid state effects and the larger inherent linewidth of these synchrotron 

experiments compared to our gas phase studies, it was not possible to 

observe many individual ion states within the bands. In addition, the first 

ionization energy could not be referenced as accurately to the vacuum level. 

We report here our initial high-resolution gas phase photoelectron 

spectrum of C70• Gas phase photoelectron spectroscopy provides a precise 

measure of the ionization energies referenced to the vacuum level. The 

instrumental linewidth of the technique is generally much less than the 

width of the vibrational envelope of the ionization, and separate ion states 
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are more readily observable in the gas phase than in surface experiments. 

The gas phase spectrum may be compared to the spectrum of thin film C70 

to identify any unusual effects due to the solid state. 

2. Experimental 

Carbon soot was prepared by the method developed by Huffman, et. 

al. [23]. Soxhlet extraction of the soot with toluene gives a mixture of C60 

and C70 (-90/10). The extracted C601C70 mixture was separated using the 

method recently developed by Wudl where hexane is continually cycled 

through an alumina column [18]. Two passes on the column were 

required to obtain sufficiently pure C70. Purity was monitored by the 

disappearance of the C60 resonance at 527 cm-! in the IR spectrum. Parker 

and coworkers report that Soxhlet extraction with hexane gives a solution 

containing only traces of higher fullerenes [19]. The Wudl process for 

purification provides more separation of fullerenes than Soxhlet extraction, 

so we are confident that only traces of higher fullerenes are present in our 

sample. Photoelectron spectra of a mixture of C601C70 before 

chromatography, pure C60 [25,26] and pure C70 have been obtained. 

The gas-phase photoelectron spectra were measured on an instrument 

built around a 36 cm radius hemispherical analyzer (10 cm gap between the 
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spheres) with specially designed photon sources, power supplies, counter 

interface, and collection methods that have been described elsewhere [20]. 

The argon 2Pa12 ionization at 15.759 eV was used as an internal calibration 

lock of the energy and the CHaI 2E1I2 ionization at 9.538 eV (both ±0.003 

e V) provided an external calibration of the energy scale. The counts per 

second measured at each kinetic energy are scaled according to the known 

throughput of the electron energy analyzer. 

The C70 sample sublimed at 400±10° C. A stainless steel sample cell 

was used to accommodate the high temperature necessary to sublime C70 

[25]. The temperature was monitored via an Omega 2170A digital 

thermometer equipped with a K-type thermocouple passed through a 

vacuum feed through and attached directly to the sample cell. Resolution 

was 40-45 meV throughout data collection (measured as FWHM of the argon 

2Pa/2 ionization). Several data collections are added together to produce the 

spectra shown. There were no observable differences in the ionization bands 

between each independent collection, and no spectral evidence of 

decomposition or other species in the gas phase. After the complete 

sublimation of the sample a small amount of material remained in the 

sample chamber that is insoluble in toluene. The identity of this substance 

is unknown at this time. 



377 

The ionization bands are represented analytically with asymmetric 

Gaussian peaks according to methods and criteria that are detailed 

elsewhere [21]. These peaks are defined with position, amplitude, half

Width for high binding energy side (WH) and half-width for low binding 

energy side (WL) of the peak. The reproducibility of peak positions and 

widths is generally :f: 0.02 eV (3cr). When two peaks are substantially 

overlapping, the parameters defining each peak are not independent and 

there is more uncertainty in their individual values. This is discussed in 

relation to the ionizations of C70 in the following section. 

3. Results and Discussion 

The valence He I photoelectron spectrum of C70 is shown in Figure 1. 

The valence ionizations are grouped into three roughly separate bands of 

overlapping ionizations. The first band of overlapping ionizations runs from 

about 7.3 to 8.8 eVe The second band runs from 8.9 to 10.3 eV, and the 

third band continues from 10.3 to 12 e V. The same general pattern of low

valence ionizations was observed by Jost, et.al. in a photoemission study of 

solid C70 with synchrotron radiation [16]. Takahashi, et. ale have also 

reported the first two ionization bands from a photoemission study of solid 

C70 [17]. In both cases there is also evidence of additional structure in the 
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first two ionization bands, but this structure is not as clearly indicated as 

in this gas phase spectrum. The instrumental resolution in the surface 

studies was 150 meVor greater, and the ionizations are potentially effected 

by other solid-state broadening effects [16]. The data collected in this study 

was obtained at an instrument resolution of 40-45 me V which allows for 

better observation of detail in the valence ionizations. The widths of the 

peaks in the gas phase spectrum are considerably greater than the 

instrument resolution. The narrowest peak is the first ionization, which has 

a width on the order of 140 meV (FWHM). Taking these factors into 

consideration, there does not appear to be major solid-state perturbations 

of the occupied states of C70 based on the comparison of the solid and gas 

phase spectra. 

Calculations also support the observed pattern of three general 

regions of ionizations in this range. Huckel [32], local density [34] and ab 

initio [31,14] studies predict a grouping of orbitals for twenty electrons in 

the leading ionization band. According to the Huckel and ab initio 

calculations from which information is available, this is followed by a group 

of orbitals for eighteen electrons, and then a gap preceding many closely 

spaced orbitals. The relative order of the orbital energies from one of the 

calculations [31,14] is shown by the vertical bars in Figure 1. The 
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calculations will be discussed in more detail following a closer examination 

of the first two ionization bands. 

Figure 2 shows a close up of the first ionization band, along with the 

analytical representation of the band in terms of asymmetric Gaussian 

peaks. A minimum number of peaks was used to provide a mathematical 

model of the total band contour. Because the peaks within the band are 

substantially overlapping, some of the individual intensities and halfwidths 

of the peaks are not independent. Nonetheless, the analytical model does 

provide more precise quantitative information on several significant aspects 

of the positive ion states of C70• The details of the analytical model of the 

first ionization band are collected in Table II. 

First and perhaps most significant, the first vertical ionization is 

observed sufficiently separate from the other ionizations for a relatively 

accurate determination of the vertical ionization energy and halfwidths of 

this peak. The leading edge of the first vertical ionization is best 

represented when a hot band is included on the low binding energy side. 

The separation of the hot band from the main ionization is 550 ± 100 cm-1 

as determined by the fit, which is in the expected range of the symmetric 

stretching mode of C70 [22]. The symmetric breathing stretch of eGO is 

at 496 cm-1 and C70 has symmetric stretches at 407, 560, and 625 cm-1 
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[23,24]. The intensity of the hot band is reasonable for the thermal 

population of this vibrational level at the 400 DC temperature of the vapor. 

For instance, the Boltzmann population of the first vibrational level at this 

frequency and temperature is 0.3, and the band modeling gives a relative 

intensity of the hot band of 0.24. With this analysis, the first vertical 

ionization energy is determined to be 7.47 ± 0.02 e V. The 0.11 e V halfwidth 

of the band on the low ionization energy side indicates that the onset of 

ionization energy is in the range of 7.35-7.40 eV. These values are slightly 

less than the lower bound of 7.50 e V for the adiabatic ionization from the 

FTICR charge bracketing experiments [15]. 

Calculations do not uniformly agree about the energy and assignment 

of the first ionization of C70• Table I lists some of the calculated orbital 

energies and degeneracies for the first ionization of C70. Some methods 

obtain a singly-degenerate orbital for the HOMO and others identify a 

doubly degenerate set as the HOMO. Huckel calculations carried out by 

Fowl.er and coworkers give a singly degenerate HOMO [32]. Local density 

function calculations identify the HOMO as two fold degenerate [33,34]. 

Scuseria performed ab initio Hartree-Fock calculations using various basis 

sets. For three cases, the HOMO was singly degenerate with a doubly 

degenerate molecular orbital following with small spacing. In the fourth, 
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and largest, basis set the single fold and two fold orbitals are essentially 

degenerate. At this time the experimental data does not distinguish 

between the possible degeneracies of the HOMO. 

As can be seen from Table I, the calculated energies for the HOMO 

vary over a wide range, even for the various ab initio calculations with 

different basis sets [31]. The ab initio calculation with the largest basis set 

(dzP) comes very close to predicting the experimental first ionization energy. 

The calculated orbital energy for the HOMO is 7.59 eV. The electron 

relaxation energy with ionization is about 0.2 eV [31], yielding a projected 

first ionization energy of7.39 eV in comparison to the measured 7.47 ± 0.02 

eV for the vertical ionization energy, and 7.35-7.40 eV for the adiabatic 

onset. In comparison to a similar calculation on CGO [25], the first 

ionization energy decreases 0.27 eV from CGO to C70• Our measured first 

vertical ionization energy for CGO is 7.64 ± 0.02 eV [25,26], giving a decrease 

of 0.17 e V in the first vertical ionization energy from CGO to C70• 

The relative orbital energies from the ab initio dzP calculation [31,14] 

are compared with the observed ionizations in Figure 1. The HOMO is 

placed at the value of the calculated orbital energy. In order for the deeper 

orbitals to align with the groupings of the ionizations in the spectrum, it is 

necessary to compress the calculated energy spread of the orbitals. This is 
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common for comparison of orbital eigenvalues with ionizations, because the 

deeper orbitals have increasing amounts of electron relaxation energy with 

ionization. The orbital energy scale is compressed about thirty percent in 

Figure 1, which is larger than the typical 8·10 percent compression for 

comparing calculated eigenvalues with ionization energies. It is not known 

if the relaxation energies for the deeper fullerene levels actually have larger 

relaxation energies with ionization than other molecules or if this is a 

consequence of the particular calculational method. This is a point for 

further investigation. 

Aside from the adjustment for relaxation energies and the energy 

spread of the orbital eigenvalues, the pattern of the orbital energies from 

this calculation matches very well with the observed ionizations as seen in 

Figure 1. As seen in Figure 2, it was necessary to use a minimum of five 

asymmetric Gaussian peaks to match the contours of the first broad 

ionization band. This is exactly the number of separate ionizations 

indicated by the calculation. The symmetry levels for the orbital ionizations 

are specified in Table n. The a2" and el" levels are calculated to be 

essentially degenerate as the highest occupied orbitals. The ionization data 

cannot distinguish whether the first vertical ionization corresponds to one 

ion state or two closely degenerate ion states. However, the narrow width 
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of the band shows that if there are two states, they must be very close in 

energy and have similar vibrational profiles. The calculations go on to 

predict that the initial ionization in the band is separated by a gap in which 

there is only the a2' ionization. The ionization intensity should then 

maximize again in the region of the closely-spaced e2' and e2" ionizations. 

This pattern is observed. The shoulder on the high energy side of this band 

then corresponds to the el' ionization. 

A similar correlation of calculated orbital energies and observed 

ionization intensities is observed in the second ionization band. The second 

ionization band of C70 is shown in greater detail in Figure 3. The specifics 

of the analytical representation of the band are listed in Table III along with 

the symmetry labels of the orbitals. Again, a minimum number of peaks 

was used to model the band contour, and this turned out to be the same as 

the number of individual states indicated by the calculations. The first 

ionization peak in the band (el' according to the calculation) is observed 

relatively distinctly on the leading edge of the band. Next comes the e2" 

ionization, which is followed the nearly degenerate el" and e2' ionizations 

giving rise to the second maximum in ionization intensity in the band. The 

aI' ionization accounts for the intensity on the high ionization energy tail of 

the band. 
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Several features of the ionizations of C70 are similar to the features 

of CGO [25,26]. First of all, the spectra of both complexes show three 

separate ionization bands in the valence region from 7 to 12 e V ionization 

energy. In both cases, the leading peak of each of the first two bands is 

sharper and more separated from the rest of the band. Both bands of C70 

have a width of approximately 1.5 eV. The band widths for C60 are 

approximately 1.1 eV. 

A striking difference in the spectra of CGO and C70 is the relative 

intensities of the first and second bands. The first band in C70 has 

considerably greater intensity than the second with He I excitation, while 

the intensities for the two bands in CGO are approximately the same [25,26]. 

In the case of CGO' the first band corresponds to the ~ ionization (ten 

electrons) and the second band corresponds to the nearly-degenerate hg and 

gg ionizations (total of eighteen electrons). In the initial photoelectron study 

of C60 [25], it was pointed out that the relative intensity of the first two 

ionizations with He I excitation does not reflect the ten versus eighteen 

electrons that contribute to these states. This observation is even more 

pronounced in the case of C70• The integrated ionization intensity of band 

one to band two for C70 is 3.9:1. Ab initio [31,14] and Huckel [32] 

calculations for C70 indicate that twenty electrons contribute to band one 
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and eighteen electrons contribute to band two (Table II and Table III). 

Calculated photoionization cross sections for C70, based on a plane-wave 

approximation that is more valid at higher excitation energies, indicates 

that the intensities of the two bands should be more equal [34]. There is an 

indication that the intensities of the first two bands become more equal at 

higher source excitation energies [16,17], but the decreasing resolution and 

increasing overlap of the two ionizations in these experiments makes it 

difficult to be sure. The ionization cross-section dependence is interesting 

considering that all of the C70 orbitals in these ionizations are carbon Pn 

atomic orbital-based states. As shown in Table II, all of the orbitals 

contributing to the first ionization band have different symmetries. All of 

the doubly-degenerate symmetries are repeated in the second ionization 

band. For simple molecules, two orbitals of the same symmetry are 

differentiated by at least two nodes. The ~odal characteristics of the C70 

orbitals apparently have a strong influence on the ionization cross sections 

for low excitation energies. We are continuing to investigate the orbital 

characteristics and properties of C70• 
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Reference Method HOMO Energy (eV) 

31 ab initio (STO-3G) 5.14 

31 ab initio (DZ) B.05 

31 ab initio (dz) 7.92 

31 ab initio (dzP) 7.59 

34 local density 5.99 

34 MNDO B.7 

this work gas phase UPS 7.47 ± 0.02 

Table I. Comparison of theoretical calculations of 
the first orbital energy of C'70 and the first 
vertical ionization energy. The original 
references should be consulted for more 
specifics of the calculations. 
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D~ POSITION RELATIVE WIDTH WIDTH WIDTH 

l' 

1 

2 

3 

4 

5 

eV AMPLITUDE HIGH LOW 

hot 7.40 0.24 0.16 0.16 
band 

a2'" el" 7.47 (1) 0.18 0.11 

a ' 2 7.68 0.84 0.42 0.24 

e ' 2 7.96 0.72 0.21 0.21 

e " 2 8.12 0.96 0.29 0.25 

e ' 1 8.43 0.67 0.37 0.36 

Table II. Analytical representation of the first ionization 
band of C70 in terms of the asymmetric Gaussian 
peaks numbered in Figure 2. The peak 
parameters are defined in the experimental 
section. The labels correspond to the calculated 
orbital energies displayed in Figure 1. 

AVE. 

0.16 

0.14 

0.33 

0.21 

0.27 

0.36 
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~ POSITION RELATIVE WIDTH WIDTH WIDTH 
eV AMPLITUDE HIGH LOW AVERAGE 

6 

7 

8 

9 

e' 1 9.04 0.33 0.17 0.14 

e " 2 9.28 0.20 0.42 0.34 

e " e' l' 2 9.60 0.26 0.32 0.32 

a ' 1 9.84 0.17 0.52 0.39 

Table III. Analytical representation of the second ionization 
band of C70 in terms of the asymmetric Gaussian 
peaks numbered in Figure 3. The peak 
parameters are defined in the experimental 
section. The amplitudes are relative to peak 1 in 
ionization band 1. The labels correspond to the 
calculated orbital energies displayed in Figure 1. 

0.15 

0.38 

0.32 

0.46 
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Figure captions 

Figure 1. Valence He I photoelectron spectrum of C70 in the low 
ionization energy region. The calculated lines are theoretical 
orbital energies of C70 as described in the discussion. The 
shaded block contains 17 closely spaced levels in the 
calculation. 

Figure 2 Detail of the first ionization band in the He I photoelectron 
spectrum of C70• The vertical dashes are the experimental 
data, and the length of each dash is a. The line through the 
data is the sum of the component peaks and baseline as 
defined in the text. 

Figure 3 Detail of the second ionization band in the He I photoelectron 
spectrum of C70• The vertical dashes are the experimental 
data, and the length of each dash is a. The line through the 
data is the sum of the component peaks and baseline as 
defined in the text. 
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