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ABSTRACT 

Thin films of M02(02CCH3)4 on single crystal substrates (graphite or MoS2) are investigated by 

means of scanning tunneling microscopy (STM), molecular modeling and photoelectron 

spectroscopy. STM images of M02(02CCH3)4 on graphite or MoS2 reveal an ordered 

arrangement of molecules with epitaxial formation on the nanometer scale. Each sample has a 

minimum of distinct surface structures. Molecular modeling of the STM images show that, in 

general, the observed surface structures resemble two-dimensional crystal faces of the three

dimensional crystal structure. The electronic structure of the films has been investigated by 

photoelectron spectroscopy, and intermolecular electronic interactions between molecules in the 

films identified by comparing the film spectra to the corresponding gas-phase UPS of the 

molecules. The Mo-Mo 0' ionization in the film spectra is observed as a distinctly separate 

ionization, destabilized from the Mo-Mo ;r ionization compared to the gas-phase spectra where 

these ionizations are coincident. The destabilization of the Mo-Mo 0' ionization in the film 

spectra has been shown from the STM experiments to arise from an intermolecular 

mOlybdenum-oxygen interaction present in one of the observed surface structures. A simple MO 

model describing this intermolecular interaction in terms of ligation of the Mo-Mo quadruple 

bond by diaxial oxygens is also presented. In addition to the M02(02CCH3)4 thin films, 

photoelectron spectra of the corresponding Cr2(02CCH3)4 films on graphite or MoS2 were also 

investigated. A comparison of the film and gas-phase spectra show the Cr-Cr 0' ionization to be 

destabilized in the film spectra, though to a lesser extent than that observed for the 

M02(02CCH3)4 films. This indicates that the strength of intermolecular interactions is weaker 

in the Cr films. Furthermore, mixed films resulting from the codeposit ion of Cr2(02CCH3)4 and 

M02{02CCH3)4 on graphite or MoS2 were also studied using photoelectron spectroscopy. An 

examination of the M02(02CCH3)4 ionizations from the mixed film spectra reveal the presence 

of intermolecular electronic interactions between molecules in the film. 
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The work presented in this thesis revolves around two major areas of research. The 

primary area involved the structural and electronic characterization of thin films of the 

tetracarboxylate dimers of chromium and molybdenum on single crystal graphite and MoS2 

substrates by scanning tunneling microscopy (STM), molecular modeling and photoelectron 

spectroscopy (XPS and UPS). The secondary research area involved the study of the electronic 

structure and bonding in various organometallic complexes by gas-phase photoelectron 

spectroscopy (UPS). The following account describes the background and motivations of the 

research undertaken in these two areas, beginning with the thin film studies. 

Ever since their discovery by Cotton (over two decades ago) the electronic and structural 

characteristics of the quadruply bonded tetracarboxylate dimers of chromium, molybdenum and 

tungsten have remained a subject of intense theoretical and spectroscopic study.l-4 Cotton's 

construct of the quadruple bond as arising from the metal-metal d orbital overlap (as shown in 

Figure 1.1) remains as fascinating today as it was in 1965, when he first proposed it.2,3 

Furthermore, a large part of their attraction lies in the high local symmetry exhibited by these 

complexes which often simplifies the interpretation of theoretical and spectroscopic data 

obtained on the compounds. In a fundamental sense, these quadruple bonded metal dimers 

provide the simplest examples of d bonding. The bonding in more complex molecules can nOI 

be understood more completely than these Simplest examples. Our understanding of bond 

making and bond breaking chemical transformations in metal systems is rooted in our 

understanding of the d bonding in these molecules. In addition, the electronic distribution in 

these complexes can be altered by simply changing the nature (electron accepting or donating) of 

the R group of the tetracarboxylate ligand. Qualitative and theoretical predictions of the dimer 

possessing a specific R group may then be compared to experimental spectroscopic data obtained 

-----""--- .- ------------ -----------
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Figure 1.1 Cotton's construct of the metal-metal quadruple bond. 
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on the compound. 

Gas-phase valence ultraviolet photoelectron spectroscopy has been used extensively by 

our group as a direct experimental probe of the electronic structure and bonding in transition 

metal complexes.5.' It has proven very useful in obtaining information regarding the metal· 

metal a, 71: and c5 bonding in these complexes.8.12 The full photoelectron spectra of the 

chromium, molybdenum and tungsten tetracarboxylates are shown in Figure 1.2.12 The 

ionizations above 10 eV are largely associated with the acetate ligands and show little change 

between the spectra of the Cr and Mo dimers.10 The ionizations below 10 eV are associated 

with the metal valence d levels and show striking differences on proceeding from Crz(OzCCH3)4 

to M02(OzCCH3)4' In the molybdenum dimer, the leading ionization corresponds to a c5 

ionization while the more intense peak at ==8.6 eV is assigned to coincident a and 71: ionizations. 

The chromium dimer has a single broad leading ionization at ==8.6 eV which is best fit by three 

asymmetric Gaussian peaks in a 1:2:1 ratio of peak areas. The leading ionization is asSigned to 

the c5 symmetry interaction, while the next two peaks at higher I.P.'s being assigned to the ;r and 

a symmetry interactions, respectively. 

Several controversial issues remain concerning the assignment of the ionizations in the 

gas.phase spectra of Cr2(02CCH3)4 and M02(02CCH3)4' Of greatest importance among them 

concerns the coincidence of the a and 71: ionizations in the gas· phase spectra of 

M02(OZCCH3)4.10.12 Theoretical investigations of this problem have yielded various results 

depending on the calculational method used. Some theoretical methods place the a ionization 

deeper than the 71:, in others they are coincident.1? There is now a considerable body of 

experimental evidence pOinting to the a ionization being nearly coincident with the 71: ionization 

envelope.12.13 Attempts to induce a-71: splitting by changing the R group on the carboxylate 

ligands or by other chemical substitutions have not been successful. 

Bearing this in mind, we decided to undertake experiments aimed at separating the a 
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ionization from the 1C, making use of a unique feature present in the X-ray crystal structures of 

these compounds.14-16 In the solid state the oxygen atoms of the carboxylate ligands of a 

molecule attain a close approach to the molybdenum atoms (2.644 A) of neighboring adjacent 

molecules (see Figure 3.2).14.15 This allows overlap of the orbitals associated with the oxygen 

lone pairs of the carboxylate ligands and the Mo-Mo a orbital of the M02 unit of neighboring 

molecules. This intermolecular metal-oxygen interaction should destabilize the a orbital in the 

solid state compared to the gas phase and perhaps make observation of the a ionization possible. 

Our initial studies focused on investigating 100 A thin films of M02(02CCH3)4 on gold 

foil substrates by photoelectron spectroscopy.13 The a ionization was observed as a distinct 

shoulder on the low binding energy side of the 1C ionization band. 

Despite the success of this study, several questiOns remain to be answered. Firstly, the 

destabilization of the a ionization in the film spectra is attributed to the presence of 

intermolecular metal-oxygen interactions present in the solid state bulk crystal structure. 

However, no independent information on the surface morphology of the films was available. A 

further limitation of the study was that, at the high coverages used, surface charging resulted in 

line broadening of the peaks in the film spectra. The use of pOlycrystalline substrates was also 

likely to add a further component to line broadening. 

In order to improve on the original study, it was decided to obtain independent 

information on the surface morphology of the films, and use lower coverages and single crystal 

substrates in order to reduce the extent of line broadening in the UPS data. 

The coverages used were in the region of a submonolayer to 20 A in thickness while the 

single crystal substrates used were graphite and MOS2' Both these substrates are relatively cheap 

and clean surfaces are easily obtained by cleavage. Another reason for the selection of these two 

substrates is that they allow the opportunity to study the behaviour of the films with respect to 
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substrates having different levels of interactions with absorbates. Graphite is a relatively "inert" 

substrate, having little interaction with absorbates while MoS2 is known as a more "interactive" 

substrate. 18 

In order to obtain information on the surface morphology of the films, the films were 

studied by scanning tunneling microscopy (STM).18.19-22 A schematic of an STM is shown in 

Figure 1.3.18 If an atomically sharp metallic tip is brought close to an electrically conducting 

surface, a tunneling current will flow provided a small potential difference (of the order of 1 V 

or less) is applied between the tip and surface. The current depends exponentially on the gap 

width, decreasing by about an order of magnitude for every Angstrom increase in gap spacing. 

This high sensitivity makes the tunneling current a suitable signal to control the gap by means of 

a feedback loop, with an accuracy sometimes better than 0.1 A. 

There are two ways to obtain the images, the constant current and constant height 

modes. In the constant current mode,19.23 the tip height is adjusted in order that the feedback 

loop maintain a constant current. The resulting image is obtained as a map of the tip height z 

(x.y) versus the lateral x and y coordinates (see Figure 1.3). In the constant height mode,24 the 

tip is scanned at constant height and the current I (x,y) is recorded as a function of x and y. In 

this mode, the limiting frequency of the feedback loop must be smaller than the frequency of 

current variations due to atomic structure. The feedback loop serves only to maintain the 

average current constant. 

A theory of STM has been developed by Tersoff and Hamann.2S•26 If an ideal situation 

of a tip On a flat surface is assumed, the tunneling current is proportional to the local denSity of 

states (LDDS) of the surface at the center of curvature of the tip and at the Fermi energy. The 

STM image is therefore a contour of constant LDDS (prOvided it is run in the constant current 

mode). In the case of an extended Fermi surface, the image gives the contour of total charge 

density. 
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Sufficient electrical r.onductivi!y, flatness and limited mobility of surface atoms or 

molecules are the requirements for obtaining an STM image from a sample. It has two great 

advantages. Firstly, it can be used to study surfaces bearing some disorder and secondly, the 

method does not require UHV. Atomic resolution images have been obtained in fluid 

environments (air, water, cryogenic liquids and electrolytes), oils and greases. IS The advamtages 

of fluid environments include protection of air sensitive materials and the imaging of surfaces 

under chemically active solutions such as electroplating solutions27 or etchants.28 

A great deal of the STM work done to date has focused on conductor surfaces of 

semimetals and simple metals. In order to get an idea of the types of information obtained 

from these numerous studies the results of some representative ones are briefly reviewed here. 

Highly ordered (HOP G) is a semimetal which has been imaged extensively in UHV and 

a variety of fluids e.g. air, water, electrolytes and liquid helium. IS It forms large (diameter ==1 

JIm) atomically perfect, flat terraces. Defects do occur and take the form of steps on the 

terraces. Close-up images (==1 nm) reveal the hexagonal nature of the surface, with every other 

carbon atom being more visually clear. Gold is another extensively studied conductor surface, 

particularly the close-packed Au (111) face. 29 These STM studies revealed monoatomic steps 

and corrugation due to surface reconstructions. The first molecularly resolved image of an 

organic conductor revealing monomolecular steps and the unit cell on the crystal surface was 

obtained for crystals of tetrathiafulvalene-tetracyanoquinodimethane (lTF-TCNQ).30 In general. 

it appears easier to obtain atomic resolution images of semimetals or semiconductors rather than 

simple m~tals. This has been attributed to the smeared-out electronic wavefunction in the case 

of metals and the large spatial variation of the LDOS of semiconductors. 

One of the few examples of STM studies of thin films transition metal complexes has 

involved copper phthalocyanine on polycrystalline silver 5urfaces.31.32 Images corresponding to 

single molecules of copper phthalocyanine on the surface were obtained which in some 

--,----~----~--------........ ~-~ .. ---------- . -
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circumstances possessed atomic resolution. STM studies on thin films of molecules has been 

particularly sparse, owing to the difficulty in correlating the images with molecular models 

describing the packing arrangements and orientations of the molecules in the observed surface 

structure. Mizutani and co.workers33 studied ultrathin copper phthalocyanine films on graphite 

and proposed a molecular model for the observed STM images. However, the STM images 

obtained were blurred and a systematic means of interpreting the STM images was not outlined. 

Chapter 3 describes the results from an STM study of thin films of M02(02CCH3)4 

deposited on single crystal graphite in ultra·high vacuum. Deposition of less than a monolayer 

of MOZ(02CCH3)4 yields STM images of the graphite substrate without identifiable molecular 

features. and coverages that significantly exceed a monOlayer produce images of microcrystallites 

that are 9·26 A and larger in size. Resolution of structural features on the molecular scale is 

achieved at coverages in the regime of a single monOlayer of M02(02CCH3)4 on the surface. 

Two very different surface morphologies are observed. One surface type is called the shingle 

structure because of the appearance of ordered rows of plates emerging at an angle from the 

surface. Each ·shingle" has a short side dimension of 5·8 A. a long side dimension approximately 

3 A greater than th~ short side, and a thickness of about 5 A. The other surface type is called 

the ridge structure because of the appearance of a series of closely.spaced peaks that fonn linear 

ridges separated by channels. The separation between peaks along the ridges is about 3.5 A 

while the distance between ridges is about 4.5 A. The STM images are interpreted in terms of 

the packing arrangement and orientation of the molecules with respect to the substrate. It is 

found that the shingle surface structure corresponds to the AB crystal face of the bulk crystal 

The structural distances and angles measured from the STM images of the surface topography 

are the same as those from the AB face of the bulk crystal within experimental certainty. The 

ridge structure corresponds closely to the BC crystal face with slight structural reconstruction 

that increases the surface contacts between neighboring molecules and between the molecules 

.------~-------,---.-- ---- ---



and the surface. The structural information on these surfaces provides a comparison of the 

binding forces and intermolecular influences experienced by the molecules in the films. This 

study represents the first application of STM and molecular modeling to the study of 

intermolecular interactions and molecular packing in thin films of transition metal complexes. 
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The results of a UPS investigation of thin film M02(02CCH3)4 on single crystal graphite 

are described in Chapter 4. The thin film spectra strongly resemble the gas phase photoelectron 

spectrum of M02(OZCCH3)4' The UPS of the thin films show valence ionization bands that are 

nearly as narrow as the vibrational manifolds observed in the high resolution gas phase UPS of 

MOZ(02CCH3)4' The spectral region corresponding to the Mo·Mo bond ionizations reveal a 

leading ionization at 6.98 eV assigned to the d ionization. The ionizations at 7.99 eV and 8.67 

eV are assigned to the a and TC ionizations, respectively. The ionization from the metal·metal 

valence a level is observed clearly separated to lower binding energy from the metal·metal 

valence TC ionization, in contrast with the gas phase spectrum where these ionizations are 

coincident. The destabilization of the a ionization in the film spectra is correlated to the 

presence of diaxial ligation of the Mo·Mo bonds in the film by acetate oxygens of neighboring 

molecules present in one of the surface morphologies of the film. This is discussed in terms of 

a simple MO model describing the diaxial ligation. This is the first study correlating the surface 

and electronic structure in thin films of transition metal dimers. 

Chapter 5 describes a combined STM and valence UPS stUdy of thin film 

MOZ(02CCH3)4 on single crystal MoS2' The thin films ranged in coverage from the very low 

submono!ayer to approximately a monOlayer. At very low submonolayer coverages, the STM 

image resembled a single M02(02CCH3)4 molecule lying flat with respect to the MoS2 surface 

(i.e. with the Mo·Mo bond vector perpendicular to the MoS2 surface). At higher coverages, the 

STM images corresponded to epitaxial film formation. Two distinct surface morphologies were 

observed, one occuring at submonolayer and the other at monOlayer coverage. The packing 

--------~--.. - ... -- .. --
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arrangements of the molecules in both surface structures are best described in terms of the 

molecular model of the ridge structure observed for thin film Mo:z(O:zCCH3)4 on graphite. The 

photoelectron spectra of thin film Mo:z(O:zCCH3)4 on MoS:z strongly resembles the gas· phase 

spectrum of MO:z(02CCH3)4' The Mo·Mo (J ionization is clearly observed as a distinct 

ionization, cleanly separated from the Mo·Mo 1t band. The destabilization of the (J ionization in 

the film spectrum is correlated to the presence of diaxial ligation of the Mo·Mo bonds in the 

film by acetate oxygens of neighboring molecules present in one of the surface morphologies of 

the film. 

Chapter 6 describes an investigation of thin film Cr:z(O:zCCH3)4 on single crystal 

graphite and MoSz using photoelectron spectroscopy (UPS). The thin film spectra strongly 

resemble the gas phase photoelectron spectra of Cr:z(O:zCCH3)4' The spectral region 

corresponding to the Cr·Cr bond ionizations reveals a distinctly asymmetric band, best fit by 

three asymmetric gaussians with a 1:2:1 ratio of peak areas. The leading ionization is assigned 

to the 0 ionization, the other two peaks at higher ionization potentials being assigned to the ;r 

and (J ionizations. The (J ionization in the film spectra is destabilized relative to the gas phase 

(0.2 eV and 0.18 eV for graphite and MoS2, respectively). This is attributed to the presence of 

diaxial ligation of the Cr·Cr bonds in the film by acetate oxygens of neighboring molecules. The 

strength of diaxial ligation experienced by Cr:z(O:zCCH3)4 molecules in the films is smaller than 

that found for the corresponding Mo:z(O:zCCH3)4 thin films. The separations between the 

oxygen lone pairs of the acetate ligands and the Cr·Cr 1t ionizations are about the same in the 

gas phase and film spectra. This is discussed in terms of a simple MO model describing the 

diaxial ligation. Furthermore, the implications of the ionization information with regard to the 

surface topography of the films are also discussed. 

The UPS of monolayers of Cr:z(02CCH3)4 and M02(02CCH3)4 codeposited sequentially 

on single crystal graphite are described in Chapter 7. The thin film spectra strongly resemble 
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the gas phase photoelectron spectra of M02(02CCH3)4' The spectral region corresponding to 

the Mo-Mo bond ionizations reveals a leading ionization at 6.98 eV assigned to the d ionization. 

The ionizations at 7.99 and 8.60 eV are assigned to the CI and ;r ionizations, respectively. The CI 

ionization in the film spectra is observed as a distinctly separate ionization, destabilized 0.61 eV 

compared to the gas phase value. This is attributed to the presence of diaxial ligation of the 

Mo-Mo bonds in the film by acetate oxygens of neighboring molecules. The strength of diaxial 

ligation experienced by the M02(02CCH3)4 molecules in the films is about the same as in thin 

film M02(02CCH3)4 on graphite. The separations between the oxygen lone pairs of the acetate 

ligands and the Mo-Mo ;r ionizations are about the same in the gas phase and film spectra. 

This is discussed in terms of a simple MO model describing the diaxial ligation. Furthermore, 

the implications of the ionization information with regard to the surface topography of the films 

are also discussed. 

Chapter 8 describes the results obtained from a UPS investigation of thin films of 

Cr2(02CCH3)4 and M02(02CCH3)4 codeposited on single crystal graphite and MoS2 substrates. 

The contributions of the Cr2(02CCH3)4 and substrate ionizations were subtracted from the film 

spectra in order to examine the M02(02CCH3)4 ionizations in more detail. The spectral region 

corresponding to the Mo-Mo bond ionizations reveals a leading ionization at 6.98 eV assigned to 

the 0 ionization. The next two ionizations are assigned to the CI and ;r ionizations, respectively. 

The CI ionization in the film spectra is observed as a distinctly separate ionization, destabilized 

compared to the gas phase value (0.5 eV for graphite and 0.76 eV for MoS2). This is attributed 

to the presence of diaxial ligation of the Mo-Mo bonds in the film by acetate oxygens of 

neighboring molecules. The strength of diaxial ligation experienced by the M02(02CCH3)4 

molecules in the graphite mixed film is weaker than the corresponding thin film M02(02CCH3)4 

on graphite. With the MoS2 films, however, the strength of ligation is about the same in the 

two cases. The separations between the ionizations associated with the oxygen lone pairs of the 



31 

acetate ligands and the Mo-Mo n bonds are about the same in the gas phase and film spectra. 

This is discussed in terms of a simple MO model describing the diaxial ligation. Furthermore. 

the implications of the ionization information with regard to the surface topography of the films 

are also discussed. 

Appendix A presents the gas-phase He(I) valence photoelectron spectra of the Lewis 

acid-base adducts Me~(PMe3) and M~(BHT)AJ(PMe3) (BHT-H = 2.6-di-tert-butyl-4-methyl

phenol). These have been obtained in order to characterize the electronic structure and bonding 

in four-coordinat.e organometallic complexes of aluminum. To aid in the assignment of the 

spectrum of Me2(BHT)AJ(PMe3), the spectrum of the free alcohol, BHT-H, was also Obtained. 

The first and second ionizations of the free BHT-H alcohol show vibrational progressions 

associated with the symmetric C-C phenyl ring stretching modes, consistent with the bI and a2 n 

ionizations, respectively. of monosubstituted phenyl rings. In the photoelectron spectrum of 

BHT coordinated to aluminum in M~(BHT)AJ(PMe3)' the corresponding phenoxide a2 

ionization retains the vibrational structure, but the individual vibrational components are lost in 

the ionization which corresponds most closely with the bI . The loss of vibrational fine structure 

associated with ionization from the phenyl n bIorbital in the coordinated phenoxide shows that 

the phenoxide is involved in a n interaction with the Me2AJ(PMe3) portion of the molecule. In 

addition. the aluminum center in M~(BHT)AJ(PMe3) feels a more negative charge potential 

than the aluminum center in MeJAl(PMe3)' as shown by the AJ-P C1 ionization occurring at 

lower binding energy in Me2(BHT)AJ(PMe3)' This is counter to the C1 inductive effects of an 

alkoxide compared to an alkyl and shows that the BHT is acting as a n electron donor. The 

change in bandshape of the AJ-P C1 ionization between Me~(PMe3) and M~(BHT)AJ(PMe3) 

indicates that the oxygen pn orbital of the phenoxide ligand is interacting directly with the AJ-P 

bonding orbital. The relationship between experimental ionization potentials and bond strengths 

------.-----.----~-----------_. 
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of the AI-P (j bond in Me:0l(PMe3) and M~(BHT)AI(PMe3) is developed, and the results show 

that the AI-P (j bond is stronger in Me:0l(PMe3) than in M~(BHT)AI(PMe3)' consistent with It 

donation from the phenoxide into the predominantly AI-P (j* orbital. 

In order to continue to characterize the electronic structure and bonding in four

coordinate organometallic complexes of aluminum the gas-phase He(l) valence photoelectron 

spectra of the Lewis acid-base adducts, Me:0l(py) and Me2(BHT)AI(py) (BHT=2,6-di-tert-butyl

-t-methyl phenoxide, py=pyridine) have been obtained. These data are presented in Appendix B. 

In the photoelectron spectrum of the BHT ligand coordinated to aluminum in M~(BHT)AI(py). 

the phenoxide PM a2 ionization retains the vibrational structure observed in the free ligand, but 

the individual vibrational components are lost in the ionization which corresponds most closely 

with the bl . The loss of vibrational fine structure associated with ionization from the PM b l 

orbital in the coordinated phenoxide shows that the phenoxide is involved in a 1t interaction with 

the M~AI(py) portion of the molecule. The similarity of the splits of the PM a2 and bl 

ionizations in Me2(BHT)AI(PMe3) and Me2(BHT)AI(py) shows that the extent of the It 

interaction of the BHT ligand with the M~AI(PMe3) and Me2AI(py) portions of the molecules 

are about the same. The PM a2 and bi ionizations of the BHT ligand experience a destabilizing 

shift on proceeding from M~(BHT)AI(py) to M~(BHT)AI(PMe3)' This shows that the BHT 

ligand has a stronger (j interaction with the Me2AI(py) portion of the molecule in 

Me2(BHT)AI(py). This is consistent with the relative {j inductive effects of a pyridine ligand 

compared to a phosphine on the positive charge potential at the metal center. The AI-Me (j 

and pyridine It ionizations in Me:0l(py) are destabilized in comparison to the same ionizations 

in Me~(PMe3) and free pyridine, respectively. This indicates that a destabilizing 'through

space' interaction is occuring between the charge densities of the pyridine 1t and AI-Me (j 

orbitals in Me~(,:>y). 

The gas-phase He(l) photoelectron spectrum of (173_P3)W(OCH2BulhNMe2H is 

------- -~--------.-.,.,...- ----- ~~-----
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presented in Arpendix C. This is the first photoelectron spectrum of a 

metallaphosphocyclopropenyl complex. The spectrum may be categorized into three distinct 

regions with ranges of about 7-8 eV, 8-9.2 eV and 9.2-10.2 eV. These may be assigned to 

ionizations asociated with the metal-P3 ring :rc bonding orbitals, the phosphorus lone-pairs of the 

P3 ring and the oxygen lone-pairs of the alkoxide ligands, respectively. The ionization potentials 

associated with the oxygen lone-pairs of the alkoxide ligands in (,,3_P3)W(OCH2ButhNM~H are 

shifted =:: 0.5 eV to higher binding energy compared to the corresponding ionizations in 

(Me3COhMo(CCMe3), while the ionization potentials associated with the 'metal' levels in the 

two complexes are very similar. This provides strong evidence that P3 + is a better :rc-acceptor 

than the CCMe3 + ligand. Fenske-Hall calculations were used as an aid to rationalize this 

finding in terms of the electronic characteristics of the frontier orbitals of the respective ligands. 

In order to evaluate the possibility that the phosphorus lone-pairs of the P3+ ring may act as 

Lewis-base donors, the ionization potentials associated with these orbitals were compared to the 

phosphorus lone-pairs of various phosphine ligands. While the phosphorus lone-pairs orbitals of 

P3 + compared favorably energetically with those of phosphines, Fenske-Hall calculations indicate 

that these 'lone-pairs' are substantially de localized indicating poor donor ability. Fenske-Hall 

calculations were used to evaluate the possibility of interconversion between 

metallaphosphocyclopropenyl and 'metallaphosphocyclobutadiene' complexes. The results 

indicate that metallaphosphocyclopropenyl complexes are favored for higher dn electron counts. 

Appendix D presents the gas-phase He(l) photoelectron spectrum of 

CI(COh~tmeda)W(CPh). This is the first photoelectron spectrum of a Fischer carbyne. The 

leading ionization at 6.89 eV is assigned to ionization from a primarily metal d orbital 

symmetrically backbonding to the CO :rc* orbitals of two carbonyl ligands. The spectral features 

at 7.52 and 8.03 eV are asSigned to ionizations associated with the tungsten-carbyne carbon :rc 

orbitals while the ionizations at 8.46 and 8.98 eV are associated with the Ph :rc orbitals of the 
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carbyne ligand. The non-degeneracy of the W-C n and Ph n ionizations is accounted for by the 

presence of orbital interactions between one of the Ph nand W-C n orbitals with the same 

symmetry and which are weIl suited for overlap. The ionization characteristics of 

CI(COh(tmeda)W(CPh) are compared to those of (OCMe3hW(CPh) in order to compare the 

electronic characteristics of Fischer and Schrock carbynes. The metal center in the Fischer 

carbyne possesses a weaker positive charge potential than the analogous high-oxidation state 

Schrock alkylidyne. (OCMe3hW(CPh). in agreement with expectations based on formal oxidation 

states. The greater difference between the non-degenerate M-C n ionizations of the tmeda 

complex compared to the Schrock complex show that the pn contribution of the carbyne carbon 

to the orbital character of the W-C n bonds is greater for the Fischer carbyne. The lower IP's 

associated with the Ph n orbitals of CI(COh(tmeda)W(CPh) compared to (OCMe3hW(CPh) 

indicate the CPh + ligand is a better n-acceptor in the Fischer carbyne. Furthermore. a 

comparison of the metal levels between CI(CO)4W(NO) and CI(COh(tmeda)W(CPh) reveal 

CPh + to be a better n-accepting ligand than the isolobal NO+ ligand. The strong n-accepting 

ability of the carbyne ligand accounts for the lability of the carbonyl ligands in the tetracarbonyl 

carbynes. 

The gas-phase He(l) valence photoelectron spectra of CpMn(COhPPh3 and 

MeCpMn(CO)zPPh3 are presented in Appendix E. The ionization features of the 

triphenylphosphine complexes closely resemble those found in other CpMn(COhL complexes 

(L=PMCJ. NH3 and CO) with two distinct ionization regions. one from 6-8 eV arising from 

primarily. metal based ionizations and the other from 8-11 eV from primarily ligand based 

ionizations. The metal is formally Mn(I). d6• and the band prOfile of the metal ionizations reveal 

3 non-degenerate metal based ionizations. consistent with the low symmetry of the complexes. A 

convenient coordinate system places the metal center at the origin. the phosphine ligand along the 

z-axis and the two carbonyl ligands in the x-y plane. In this coordinate system. the two leading 
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ionizations are assigned to orbitals of largely dxz and dyz character while the most stable of the 

metal ionizations is ascribed to a metal orbital of largely dx2_y2 character. The metal ionizations 

in CpMn(COhPPh3 are destabilized by about 1 eV and 0.4 eV compared to the metal levels in 

CpMn(COh and CpMn(COhPMe3. respectively. This indicates that PPh3 is acting as a stronger 

a-donor to the CpMn(COh fragment compared to the CO and PMe3 ligands. The ligand region 

is assigned to ionizations from the PM orbitals of the complexed PPh3 ligand. The Cpn and 

phosphorus lone-pair ionizations in CpMn(COhPPh3 were deduced to be under the PM envelope 

on the basis of the positions of these ionizations in the analogous CpMn(COhNH3 and 

CpMn(COhPMe3 molecules. 

A general summary of the research described in this dissertation is presented in Chapter 

9. Some future research projects originating directly or indirectly from the present work is also 

described. 



CHAPTER .2 

EXPERIMENTAL 

In this work. there are two major areas of interest. The first involves the study of the 

electronic structure and bonding in various transition-metal organometallic complexes by gas

phase photoelectron spectroscopy. The second involves the study of thin films of the 

tetracarboxylate dimers of Cr and Mo by photoelectron spectroscopy. scanning tunneling 

microscopy and molecular modeling. The following c~lapter presents the experimental details 

involved in the preparation of the complexes and thin films and their study by the various 

spectroscopic techniques mentioned above. 

Preparation of Compounds 

Syntheses were conducted under a scrubbed nitrogen (Catalyst R3-11, Chemical 

Dynamics Corporation) atmosphere using routine Schlenk techniques. After preparation. the 

compounds were stored in a Vacuum Atmospheres drybox. Solvents were dried and distilled 

from alkali metals under nitrogen prior to use. 
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BHT-H (2.6-di-tert-butyl-4-methyl-phenol). Mez(BH1)Al(PMe3). Mez(BH1)Al(py) 

(py=pyridine). Me~(PMe3) and Me~(py) were prepared and provided by Professor Andrew 

Barron (Harvard). (,p-P3)W(OCHzBulhNMezH was prepared and provided by Professor 

Malcolm H. Chisholm. while MeCpMn(C0)zPPh3 was provided by Mr. Mike Carducci. 

Cr2(OzCCH3)4 and MOZ(02CCH3)4 were provided by members of the Inorganic Syntheses class. 

CpMn(CO)zPPh3 and Cl(C0)z(tmeda)W(CPh) were prepared according to literature 

methods .. All the references to the syntheses of the compounds in this work are shown in Table 

2.1. 

Gas-Phose Photoelectron Spectroscopy 

Photoelectron spectra were recorded on an instrument which features a 36cm radius 
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Compound Reference 

BHT-H 63 

Me~(PMe3) 63 

Me2(BHT)A1(PMe3) 63 

Me~(py) 63 

Me;!(BHT)A1(py) 63 

(173_P3)W(OCH2BulhNMe2H 90 

CI(COh(tmeda)W(CPh) 108 

CpMn(COhPPh3 119 

MeCpMn(COhPPh3 77 

Crz(OzCCH3)4 45 

Mo2(02CCH3)4 45 

Table :z.t References to the syntheses of the compounds. 

--- --------- ._._--_ .. ---_. --.-
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hemispherical analyzer (lOcm gap), customized sample cells, excitation sources, detection and 

control electronics and data collection methods that have been described elsewhere.34•38 All 

spectra were internally calibrated to the Argon 2P312 ionization at 15.76 eV, which was energy 

locked by frequently adjusting this ionization to the correct ionization energy during data 

collection to ensure that spectral drift was less than :!:0.01 eV during time·averaging of repetitive 

scans. The resolution of the argon reference line was maintained generally to less than 0.03 eV 

FWHM with typical resolution 0.018·0.02 eV. The kinetic energy scale was calibrated with a 

CH3I/Ar gas mixture (9.55 eV/15.759 eV, respectively) prior to data collections. The amount of 

compound was usually 30 :!: 20 mg which gave several useful hours of data collection. The 

sublimation temperatures for the compounds studied in this dissertation are listed in Table 2.2. 

Except for CpMn(CO)zPPh3 and MeCpMn(COhPPh3' all compounds studied sublimed cleanly 

and without decomposition even when the sample cell temperature was raised above the 

sublimation temperature given in Table 2.2. As regards these two compounds, the sample cell 

temperature should not be raised above that given in Table 2.2 as the spectrum of the free PPh3 

ligand is obtained, indicating decompOSition of the compounds. 

Ionization Band Analysis 

The data are represented analytically with the best fit of asymmetric Gaussian peaks 

(program GFIT).39 The asymmetric Gaussian peaks are defined by the position, the amplitude. 

the half·width indicated by the high (Wh) and low (WI) binding energy sides of the peak. The 

standard techniques of ionization band fitting have been discussed in the literature40 and Dr. 

Glen KeHogg's dissertation.34 The asymmetric Gaussian curve·fit has the functional form: 

C(E) = A exp .k[(E.P)/W]2 

where C(E) = electron counts at high binding energy E; A = peak amplitude; P = peak 

position (vertical I.P.); W =: Who the half·width for E>P, or WI' the half·width for E<P; k = 4 

In2. 
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Compound Temperature (" C) 

BHT·H 25 

Me~(PMe3) 18 

Me2(BHT)Al(PMe3) 75 

Me~(py) 12 

Mez(BHT)Al(py) 93 

(1J3.P3)W(OCH2BulhNMezH 68 

Cl(CO)z(tmeda)W(CPh) 138 

CpMn(C0)zPPh3 123 

MeCpMn(CO)zPPh3 107 

Table 2.2 Sublimation temperatures of complexes studied. 



In this work. extensive overlap of ionization features occasionally led to difficulties in 

fitting the band con lours. In these cases, where the half·widths of individual peaks are highly 

uncertain, these peaks are constrained to have the same Wh and WI' The analytical 

representation for each overlapping region was obtained with the minimum number of 

asymmetric Gaussians that would account for the peak area. 

The error bars in the fit analysis are :0.02 eV for position, 0.05·0.2 eV in half·widths 

and 5·10% in He I relative intensities. There are uncertainties introduced in the baseline 

subtraction and fitting in the tails of the peaks. The individual areas of overlapping peaks are 

not independent and are therefore more uncertain. 
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Furthermore, the analyzer transmission function causes artificial enhancement of the 

intensity of the high energy photoelectron bands in the gas·phase PES. It was necessary to 

correct the He I data for the analyzer transmission function by computer techniques based on the 

experimentally determined ESCA 36 transmission function. 

Molecular Orbital Calculations 

Molecular orbital calculations were pc::rformed using the Fenske·Hall method.88 

Molybdenum basis functions were for the +1 (4d5) species and were single zeta for the Is 

through 4p orbitals, double zeta for the 4d and single zeta for the 5s and 5p orbitals. Nitrogen, 

carbon and oxygen atoms had double zeta 2p functions while hydrogen possessed a single zeta 

function with an exponent of 1.2. The phosphorus basis set was from Clementi.89 Calculations 

were performed on the following species, P3+, CMe+ and (7}3.P3)Mo(OHhNH3. The coordinate 

system adopted for the (7}3.P3)Mo(OHhNH3 molecule is shown in Figure 2.1. The centroid of 

the P3 ring passes through the positive z axis while the metal is placed at the origin. The bond 

angles and distances used for (1]3.P3)Mo(OHhNH3 were obtained from the crystal structure 

determination of (7}3.P3)W(OCHzBulhNMezH.90 The Mo·O·H bond angle was set at 136° and 

-------- .. ---.------~-'-. ----.~. -_. __ ._- .. -
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z 

/p 
p----p y 

Figure 2.1 Coordinate system adopted for (,P.P3)Mo(OHhNH
3

. 
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the W-N-H angle at 1000
• The bond angles and distances used in the calculation of CMe+ were 

obtained from the crystal structure of (MeC)W(O-t-Buh.91 The C-H bond distance was set at 

1.1 A and the orientation of the hydrogens in the methyl group was tetrahedral. 

Thin Film Preparation 

Thin films of M02(02CCH3)4 and Cr2(02CCH3)4 on graphite and MoS2 were prepared 

by molecular beam deposition in ultra-high vacuum. For this purpose, a vacuum station was 

built which consisted of a linear motion rotary feedthrough bearing a sample stub to which the 

substrate was attached. The pumping unit consists of a turbomolecular pump (Balzers TPU 330 

, vent control unit TCF 102 and electronic drive unit TCP 300) backed by an Edwards model 

E2-MS vacuum pump. The pressure was monitored using a quadrupole mass spectrometer (UTI 

lOOC Analyzer). The standard operating pressure is =:: 10.9 torr after bakeout. The effusion cell 

consists of a boron nitride ceramic boat with heater and thermocouple connections. To vaporize 

the sample, heat is supplied to the boat and the temperature controlled by means of a 

temperature controller (Omega CN 310) with an accuracy of about :tl°C. Figure 2.2 presents a 

schematic of the vacuum station. 

Depositions were carried out as follows. The effusion cell was charged with 

M02(02CCH3)4 or Cr2(02CCH3)4 and the station evacuated until the standard operating 

pressure was obtained. The cell temperature was increased in steps of =:: 10 0 C until a 

temperature for a reasonable rate of sublimation was obtained (170 and 184 0 C for 

M02(02CCH3)4 and Cr2(02CCH3)4, respectively). This temperature was maintained for about 

20 minutes in order to achieve a steady effusion rate. DepOSitions were then carried out simply 

by exposing a freshly cleaved substrate to the molecular beam of the dimer for a speCified time 

using the rotary feed through. 

The extent of the deposition was monitored with a quartz-crystal microbalance. The 
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Figure 2.2 Vacuum station schematic. 
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deposition station was also connected to a VG ESCALAB MK II spectrometer for spectroscopic 

examination of the film thickness by XPS and UPS techniques. 

Surface Photoelectron SpectroscoPY 

In order to record the UPS of the films, the vacuum station was connected to a VG 

ESCALAB MK II spectrometer. The films were prepared in the vacuum station and transferred 

to the VG by means of the rotary feed through. UPS data were recorded using the He I photon 

source (21.2 eV) with a pass energy of 100 eV at constant analyzer energy. 

The He I photoelectron spectra of the thin films examined in this work consisted of a 

superposition of both substrate and absorbate ionizations. In order to examine the absorbate 

ionizations in more detail, the spectrum of the substrate is subtracted from that of the thin 

films. The substrate spectrum is scaled to an appropriate value and shifted to correct for work 

function changes before spectral subtraction. In order to facilitate comparison with the gas

phase UPS of the absorbate, the difference spectrum was shifted so that the leading ionization 

possesses the same value as that in the gas-phase spectrum. The difference spectra are 

represented analytically by parameters representing the position of the peak, the half-widths on 

the high (Wh) and low (WI) binding energy sides of the peak, and the amplitUde of the peak as 

detemined by the program GFIT.39,40 

Scanning Tunneling Microscopy 

After a thin film sample was prepared it was removed from UHV and immediately 

mounted on the STM stage. The STM measurements were carried out in air within two hours 

after preparation to minimize contamination and possible air degradation of the sample. For 

some samples, difficulties of imaging were observed when the samples were left overnight. 

STM measurements were carried out on a Digital Instruments Nanoscope II instrument. 

The STM was operated in the "topographical" mode where the tip follows the contour of the 

sample surface, keeping the tip-sample tunneling current constant. The platinum-iridium tip was 

---_.. -- . __ ..... _. -- .... 
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brought to the surface in two stages. First, a coarse approach brought the platinum-iridium tip 

to within 100.um from the surface. Next, automatic approach brought the tip close enough to 

the surface to maintain a constant tunneling current. A typical tunneling current from the 

surface of two nanoamps was maintained during imaging with a bias-voltage of about 20 mY. 

Several different regions of the surface of each sample were investigated. 

!\folecular l\fodell",g and Programming 

Three-dimensional molecular graphics methods were used for interpretation of the STM 

images. The three-dimensional modeling was carried out on a Silicon graphics IRIS workstation. 

Program GEN was written (by Dr. Michael Bruck) in order to generate arrays of molecules 

corresponding to any of the two-dimensional crystal faces generated by GEN. Program 

MIDAS41 was used to adjust the orientation and spacing of the molecules in comparison to the 

STM if necessary. Final images of the three-dimensional structures were rendered by the 

program RASTER3D. This program allows illumination of the modeled surface from different 

angles to make the surface structures more visually apparent. 



CHAPTER 3 

SCANNING TUNNEUNG MICROSCOPY AND MOLECULAR 

MODEUNG OF THIN FILM Mo1(OlCCH3)4 

ON SINGLE CRYSTAL GRAPHITE. 

INTRODUCTION 

The bonding in metal dimers and clusters is the center of considerable theoretical and 

experimental investigation.4 Metal dimers are the simplest examples of metal-metal interactions 

that contribute to the formation and properties of metal clusters, surfaces and solids.42 These 

systems are important for their relationships to catalytiC chemistry and materials applications.43.44 

One of the most interesting and informative metal dimer systems is the tetracarboxylate dimers 

of chromium, molybdenum and tungsten.4S Of this class of complexes, the molecule which is 

perhaps best understood is M02{02CCH3)4, which is shown schematically in Figure 3.1. 

Complexes of this class possess four-fold rotational symmetry about the metal-metal vector. The 

presence (a5 noted by Cotton 25 years ago) of a quadruple metal-metal bond, with one 0, two 1/: 

and one d components,I.3 makes the study of their electronic structures particularly appealing. 

Our previous ultraviolet photoelectron spectroscopy (UPS) studies on the molybdenum 

dimers8•9 have revealed that while a great deal of information can be obtained about the1/: and a 

ionization bands (which are the two lowest binding energy peaks in the spectrum), it has not 

proven possible to observe a distinctly separate 0 ionization in the gas phase studies.10,1l There 

is now a considerable body of evidence pOinting to the 0 ionization being nearly coincident with 

the1/: ionization envelope.I2,13 Attempts to induce 0-1/: splitting by changing the R group on the 

carboxylate ligands or by other chemical substitutions have not been successful, 

The gas phase UPS of molecules of the type M02(02CCH3)4~ with axially coordinated 

two-electron donor ligands (e.g. H20, trialkylphosphines, pyridine) would be of great interest, 

-------_._------ -----_._' .... ------------ .. -
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since the donor orbitals will overlap significantly with the valence metal Cl MO and may 

destabilize the ionization sufficiently for it to be distinguishable from the Jr ionization band. 

Unfortunately, it is found that these dimers lose their axial ligands before subliming. In the 

solid state, however, the metal dimer complexes orient with the oxygen atom of a neighboring 

metal dimer molecule near the coordination site on the metal-metal axis,14.15 This is illustrated 

in Figure 3.2 for the stacking of the molecules along the 'B' crystal axis of the unit cell from the 

three-dimensional crystal structure of MOz(OzCCH3)4. I5 The presence of molybdenum-oxygen 

interactions in the solid state led us to investigate thin films of molybdenum carboxylate dimers 

on gold foil substrates. 13 For films of around 100 A thickness, high resolution UPS data is 

obtained that enables the observation of the Cl ionization as a distinct shoulder on the low 

binding energy side of the Jr ionization band. At the film thickness of these experiments, where 

the gold substrate ionizations are attenuated in the XPS measurements and are no longer 

observable in the UPS measurements, the Cl-Jr splitting is presumably due to intermolecular 

metal-oxygen interactions. 

While the UPS data give valuable information on the electronic structure of the metal 

dimers in the thin film and enable a quantification of the perturbation caused by nearest 

neighbor axial interactions, it is not possible to extract directly information about the structure 

of the film, its growth mode and the surface morphology and topography. In an effort to obtain 

independent information on the surface morphology of the thin film, we decided to study thin 

films of MOz(OzCCH3)4 on graphite by scanning tunneling microscopy (STM), which is 

developing into a valuable tool for investigating surface structurep·ZI Though STM has 

traditionally been utilized in the study of atomically smooth surfaces (e.g. graphite, MoS2)46,47 

and of atoms (usually metalS) deposited on these surfaces,48,49 recent results on the imaging of 

discrete molecular species deposited on surfaces50 encouraged us to stUdy metal dimer films of 

metal dimer complexes using STM. 
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Figure 3.2 Schematic of the intermolecular mOlybdenum-oxygen interaction. 
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Of particular interest is whether the films are amorphous, epitaxial or microcrystalline 

and whether the intermolecular metal-oxygen interactions displayed in the crystal structures are 

present to some extent in the thin films. If epitaxial or microcrystalline structures are obtained 

it is particularly important for interpretation of the UPS experiments to know how the molecules 

orient with respect to each other. However, a particular difficulty for STM studies on thin films 

has been correlation of the images with molecular models describing the packing arrangements 

and orientation of the molecules in the observed surface structure. In a particularly noteworthy 

stUdy, Mizutani and co-workers33 studied ultrathin copper phthalocyanine films on graphite and 

proposed a molecular model for the observed STM images. However, the STM images obtained 

were blurred and a systematic means of interpreting the STM images was not outlined. 

In this study a methodology is outlined for the interpretation of STM images in 

sufficient detail that information regarding the packing arrangement and orientation of the 

molecules with respect to the substrate can be obtained. 

Any STM study should consider carefully the selection of the adsorbate and substrate. 

To obtain images of mOlecules bound to each other, the substrate should minimize molecule

substrate interactions. As such, graphite is the substrate of choice.51 M02(02CCH3)4 was 

chosen for the STM study for a number of reasons. The molybdenum dimer is more stable than 

its chromium and tungsten congeners. This is necessary as the current STM studies are carried 

out in air. In addition, we are familiar with the crystal structure, basic electronic structure, and 

deposition requirements for controlled formation of coverages ranging from the submonolayer to 

thin films. 

In this Chapter STM images of thin films of M02(02CCH3)4 on graphite is presented. 

The interpretation of these images based on the three-dimensional crystal structure of 

MO;:(02CCH3)4 provides detailed information regarding the packing arrangements and 

orientations of the molecules on the substrate. 



51 

RESULTS 

The STM images obtained for M02(02CCH3)4 coverages on graphite on the order of a 

monolayer to a few monolayers showed the presence of two distinct classes of surface structures. 

One structure would generally predominate on a given sample. 

Figure 3.3 shows an example of the STM image of one of the structures. Figure 3.3A is 

a grey scale image of the top of the surface, which shows the symmetry and lateral dimensions of 

the structural features. The extent that the features protrude from the surface is represented by 

the brightness of the image. The topography of the surface is more clearly shown in the surface 

line plot in Figure 3.3B. This surface is characterized by an ordered arrangement of flat shelves 

or steps protruding at an angle from the surface, much like the shingles on a roof. For 

purposes of conciseness this will be referred to as the shingle structure in the following 

discussion. The shingles are nearly rectangular in shape with a shon side dimension of 5 to 8 A 

and a long side dimension about 2 to 3 A greater than the short side dimension. The thickness 

of each shingle is measured at 3 to 5 A. The variation in measured dimensions from the STM 

images may be due to the interaction of the tip with the surface. Features on the scale of 

atomic resolution are not observed. 

Figure 3.4 shows the STM image of the other general structure found on the surface. It 

is characterized by rows of closely spaced peaks separated by channels. This will be referred to 

as the ridge structure because of the appearance of these rows. The spacing between the peaks 

that comprise the ridges is 3.5 ± 0.2 A and the spacing between rows is 4·5 A. Again, the 

observed peaks are often not symmetric, with some smearing in the direction of the STM tip 

motion. 

Attempts to observe single molecules of M02(02CCH3)4 on the graphite surface at 

submonolayer coverages have not been successful, despite numerous different preparations of 
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Scanning tunneling microscopy image of the "shingle" surface structure from the 
top view (A) and the surface line plot (B). The distances between repeating 
features in the top view are shown in the schematic on the right. with the 
corresponding values from the molecular models in parentheses. 
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Scanning tunneling microscopy image of the "ridge" surface structure from the 
top view (A) and the surface line plot (B). The distances and angles between 
repeating features in the top view are shown in the schematic on the right, with 
the corresponding values from the molecular models in parentheses. 
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submonolayer samples. A clean single crystal graphite surface was observed in each case. At 

very high coverages. large structural features were observed that were 9 x 26 A and larger in size. 

MOLECUlAR MODELING 

The STM results of thin films of M02(02CCH3)4 on graphite show that two distinct 

surface structures can be present at coverages in the regime of a monolayer. These structures 

have resolved features that are the dimension of molecular sizes. Resolution of features 

corresponding to directly bonded atoms. where distances are less than 3 A. is not observed. The 

smallest ordered separation between peaks in the STM images is the 3.5 A spacing observed 

between the peaks that make up the rows of the ridge structure. This spacing corresponds to a 

closest-packing arrangement of methyl groups and will prove to be significant in understanding 

the source of these STM images. 

One advantage of the present study for understanding these STM images is that the 

M02(02CCH3)4 molecule has a very characteristic structure. shown in Figure 3.1. The structure 

is not fluxional under these conditions and should not distort in any major way. In a first 

approximation for modeling the STM surface structures. we assume that the M02(02CCH3)4 

molecule is a rigid building block for constructing the extended thin films. The actual potential 

functions for the bending of the acetate arms and the methyl groups on the molecule are the 

next level of sophistication in the modeling (vide infra). 

It is also clear from the structure of the molecule that the methyl groups of the acetate 

ligands will be the portion of the molecules that extend furthest out from the surface. The 

analysis of the structures that follows shows that these methyl groups are able to sustain the 

tunneling current for the STM imaging. The tunneling current is basically dependent on the 

distance of the STM tip from the particular atom. the availability of the valence electron density 

from that atom (often related to the energy and localization of the highest occupied molecular 



55 

orbital). and the compensation of charge from the surface to the molecule and atom (ability to 

maintain a current flow). The imaging is from the atoms on the periphery of the 

~02(02CCH3)4 molecule. and to a first approximation the tunneling sensitivity is approximately 

the same for these atoms. Thus as a first approximation the STM image of the molecule can be 

represented as a CPK model. in which sensitivity of the STM to the atoms is proportional to the 

van der Waals radii of the atoms. 

The first goal in understanding the intermolecular orientations and packing is to 

reasonably reproduce (within the certainty of the measurements) the dimensions and symmetries 

of the basic repeating structural features observed in the STM images. The dimensions and 

symmetries that are most significant in these images are the following: 

a) the separation between repeating features (i.e. the distances between the edges 

and tips of successive Shingles. the distances between the peaks in a ridge and 

the distances between the ridges). 

b) the angles between sets of repeating features. shown in Figure 3 and Figure 4. 

C) the overall shape and contour of the repeating feature in the STM image (be it 

a shingle or ridge). 

d) the order of the repeating feature along a row (i.e. in straight lines. alternating 

or uneven ordering). 

With the constraint that molecules are not packed closer together than normal 

intermolecular repulsions allow (van der Waals distances). the STM shingle and ridge images 

define uni.que intermolecular orientations and packing. A random search and optimization of all 

possible packing arrangements of the M02(02CCH3)4 molecules would have been very difficult. 

Instead. we were guided to these molecular orientations by recognizing that the intermolecular 

forces of interaction between molecules within the thin films are stronger than the forces 

between the individual molecules and the graphite substrate. This is supported by the inability 
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to obselVe anything other than a clean graphite surface for all coverages less than a monolayer 

of M02(02CCH3)4' The forces of interaction with the STM tip are apparently sufficient to 

move single molecules across the graphite surface. In contrast, sharp images of features with 

molecular dimensions are obselVed at monolayer coverages, where the M02(02CCH3)4 molecules 

have locked into an ordered arrangement. Because the intermolecular interactions are dominant, 

it is reasonable to begin with the intermolecular orientations that are adopted in the three 

dirTtensional structure of the bulk crystal of M02(02CCH3)4' 

The investigation involves generating the atomic coordinates of repeating molecular units 

that comprise different possible twO-dimensional crystal faces of the three-dimensional bulk 

crystal structure of M02(02CCH3)4.1S The structural features of the CPK models (van der 

Waals atomic spheres) of these surfaces are then compared (using program MIDAS41 on a 

Silicon Graphics Iris workstation) to the structural features from the STM images of the thin 

films on graphite. With these tools for molecular graphics and modeling, the surface shingle 

structure is easily identified as the image that would be obtained from the two-dimensional AB 

crystal face. In order to allow some visualization here of the packing arrangement of the 

modeled surface, a line drawing of the molecules in the AB crystal face is given in Figure 3.5. 

Figure 3.5A presents the orientation of molecules along the A crystal axis of the AB face. It is 

seen that the X-Shaped molecules are interleaved, so that the acetate of one molecule packs 

closely between the acetates of the next molecule in the row. Figure 3.5B illustrates the 

orientation of molecules along the B axis, viewed at an angle that clarifies the intermolecular 

interactio.ns. Along this axis, the oxygen atom of one acetate is near the axial coordination 

position of one metal atom of the neighboring molecule. This view also shows that the 

molecules are rotated at an angle to the AS plane, so that the methyl groups protrude from the 

surface at an angle. 

Figure 3.5C shows the top view of the arrangement of the molecules in the AB plane. 
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Packing arrangement of molecules in the shingle surface structure (AB crystal 
face) along the A axis (A). along the B axis (B). and from a top view (C). 

57 



58 

Like the shingle structure from the S1M image, the overall contour of the AB face, at the level 

of molecular resolution, presents a series of shingles protruding at an angle from the surface. 

The corner of each shingle is a methyl group which extends furthest from the surface at an 

angle. The rectangular shape of the shingle arises from the packing of the acetates shown in 

Figure 3.5A The short edge of the shingle corresponds to the acetate of one molecule and the 

long edge corresponds to the packing of this acetate with an acetate of the neighboring 

molecule. The acetates are not individually resolved in the S1M image. The dimensions of the 

"shingles" in the AB face are included in Figure 3.3. The dimensions from the AB face are the 

same as the dimensions measured from the S1M within the uncertainty of the experiment. 

The ridge structure observed in the S1M corresponds most closely to the BC crystal 

face. As in the S1M ridge structure, the overall contour of the BC face comprises a series of 

peaks (due again to the acetate methyl groups) protruding from the surface in rows with 

channels between the rows. However, the methyl groups in the Be face are not close-packed in 

a linear array as observed in the S1M image. Thus there is some reconstruction within the BC 

crystal face to form the structure of the two-dimensional thin film. The adjustments required to 

modify the BC face are shown in Figure 3.6. The first point to note is that the methyl groups 

in the BC face are not exactly eqUidistant from the surface, as shown in the side view to the BC 

surface in Figure 3.6A A slight rotation of the molecules places the methyl groups in a plane 

as in Figure 3.6B. This rotation is reasonable because it also maximizes the surface contacts of 

the molecules with the graphite substrate. Another point is that the methyl groups in a row of 

the BC surface are not precisely linear, but instead alternate back and forth as shown in the top 

view in Figure 6C. The methyl groups become aligned by Slipping one row of molecules with 

respect to the next. This is illustrated by moving the top three molecules of the array to the 

right and the boltom three to the left as shown by the heavy arrows in Figure 3.6C, leading to 

the intermediate structure shown in Figure 3.6D. Interestingly, one of the S1M 

------ ---~.- -------------



Figure 3.6 
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Reconstruction of the Be crystal face to match the STM image of the ridge 
structure. (A) is a side view of the surface showing rotation of the molecules to 
achieve methyl groups in planes (B). (C) is a top view of the surface showing 
the slipping of rows of molecules in the directions of the arrows to align the 
methyl groups (D). The arrows in (D) show the movement of rows to maintain 
van der Waals contacts between molecules. Only the acetates that protrude 
from the surface are included in (C) and (D). 
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images showed a defect in which a row of molecules along this axis was missing, indicating that 

this is a reasonable axis for slippage of a row of molecules. The final step in reconstruction for 

the model is to readjust slightly the distance between molecules to restore van der Waals 

contacts. This is achieved by mOving the top three molecules upward and the bottom three 

downward as shown by the direction of the heavy arrows in Figure 3.6D. This results in the 

modeled surface of the ridge structure as given by the three different views in Figure 3.7. 

This model reproduces the linear close-packed array of methyl groups that gives rise to 

the 3.5 A spacing between peaks in the ridges of the STM image. It also reproduces the angles 

between the repeating peaks in successive ridges within the uncertainty of the experiment (see 

values in Figure 4). There is one significant discrepancy between the dimensions obtained from 

this model and the STM image. That is, within the constrair.ts of rigid molecules and van der 

Waals contacts, this model is not able to place the rows of methyl groups protruding from the 

surface closer than about 6 A. The distance between ridges in the STM image is smaller at 4.5 

A. The packing between ridges in the surface structure therefore appears to be closer than that 

of the molecular model. The difficulty in obtaining a close match between the ridge separation 

and the molecular model must lie in the constraint of rigid molecules. Slight bending of the 

acetate arms and the methyl groups of individual molecules toward one another allows 

compression of the distance between methyl groups across rows, resulting in a match to the STM 

image. The potential energies for these bends require further investigation. 

Aside from the spacing between the ridges, these models agree quite well with the STM 

images in" terms of the order of the repeating feature, the angles between repeating features (to 

within ± 10°) and the separation between repeating features in a row and the distance between 

rows (to within ± 0.5 A). 

---- -""--~-.--~ 



A 

Figure 3.7 

B 

The packing of molecules corresponding to the STM image of the ridge 
structure. (A) and (B) are side views of the molecules in the surface shown 
from the directions of the arrows in the top view of the surface in (C). In top 
view, only the acetates that protrude from the surface are included. 
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DISCUSSION 

The STM images of M02(02CCH3)4 on graphite reveal the presence of two distinct 

surface morphologies. The molecular models of the images show that the two morphologies are 

structuralIy distinct, with quite different packing arrangements and orientations of the molecules. 

The differences in the packing arrangements and orientations of the molecules in the two surface 

structures result from different intermolecular interactions and binding forces between the 

molecules in the films. The shingle structure corresponds to a relatively unperturbed AB crystal 

face. In this crystal face the metal dimer complexes orient with the oxygen atom of a 

neighboring dimer molecule near a vacant coordination site on the metal-metal axis, illustrated 

in Figure 3.2. The intermolecular molybdenum-oxygen distance (2.644 A in the pure AB crystal 

face) is sufficiently short that overlap of the frontier orbitals of the M02 fragment of one 

molecule and the oxygen lone pairs of the acetate ligands of adjacent neighboring molecules is 

possible. This indicates that along the "B" crystallographic axis of this crystal face molecules are 

held together not only by attractive forces of the van der Waals type but also by intermolecular 

bonding interactions resulting from orbital overlap. 

The ridge structure, on the other hand, corresponds to a perturbed BC crystal face which 

has lost this metal-oxygen bonding interaction between molecules. In the reconstructed two

dimensional surface from the BC face, the metal-oxygen distance has increased to 4.7 A after the 

structural modifications required to obtain the close packing of linear methyl groups observed in 

the STM ridge structure. At this distance, overlap of the frontier orbitals associated with the 

molybdenum and oxygen centers of neighboring adjacent molecules is likely to be negligible. 

The loss of this intermolecular molybdenum-oxygen bonding interaction appears to be 

compensated for by increased intermolecular contacts between the acetate ligands and an 

increased number of molecules per unit surface area. The molecules in the ridge structure are 

standing nearly vertical to the graphite substrate, with two methyl groups of each molecule in 
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contact with the substrate and two methyl groups protruding from the surface. The molecules in 

the shingle structure are lying at an angle to the graphite substrate, with one methyl group of 

each molecule in close contact with the substrate and one other methyl group extending from 

the surface at an angle. 

As mentioned earlier, a central motivation for this work has been to obtain structural 

information regarding the packing arrangement and orientation of the molecules which would aid 

in the interpretation of the UPS data on the films. The ordered surface structures that are 

observed in the STM images show that the molecules are aligned with ordered intermolecular 

orientations and packing in the films. In the earlier UPS study, the film thickness was estimated 

to be high enough that single crystal, crystallite or microcrystalline growth of the compound on 

the gold foil substrate would take place. This would presumably ensure that the mOlybdenum

oxygen interaction is present in the film structure. In the resulting thin film UPS, the 0 

ionization was observed as a distinctly separate ionization. While the 0-1'& splitting is presumably 

due to intermolecular molybdenum-oxygen interactions, no direct structural information was 

available on the films which would further support this. 

The STM results obtained in this study provide direct structural evidence to support the 

basic premises of the UPS study. The presence of large structural features in the STM of films 

at high coverages indicates the presence of crystallites. Furthermore, the observation that two

dimensional sheets of pure or perturbed crystal faces (which possess the intermolecular 

mOlybdenum-oxygen interaction) are formed at low coverages holds promise that improvements 

may be made on the original UPS study. A disadvantage of the earlier study was that at the 

high coverages used, surface charging resulted in line broadening of the peaks in the film 

spectra. At the low coverages used in the STM experiments, surface charging may be expected 

to be substantially smaller resulting in increased resolution of the film spectra. A further 

advantage of low coverage is that a direct correlation between the electronic structure of the film 
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(as revealed by the UPS experiments) and the surface structure (as revealed by the STM 

experiments) may be made. This will be the subject of Chapter 4 which investigates the UPS of 

thin films of M02(02CCH3)4 on graphite for the coverages used in this study. 



CHAPTER 4 

PHOTOELECTRON SPECTROSCOPY OF THIN FILM Moz(OzCCH3)4 

ON SINGLE CRYSTAL GRAPHITE. CORRELATING SURFACE 

AND ELECTRONIC STRUCTURE IN mIN FILMS. 

INTRODUCTION 
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In the previous chapter, the results of STM studies on thin films of M02(OzCCH3)4 on 

graphite were described. Two distinct surface morphologies, the 'ridge' and the 'shingle' were 

observed. The shingle corresponds to a two-dimensional AB crystal face while the ridge 

resembles a penurbed BC crystal face. 

in this Chapter the valence UPS of thin films of Moz(02CCH3)4 on graphite for 

approximately monolayer coverage is presented. This allows a correlation of the film surface 

structure (revealed by STM) with its electronic structure (revealed by UPS). Panicular emphasis 

is paid to comparing the film spectra with those of the gas phase in order to obtain information 

regarding intermolecular interactions and correlate these interactions with the known surface 

structure of the film. 

RESULTS 

Valence Ionization Bands and Assignments. The He(I) photoelectron spectrum of 

freshly cleaved graphite, the graphite surface after deposition of MOz(OZCCH3)4, and the 

difference between the two are shown in Figure 4.1. The overall features of the ionizations due 

to the film MOz(02CCH3)4 correspond closely to the gas phase photoelectron spectrum of the 

molecule. The ionizations will be described USing the energy scale from the gas phase 

spectrum. 

The general assignments of the ionizations have been given previously.lO.ll The 

numerous overlapping ionizations from 12-16 eV are due to CoO and C-H bonding orbitals. 
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The broad ionization near 11 eV contains contributions from both the oxygen lone pairs and the 

metal-oxygen a bonding orbitals. The ionizations from 5-10 eV involve the metal-metal a, 3r, and 

o symmetry interactions. 

A close-up of the low energy ioniz;Hion features from the thin film difference spectrum 

of M02(02CCH3)4 on graphite along with the correponding ionizations from the gas phase 

spectrum of M02(02CCH3)4 is shown in Figure 4.2. The leading ionization at 6.98 eV is 

assigned to the 0 symmetry interaction and the more intense ionization at 8.67 eV is assigned to 

the 3r symmetry interaction. The separation of the 0 and 3r ionizations, and their positions 

relative to the ligand-based ionizations, are the same in gas phase and thin film spectra. The a 

ionization is not observed as a separate band in the gas phase spectrum. However, the thin film 

spectrum clearly shows an additional ionization feature between the d and 3r ionizations at 7.99 

eV. The separation of this feature from the 3r ionization band is 0.68 eV. As in the previous 

UPS studies of thin film M02(02CCH3)4 on gold sub,strates, this feature is assigned to the 

metal-metal a ionization. 

The analytical representations of the valence ionization features of thin film 

M02(02CCH3)4 are given in Table 4.1. The widths of the M02(02CCH3)4 ionization bands in 

the thin film spectra are not much greater than the widths of the vibrational manifolds 

associated with the gas phase spectra. The narrowness of the ionizations show that nearly all 

M02(02CCH3)4 molecules in the thin film are in chemically and electronically 

equivalentenvironments. This includes the a ionization at 7.99 eV, whose location is determined 

by intermolecular interactions (vide infra). 

DISCUSSION 

Previous STM studies of thin film M02(02CCH3)4 on graphite52 have established that, 

in general. film formation is epitaxial for coverages in the monOlayer regime. Two surface 
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He(I) photoelectron spectra of (A) freshly cleaved graphite, (8) M02(02CCH3)4 
deposited on graphite, and (C) difference between (A) and (8). 
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He(J) photoelectron spectra of (A) gas phase M02(02CCH3)4 and (B) thin film 
Mo2(02CCH3)4' 
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Table 4.1 

Position WH 

6.98 0.49 

7.99 0.72 

8.67 0.70 

~L 

0.45 

0.65 

0.59 

Rel.Area 

0.08 

0.11 

0.59 

He(I) Valence Ionization Features of M02(02CCH3)4 on Graphite. 
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morphologies, labeled the shingle and ridge, were observed. TIle shingle surface structure 

resembles the two-dimensional AB crystal face from the three-dimensional X-ray crystal structure 

of M02(02CCH3)4.1S In this structure the metal dimer complexes orient with the oxygen atoms 

of a neighboring metal dimer molecule near the coordination site on the metal-metal axis, as 

illustrated in Figure 3.2. The metal-metal bond may be considered to be axially coordinated by 

ligating oxygen atoms. The ridge structure corresponds to a perturbed two-dimensional BC 

crystal face which has lost this ligating interaction in favor of closest packing of acetate methyl 

groups. It is expected that the ionization characteristics of the thin film UPS spectra of 

M02(02CCH3)4 on graphite are dependent on the structural features of the film morphologies. 

As a prelude to a discussion of the valence UPS of thin film M02(02CCH3)4 on graphite, it is 

helpful to qualitatively evaluate the electronic structure of the shingle and ridge surface 

structures. 

Thin Film Topography-Electronic Structure Relationships. Both the ridge and shingle 

arrangements possess large intermolecular distances between the M024+ core of neighboring 

molecules. This combined with the contracted nature of the 'd orbital' manifold serve to rule 

out substantial overlap of the d orbitals of one molecule with those of its neighbors. As a result 

we expect the valence UPS of a thin film to be very similar to that of the gas-phase spectrum, 

with minor differences arising from intermolecular interactions. 

Now consider the electronic structure of the ridge and shingle arrangements in more 

detail. The ridge arrangement places the M02(OZCCH3)4 molecules in an electronic 

environment where the principal electronic perturbation is from van der Waals contacts. These 

would affect the ionization potentials associated with the C-H bonds and the oxygen lone-pairs 

of the acetate ligands and leave the d orbital manifold virtually untouched. As the C-H and the 

oxygen lone-pairs of the gas-phase molecule are broad peaks consisting of many overlapping 

ionizations, the slight changes induced by the van der Waals contacts are unlikely to be 



observable. This indicates that the valence UPS of the ridge structure is likely to be virtually 

identical to that of the gas-phase M02(02CCH3)4 spectrum. 
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The shingle arrangement, on the other hand, places each M02(02CCH3)4 molecule in an 

environment where the principal electronic perturbation is from orbital interactions between 

filled oxygen lone-pairs of the acetate ligands of one molecule and Mo-Mo u orbitals of 

neighboring molecules. This is illustrated in Figure 4.3. The donor oxygen pn orbitals form 

filled symmetric (ag) and antisymmetric (bu) combinations. The symmetric combination of the 

oxygen lone-pairs interact with the Mo-Mo u bonding orbitals while the antisymmetric 

combination interacts with the Mo-Mo u* orbitals which are of a2u symmetry. The interaction 

between the symmetric oxygen combination and the Mo-Mo u destabilizes this orbital by 

introducing Mo-O intermolecular u antibonding character while stabilizing the oxygen level by 

introducing Mo-O u bonding character. The interaction between the antisymmetric oxygen lone

pairs combination and the Mo-Mo u* contributes to Mo-Mo u bond weakening while making a 

net contribution to intermolecular Mo-O bonding. As only one of the interactions between the 

oxygen Jone-pairs and the acceptor orbitals of the M02(02CCH3)4 makes a net bonding 

contribution, we expect the interaction to be weak. 

The valence UPS of the shingle arrangement should correspond closely to that of the 

gas-phase M02(02CCH3)4 spectrum with two exceptions. The u ionization should be 

destabilized relative to the 1r band (instead of being coincident as in the gas-phase 

spectrum)while a portion of the oxygen lone-pairs of the acetate ligands may experience some 

stabilization. 

The M02(02CCH3)4 thin films may consist of both arrangements as indicated by the 

earlier STM study and the UPS spectrum is likely to be a superposition of both. The c5 and 1r 

ionizations will overlay one another with the same peak positions in both. The u ionization 

from the shingle structure should be perturbed by the metal-oxygen interaction. 
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Figure 4.3 Molecular orbital description of intermolecular metal-oxygen contacts. 
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Correlation With The UPS. The UPS of thin film M02(02CCH3)4 on graphite 

corresponds closely to the qualitative picture presented above for the shingle arrangement. The 

a ionization is destabilized by 0.68 eV relative to the it ionization in the thin film spectra as 

compared to the gas-phase spectra where the a ionization is not independently observed. This 

corresponds closely to the destabilization of the a ionization by diaxial ligation in the shingle 

arrangement predicted from our qualitative model discussed earlier. The destabilization of the a 

ionization is fairly small indicating that the effect of diaxial ligation is fairly weak. This is 

consistent with the model presented earlier and is also consistent with the fairly long 

molybdenum-oxygen intermolecular bond lengths observed in the X-ray crystal structure and the 

STM. 

A comparison of the separation between the bands associated with the oxygen lone pairs 

of the acetate ligands and the Mo-Mo it ionizations in the gas phase and film spectra provides a 

qualitative estimate of the relative charge potential of the Mo centers in the gas phase and thin 

film dimers. The reasoning may be developed as follows. The strength of the filled-filled 

interaction in indicated by the extent of destabilization of the a ionization (0.68 eV) in the film 

spectra. The extent of the filled-unfilled interaction should be about the same, as these 

interactions are symmetry controlled. The separations between the metal ionizations and some 

ligand based ionizations in the film spectra would be expected to increase by about 0.68 eV in 

the film spectra relative to the gas-phase spectra. However, this is not the case. The separation 

between the oxygen lone pairs of the acetate ligands and the Mo-Mo it ionizations in the film 

spectra is- only about 0.1 eV larger than the gas-phase value. This suggests that the Mo-Mo a* 

orbital is highly delocalized resulting in little change in the Charge potential of the Mo centers in 

the film (compared to the gas-phase) as a result of intermolecular mOlybdenum-oxygen 

interactions. 

The excellent resolution of the UPS of thin films of M02(02CCH3)4 on graphite has 



been mentioned previously. An earlier study of 100 A thin film M02(02CCH3)4 on a 

polycrystaIline gold substrate showed considerable line broadening in the film spectra. This 
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study has revealed that low coverages of the dimer on graphite which result in formation of 

epitaxial films give rise to valence UPS without Significant line broadening. This indicates that 

there were two primary sources of line broadening in the earlier UPS study. Firstly, at the much 

higher coverages used in the gold study, surface charging was likely to make a significant 

contribution to line broadening. A further contributor to line broadening may be due to 

M02(02CCH3)4 molecules which have similar but not identical electronic environments. Owing 

to the polycrystaIline nature of the gold substrates. the number and types of substrate surface 

defects are likely to be much greater in comparison to graphite. This is likely to result in a 

much more amorphous surface of M02(02CCH3)4 molecules with a wider variety of electronic 

environments experienced by individual M02(02CCH3)4 molecules. The superposition of closely 

overlapping spectra from these differing electronic environments may account for some of the 

observed line broadening. 



CHAPTER 5 

SCANNING TUNNEUNG MICROSCOPY AND PHOTOELECTRON SPECTROSCOPY 

OF THIN FILM Mo2(02CCH3)4 ON SINGLE CRYSTAL MoS2. 

INTRODUCTION 

The results of scanning tunneling microscopy and valence photoelectron spectroscopy 

studies of thin films of M02(02CCH3)4 on graphite have been described in Chapters 3 and 4, 

respectively. This has allowed a correlation between the surface structure of the film (as 

revealed by STM:) and its electronic structure (as revealed by valence UPS). 
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In these initial studies. graphite was the substrate of choice. Graphite is a largely 'non

interactive' substrate which facilitates the study of molecule-molecule interactions on the surface 

rather than molecule-graphite interactions. 51 This is bourne out for thin film M02(02CCH3)4 

on graphite. Despite numerous attempts at very low submonolayer film preparations. no STM: 

image corresponding to a single molecule of M02(02CCH3)4 on a graphite surface was observed. 

Presumably, the M02(02CCH3kgraphite interaction was too weak to prevent the STM: tip from 

pushing single molecules along the surface or island formation could be occuring even at very 

low coverages. 

A fascinating question that arises concerns the behaviour of thin films where the 

substrate is a more 'interactive' one. Ideally, the substrate would be a single crystal, easily 

cleaved to expose a fresh surface and possess an electronic structure capable of interacting with 

single M~(02CCH3)4 molecules. Single crystal MoS;! fits these requirements nicely.53,54 Fresh 

surfaces are easily obtained by cleavage and the MoS2 surface consists of sulfur atoms which 

possess highly localized filled 2p orbitals capable of acting as donor ligands to the vacant 

coordination site along the metal-metal axis in Mo;!(02CCH3)4' Provided the interaction is 

sufficiently strong, STM: images corresponding to single molecules on the MoS2 surface may be 

obtained. 



This Chapter presents the results of STM and valence UPS studies on thin film 

Moz(OzCCH3)4 on MoSz for coverages ranging from the low submonolayer to the monolayer 

regime. 

RESULTS 

Scanning Tunneling Microscopy 
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The STM images obtained for thin film Moz(OzCCH3)4 on MoSz for very low 

sUbmonolayer coverages resemble a single Moz(OzCCH3)4 molecule lying flat with respect to the 

MoSz surface. 

Figure 5.1 shows an example of an STM image obtained at very low submonolayer 

coverage. The remaining scans of this sample showed STM images corresponding to that of 

pure MoSz. Figure S.lA is a grey scale image of a topview of the surface, which shows the 

symmetry and lateral dimensions of the structural features. The extent that the features 

protrude from the surface is represented by the brightness of the image. The topography of the 

surface is more clearly shown in the surface line plot in Figure S.lB. This image is 

characterized by a large circular hill feature, approximately 4 A in diameter. Extending from the 

hill feature to the right is an arm (slightly smeared in the image) while around the hill lies 

several peaks. The closest of these peaks to the hill is :::::4.5 A. 

The STM images obtained for Moz(OzCCH3)4 coverages on MoSz on the order of a 

submonolayer to a few monolayers corresponded to epitaxial film formation and showed the 

presence of two classes of surface structure, depending on the coverage. Each structure is 

characterized by rows of closely·spaced peaks separated by channels, similar to the ridge 

structure observed for thin film Moz(OzCCH3)4 on graphite. The differences between the 

structural types lies in the nature of the peaks (cones or ridges) and the measured distances 

between the peaks along a row and between rows. 



Figure 5.1 Scanning tunneling microscopy image of a single molecule of 
Mo2(02CCH3)4 on MoS2 from the top view (A) and the surface 
line plot (B). 
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Figure 5.2 Scanning tunneling microscopy image of the surface structure 
obtained at submonolayer coverage from the top view (A) and 
the surface line plot (8). The distances and angles between 
repeating features arc schown in the schematic on the right, 
with the corresponding values from the ridge molecular model 
in parentheses. 
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Figure 5.3 Scanning tunneling microscopy image of the surface structure 
obtained at monolayer coverage from the top view (A) and the 
surface line plot (B). The distances and angles between 
repeating features are schown in the schematic on the right, 
with the corresponding values from the ridge molecular model 
in parentheses. 
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Figure 5.2 shows a grey-scale STM image of the surface structure observed in 

submonolayer coverages of thin film M02(02CCH3)4 on MoS2. Figure S.2A shows a topview of 

the surface while Figure 5.28 shows the corresponding surface line plot. The spacing between 

the peaks in a row is about 3.4-3.7 A and the spacing between rows is about 3.8 A. The peaks 

in the rows are shaped like cones with rounded ends. Several of the images obtained from 

samples of this coverage possessed 'defects' consisting of missing rows of molecules. 

Figure 5.3 shows a grey-scale STM image of the surface structure observed where the 

coverage is of the order of a monolayer. Figure S.3A shows a topview of the surface while 

Figure 5.38 shows the corresponding surface line plot. The peaks in the image are ridge

shaped, with a sloping portion rising to a sharp drop. The spacing between the peaks in a row 

is about 4 A and the spacing between rows is about 3.3 A. The grey-scale image of the topview 

of this surface structure (shown in Figure S.3A) very closely resembles that of the ridge structure 

observed for thin film M02(02CCH3)4 on graphite. 

Photoelectron SpectroscoPY 

Valence Ionization Bands and Assignments. The He(l) photoelectron spectrum of 

freshly cleaved MoS2, the MoS2 surface after deposition of M02(02CCH3)4, and the difference 

between the two are shown in Figure 5.4. The overall features of the ionizations due to the film 

Mo2(02CCH3)4 correspond closely to the gas phase photoelectron spectrum of the molecule. 

The ionizations will be described using the energy scale from the gas phase spectrum. 

The general assignments of the ionizations have been given previously.lO,n The 

numerous overlapping ionizations from 12-16 eV are due to CoO and C-H bonding orbitals. 

The broad ionization near 11 eV contains contributions from both the oxygen lone pairs and the 

metal-oxygen G bonding orbitals. The ionizations from 5-10 eV involve the metal-metal G, n, and 

<5 symmetry interactions. 

A close-up of the low energy ionization features from the thin film difference spectrum 
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Figure 5.4 
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He(l) photoelectron spectra of (A) freshly cleaved MoS2. (B) M02(02CCH3)4 
deposited on MoS2• and (C) difference between (A) and (B). 
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Figure 5.5 
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He(I) photoelectron spectra of (A) gas phase Mo2(02CCH3)4. (8) thin film 
Mo2(OzCCH3)4 on graphite and (C) thin film Moz(OZCCH3)4 on MoSz. 
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Table S.l. 
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Position WII 

6.98 0.70 

7.93 0.70 

8.63 0.90 

WL 

0.58 

0.60 

0.70 

Rel.Area 

1.00 

1.16 

3.18 

He(I) Valence Ionization Features of Thin Film Moz(OzCCH3)4 on MoSz. 
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of M02(02CCH3)4 on MoS2 along with the correponding ionizations from the gas phase 

spectrum of M02(02CCH3)4 and thin film M02(02CCH3)4 on graphite is shown in Figure 5.5. 

The leading ionization at 6.98 eV is assigned to the d symmetry interaction and the more intense 

ionization at 8.63 eV is assigned to the n: symmetry interaction. The separation of the d and n: 

ionizations, and their positions relative to the ligand-based ionizations, are the same in the gas

phase and thin film spectra. The a ionization is not observed as a separate band in the gas 

phase spectrum.lo,n However, the thin film spectrum clearly shows an additional ionization 

feature between the d and n: ionizations at 7.93 eV. The separation of this feature from the n: 

ionization band is 0.70 eV. As in the previous UPS studies of thin film M02(02CCH3)4 on gold 

sUbstrates,!3 this feature is assigned to the metal-metal a ionization. 

The analytical representations of the valence ionization features of thin film 

M02(02CCH3)4 are given in Table 5.1. The widths of the M02(02CCH3)4 ionization bands in 

the thin film spectra are not much greater than the widths of the vibrational manifolds 

associated with the gas phase spectra. The narrowness of the ionizations show that nearly all 

M02(02CCH3)4 molecules in the thin film are. in chemically and electronically equivalent 

environments. This includes the a ionization at 7.93 eV, whose location is determined by 

intermolecular interactions (vide infra). 

DISCUSSION 

A Single Mo2(02CCH3)4 Molecule Above the MoS2 Surface. As mentioned earlier in 

the introduction, the MoS2 surface has been demonstrated from other studies to be a more 

interactive substrate than graphite. This is largely due to the presence of localized filled sulfur 

2p orbitals directed perpendicular to the MoS2 surface from each of the surface sulfur atoms. 

Qualitatively, it is likely that these filled p orbitals could act as axial ligands, donating electron 

density into the empty coordination site along the metal-metal bond axis, and that the strength 



85 

of this interaction would be sufficiently large that an STM image could be obtained of a single 

molecule above the MoS2 surface. Furthermore, is was hoped that such an image would also 

give information regarding the overall orientation of the molecule with respect to the MoS2 

surface and possible perturbations to the MoS2 surface as a result of a molecule being 

coordinated. It should be noted that numerous attempts to observe single molecules of 

M02(02CCH3)4 on the graphite surface at low submonolayer coverages have not been successful, 

presumably due to weak M02(02CCH3kgraphite interactions which results in the STM tip 

'pushing' the molecules along the surface. 

In line with the discussion above, an STM image was obtained at very low coverages 

which corresponds to a single molecule of M02(02CCH3)4 lying above the MoS2 surface, with 

the Mo-Mo bond vector perpendicular to the MoS2 surface. The details of the image have been 

described in the RESULTS section and only the relevant features will be reviewed here. It 

shows a broad hill region about 4 A in diameter, protruding from the surface. A number of 

peaks lie around it, no closer than 4.5 A. Beyond this distance, the pattern is largely that of 

MoS2 with some disorder. Considering that the O-Mo-O distance in M02(02CCH3)4 is 4.2 A, 

the hill feature is very likely that of the Mo04 unit of M02(02CCH3)4' The inability of the 

STM to reflect the precise four-fold symmetry of the Mo04 unit is most likely due to an 

inability to resolve directly bonded atoms. This is also observed in the STM studies of 

M02(02CCH3)4 on graphite. 

At this point, an interesting question arises, namely, the location of the four remaining 

C-CH3 portions of the acetate ligands. Qualitatively, it is expected that these portions of the 

molecule would appear as four 'arms' sticking out of the hill at 90° to each other. These arms 

should appear to protrude from the surface. The STM image does appear to resemble this 

qualitative picture with three 'arms' visible in the topview (see Figure S.IA), however, the top 

portion of the image is largely obscured and the fourth 'arm' may be in the obscured portion. 
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The obscuring of this ponion of the image may be due to some interaction between the tip and 

the molecule as the tip passes over it. 

Molecular PackIng and Orientation In Observed Surface Structures. The STM results 

of thin film Moz(OzCCH3)4 on MoSz show that two distinct surface structures are present, 

depending on the extent of coverage. These structures have several common features. Firstly, 

the surface structures observed for submonolayer and monolayer coverages have the appearance 

of closely-spaced peaks, separated by channels. Secondly, these structures have resolved features 

that are the dimension of molecular sizes. The difference between the surface structures present 

at the submonolayer and monOlayer coverages lies in the nature of the peaks (i.e. cones and 

ridges for the submonolayer and monolayer, respectively) and the spacing between peaks along a 

row and between rows. 

The information obtained from the previous STM study of thin film Moz(OzCCH3)4 on 

graphite proves very useful in helping to explain the STM images obtained from this study in 

terms of the packing arrangements and orientations of the molecules with respect to the 

substrate. The observed surface structures for thin M02(OzCCH3)4 on MoSz bear a close 

resemblance to the ridge structure observed for the corresponding films on graphite in terms of: 

a) the order of the repeating feature along a row. 

b) the separation between repeating features. 

c) the angles between repeating features. 

This is readily seen by comparing the surface line plots of the ridge structure with the 

corresponding plots of the surface structures for thin film M02(OzCCH3)4 on MoSz. The close 

Similarity of the surface structures of the MoSz films to the ridge structure indicates that they 

share the same basic packing arrangements and orientations of the molecules as the ridge. 

The packing arrangements and orientations of the ridge has been discussed extensively in 

Chapter 3 and only the most pertinent points will be mentioned here The molecular model 

---_._' ---' ."--_ .. " .. 
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describing the ridge structure corresponds to a reconstmcted BC crystal face of the three

dimensional structure, which has lost the intermolecular metal-oxygen contacts present in the 

original BC crystal face (see Figure 3.7). The molecules are orientated in an upright fashion 

with adjacent methyl groups (of the acetate ligands) pointing toward the substrate. The 

tunneling current is maintained by the methyl groups of the molecule which lie away from the 

surface. The packing arrangements and orientations of the two surface structures for thin films 

of M02(02CCH3)4 on MoS2 are also best described by the molecular model used for the ridge 

structure. 

This model reproduces the linear close-packed array of methyl groups that give rise to 

the spacing between peaks in the STM images. It also reproduces the angles between the 

repeating features within the uncertainty of the experiment (see values in Figures 5.2 and 5.3). 

There is one significant discrepancy between the dimensions from this model and the STM 

images. This model is not able to place the rows of methyl groups protruding from the surface 

closer than about 6 A. The distances between peaks in the STM images is smaller at 3.3-3.8 A. 

The packing between peaks in the surface structures appears closer than that of the molecular 

model. As pointed out in Chapter 3, slight bending of the acetate arms and the methyl groups 

of individual molecules toward one another allows compression of the distance between methyl 

groups across rows, which would result in a closer match to the STM images. 

Thin Film UPS. It is expected that the thin film UPS spectra of thin film 

M02(02CCH3)4 on MoS2 is dependent on the structural features of the observed morphologies 

of the film. As a prelude to a discussion of the thin film valence UPS, it is first helpful to 

evaluate the electronic structure of the surface morphologies observed for thin film 

M02(02CCH3)4 on MoS2. 

As mentioned earlier, the surface morphologies observed for thin film M02(02CCH3)4 

on MoS2 share the same basic packing arrangements and orientations of the molecules as the 



ridge structure present in the graphite thin films. Owing to the large intermolecular distances 

between the M024+ core of neighboring molecules in this structure, little overlap is expected 

between the d orbitals of one molecule and those of its neighbors. Furthermore, the ridge 

arrangement places the M02(02CCH3)4 molecule in an electronic environment where the 

principal electronic perturbation is from van der Waals contacts. 

As discussed in Chapter 3, these would affect the ionization potentials associated with 

the C-H bonds and the oxygen lone-pairs of the acetate ligands. In the gas-phase spectrum of 

M02(02CCH3)4 both these ionizations are broad peaks, consisting of many overlapping 

ionizations and the slight changes induced by the van der Waals contacts are unlikely to be 

observable. 
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In accordance with qualitative expectations, the thin film spectra strongly resembles the 

gas-phase spectrum of M02(02CCH3)4' Contrary to expectations, however, the spectra is not 

identical to the gas-phase spectrum, but exhibits minor differences arising from intermolecular 

interactions. The Mo-Mo (7 ionization is clearly observed as a distinct ionization, destabilized 

0.70 eV from the Mo-Mo 1C band. In M02(02CCH3)4 films on graphite, the 0.68 eV 

destabilization of the (7 ionization in the film spectra is correlated to the presence of diaxial 

ligation of the Mo-Mo bonds in the film by acetate oxygens of neighbOring molecules present in 

one of the surface morphologies of the film. The close Similarity of the (7 destabilization in the 

graphite and MoS2 films suggests that the cause of the (7 destabilization in the MoS2 films is 

also due to intermolecular metal-oxygen interactions present in a surface morphology of the 

sample. Yet, no surface morphology was observed which corresponded to morphologies bearing 

intermolecular metal-oxygen interactions. 

Several explanations are possible and various arguments can be made for and against any 

one of them. The first and most likely explanation is that, a surface morphology bearing metal

oxygen interactions is present in the films but was not observed in the STM study as it 
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comprised a small fraction of the total surface structure. Several hours of scanning time may be 

needed to locate such a structure and the current air STM instrument does not make this 

possible owing to sample decomposition. A possible remedy to this would be to conduct STM 

studies of M02(02CCH3)4 films on MoS2 in UHV where sample decomposition would not occur 

and the appropriate exhaustive studies may then be carried out. 

Other less likely explanations include: 

a) a ridge structure with intermolecular metal-oxygen interactions. 

b) the formation of microcrystallites or islands corresponding to the three-dimensional structure 

(which has metal-oxygen interactions) at low coverages. 

All these explanations have strong arguments against them. Despite considerable efforts, 

attempts to derive a molecular model of a ridge structure which incorporates metal-oxygen 

interactions have failed. Islanding at low coverages (monolayer regime) is likely to leave a large 

portion of the free substrate unoccupied and a rough occupied surface. The STM images 

showed mostly smooth occupied surface. A further piece of evidence against island formation 

was obtained from a plot of the ratio of the 01s ionization of Moz(OzCCH3)4 to the S2p of 

MoS z (from XPS) versus that of the depoSition time. The curve was that expected for 

monolayer formation without islanding. 



CHAPTER 6 

INTERMOLECUlAR INTERACTIONS IN THIN FILMS. UPS OF 

THIN FILM Cr:z(O:zCCHJ)4 ON SINGLE CRYSTAL 

GRAPHITE AND MoS:z SUBSTRATES. 

INTRODUCTION 
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Chapters 3-5 have described the results of STM and valence UPS studies on thin films 

of Moz(OzCCHJ)4 on graphite and MoSz substrates. The choice of Moz(OzCCH3)4 over its Cr 

and W congeners was made largely for purposes of convenience, the Mo dimer being more air

stable than its Cr and W counterparts and therefore easier to handle. However, the Cr congener 

possesses unique structural and electronic characteristics which warrant closer examination. 

A comparison of the gas-phaseSS and solid-state X-ray diffraction studies of 

Crz(02CCH3)4 and Moz(OzCCH3)41S suggests that the Cr-Cr bond possesses a greater senSitivity 

to the presence and nature of axially coordinated ligands. For Crz(OzCCH3)4, there is a 

significant increase in Cr-Cr bond length between the gas phase (1.966(14) A)SS and the solid 

state (2.288(2) A)lS as a result of axial interaction between the Cr atoms of a molecule and the 

oxygen atoms on neighboring dimers which are only 2.33 A away. In contrast, the Mo-Mo bond 

in Moz(OzCCH3)4 lengthens only from 2.079 A (gas phase)S6 to 2.093 A (solid state)14 with 

intermolecular mOlybdenum-oxygen distances of 2.644 A. The greater sensitivity of the Cr-Cr 

bond to the presence of axially coordinated ligands suggests that a greater destabilization of the 

o ionization is expected for the Cr case provided that the thin film structure consists of 

molecules in packing arrangements which include this intermolecular interaction. 

This Chapter describes the UPS of thin films of Crz(OzCCH3)4 on single graphite and 

MoSz substrates. Particular emphasis is placed on comparing the metal-metal 0 bond ionization 

characteristics between the film and gas-phase spectra in order to probe the intermolecular 

-------------_._--_._- -----.- .. ----"--
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electronic influences molecules of Cr2(02CCH3)4 experience in a film. 

RESULTS 

Cr2(02CCH3)4 on Graphite. The He(I) photoelectron spectrum of freshly cleaved 

graphite (A) and the UPS of thin film Cr2(02CCH3)4 on graphite for half monolayer (B), 

monolayer (C) and 20 A (D) coverages is given in Figure 6.1. The thin film spectra are 

superpositions of weighte-d a.verages of both graphite and Cr2(OzCCH3)4 spectra with the 

Cr2(02CCH3)4 contributions to the film spectra becoming increasingly larger as the coverage 

increases. This is evident in the spectral features of the 20 A coverage which corresponds closely 

to the gas-phase photoelectron spectrum of Cr2(02CCH3)4' 

The general assignments of the gas-phase UPS of Cr2(OzCCH3)4 have been given 

previously.l0 The numerous overlapping ionizations from 12-16 eV are due to CoO and C-H 

bonding orbitals. The broad ionization near 11 eV contains contributions from both the oxygen 

lone pairs and the metal-oxygen CT bonding orbitals. The ionizations from 5-10 eV involve the 

metal-metal CT, 7C and d symmetry interactions. 

In order to examine in more detail the spectral features of the Cr2(02CCH3)4 molecules 

in the films, the graphite contribution to the film spectra was subtracted from it. The resulting 

spectra are given in Figure 6.2. The similarity of the spectral features of the films in Figure 6.2 

indicate that the overall spectral features are not coverage dependent (at least up to 20 A). 

A close-up of the low energy ionization features from the difference spectra of the 20 A 

thin film of Crz(02CCH3)4 on graphite is shown in Figure 6.3. The metal band is distinctly 

asymmetric, best fit by three asymmetric gaussians with a 1:2:1 ratio of peak areas. The leading 

ionization at 8.16 eV is assigned to the d symmetry interaction while the more intense ionization 

at 8.55 eV is assigned to the 7C symmetry interaction. The CT symmetry interaction is assigned to 

the ionization at 8.98 eV. The analytical representations of the close-up of the thin film spectra 
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Figure 6.1 
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Full photoelectron spectra of freshly cleaved graphite (A). half monolayer (B). 
monolayer (C) and 20 A (D) coverages of Cr2(02CCH3)4' 
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Figure 6.2 Film spectra with graphite contribution subtracted from it. 
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Figure 6.3 Close-up of the low energy ionization features of Cr2(02CCH3)4 on graphite. 
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Position WH fu Rel.Area 

On Graphite. 

0 8.16 0.98 0.78 0.50 

It 8.55 0.98 0.78 1.00 

a 8.98 0.98 0.78 0.50 

On 1\1oS2' 

0 8.15 0.80 0.70 0.50 

It 8.55 0.80 0.70 1.00 

a 8.95 0.80 0.70 0.50 

Table 6.1. He(I) Valence Ionization Features of Thin Film Cr2(02CCH3k 



are given in Table 6.1. The separations of the ~ and 1'l ionizations, and their positions relative 

to the ligand based ionizations are the same for the gas phase and thin film spectra. The a 

ionization in the film spectra is destabilized by 0.2 eV compared to the gas phase,12 The 

significance of this will be discussed in more detail in the discussion section. 
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Cr,2(0,2CCHJ )4 on MoS,2' The He(l) photoelectron spectrum of freshly cleaved MoS2 

(A) and the UPS of thin film Cr2(02CCH3)4 on MoS2 for half monolayer (B), monolayer (C) 

and 20 A (D) coverages are shown in Figure 6.4. Figure 6.5 shows the thin film spectral 

features with the MoS2 contributions to the film spectra subtracted from it. As in the graphite 

case, the overall features of the ionizations in the 20 A coverage correspond closely to the gas 

phase photoelectron spectrum of Cr2(02CCH3)4' Furthermore, the similarity of the spectral 

features of the film spectra in Figure 6.4 indicate that the overall spectral features are not 

coverage dependent. The general aSSignments of the ionizations remain the same as for 

Cr2(02CCH3)4 films on graphite. 

A close-up of the low energy ionization features from the difference spectra of the 20 A 

thin film of Cr2(02CCH3)4 on MoS2 is shown in Figure 6.6. The metal band is distinctly 

asymmetric, best fit by three asymmetric gaussians with a 1:2:1 ratio of peak areas. The leading 

ionization at 8.15 eV is assigned to the ~ ionization while the ionizations at 8.55 and 8.95 eV 

are assigned to the 1'l and a bond ionizations, respectively. The analytical representations of the 

close-up of the thin film spectra are given in Table 6.1. The separation of the ~ and 1'l 

ionizations, and their positiOns relative to the ligand based ionizations are the same for the gas

phase and thin film spectra. The a ionization in the film spectra is destabilized by 0.18 eV 

compared to the gas phase.12 The significance of this will be discussed in more detail in the 

discussion section. 
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Figure 6.4 

Ionization Energy (e V) 
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Full photoelectron spectra of freshly cleaved MoS2 (A), half monolayer (B), 
monolayer (C) and 20 A (D) coverages of Cr2(02CCH3)4 on MOS2. 
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Figure 6.5 Film spectra with MoS2 contribution subtracted from it. 
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Figure 6.6 

10 

Ionization Energy (e V) 

/ 

/ 

/ 

1T 
",- , 

\ 

\ 

8 

O-A 

Close-up of the low energy ionization features of Crz(OZCCH3)4 on MoSz· 
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DISCUSSION 

Qualitatively, the UPS of thin film Cr2(02CCH3)4 on graphite or MOS2 is expected to 

strongly resemble the gas phase spectrum of the molecule. The principal differences are 

expected to arise from the presence of intermolecular interactions between molecules in the film 

which perturb the electronic structure of the molecule and hence the ionizations in the film UPS 

(compared to the gas phase). A comparison of the gas-phase and thin film spectra therefore 

provides an ideal probe of intermolecular influences present in the films. 

Photoelectron Observations of Intermolecular Interactions. Two ionization 

characteristics in particular have proven especially revealing with regard to providing information 

on intermolecular influences present in thin films of the tetracarboxylate dimers of Cr and Mo. 

These are the metal-metal (I bond ionization and the separation of the bands associated with the 

acetate oxygen lone pairs (and metal-oxygen bonding orbitals) and the metal-metal n bond 

between the film and gas phase UPS spectra. The detailed reasoning has been developed 

elsewhere (see Chapters 4 and 5) and will be reviewed briefly here. In the three-dimensional 

crystal structure of Cr2(02CCH3)415 there is a short chromium-oxygen separation of 2.33 A 

between the acetate oxygens of one molecule and the metal atoms of the next (see Figure 3.2). 

This indicates that the lone pairs associated with the oxygen atoms are acting as diaxial ligands 

to the Cr-Cr quadruple bond. A simple MO model of the diaxial ligation shows that, by 

symmetry, the filled metal-metal (I orbital interacts with the filled symmetric combination of the 

oxygen lone pairs while the unfilled metal-metal (1* orbital interacts with the filled antisymmetric 

combination of the oxygen lone pairs as shown in Figure 4.3. The presence or absence of diaxial 

ligation of the Cr-Cr bonds in the film may be observed by comparing the binding energies 

associated with the (I ionization between the gas phase and film UPS spectra. Destabilization of 

the (I ionization in the film spectra is indicative of the presence of diaxial ligation. Furthermore, 

the separation between the oxygen lone pairs and the metal-metal Jt ionizations in the film UPS 



compared to the gas phase provides a measure of the difference in the Charge potential of the 

metal centers in the film and gas phase. 
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An examination of the (1 bond, oxygen lone pair and metal-metal lC ionization 

characteristics between the gas phase and thin film UPS of Cr2(02CCH3)4 should reveal the 

electronic environment and intermolecular interactions molecules of Cr2(02CCH3)4 experience in 

the thin film. 

In agreement with qualitative expectations, the UPS of thin films of Cr2(02CCH3)4 on 

graphite or MoS2 strongly resemble the gas-phase spectrum of Cr2(02CCH3)4' The (1 ionization 

is destabilized by 0.2 eV and 0.18 eV compared to the gas phase for the films on graphite and 

MoS2, respectively. The destabilization of the (1 ionization in the film spectra suggests that 

diaxial ligation of the Cr-Cr bond by acetate oxygens of neighboring adjacent molecules is 

present. While the closely overlapping peaks in the metal band introduce a greater uncertainty 

in the measurement of the (1 destabilization, it is clear that the extent of the destabilization is 

substantially smaller than the corresponding values of 0.68 eV and 0.70 eV for thin film 

M02(02CCH3)4 on graphite and MoS2, respectively. This indicates that the strength of the 

diaxial ligation is much weaker for the Cr case. 

The separation between the oxygen lone pairs of the acetate ligands and the Cr-Cr lC 

ionizations is only 0.07 and 0.1 eV larger than the corresponding gas phase value for the 

graphite and MoS2 films. This suggests that the charge potential of the surface Cr atoms in the 

film is about the same as that of the Cr atoms of the dimer in the gas phase. In terms of the 

simple MO model described in Chapter 4 this suggests 'hat the Cr-Cr (1. orbital is highly 

delocalized. This is the same result as that obtained for thin films of Mo2(02CCH3)4 on 

graphite and MoS2. 

Before proceeding, it is useful to summarize some of the information that has been 

obtained regarding the intermolecular influences molecules of Cr2(02CCH3)4 experience in a 
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film on either graphite or MoS2. The ionization information suggests that some (perhaps all) of 

the molecules experience diaxial ligation of the Cr-Cr bond by acetate oxygens of neighboring 

molecules and that the strength of ligation is weak compared with the analogous M02(02CCH3)4 

films. 

Ionization Information-Thin Film Structure Correlations. Previous STM studies of thin 

film M02(02CCH3)4 on graphite or MOS2 have established that, in general, the orientations and 

packing arrangements of the molecules comprising the surface morphologies of the films 

resemble two-dimensional crystal faces of the three-dimensional X-ray crystal structure. 

Furthermore, the ionization information from the thin film UPS may be correlated directly to 

the thin film structure. The 0.68 eV destabilization of the a ionization for thin film 

M02(02CCH3)4 on graphite arises from the presence of diaxial ligation of the Mo-Mo bonds by 

acetate oxygens of neighboring molecules present in a surface morphology very similar to the 

two-dimensional AB crystal face of the three-dimensional X-ray crystal structure. In view of the 

above structural trends for thin film M02(02CCH3)4 on graphite and MoS2, similar surface 

morphologies may be expected for the analogous Cr films. Furthermore, the ionization 

characteristics of the films may be expected to correlate with the surface morphologies. As a 

result, the ionization information obtainable from the thin film UPS may be expected to yield 

structural information on the Cr films. 

As discussed in the last section, the destabilization of the a ionization in the film UPS 

spectra established the presence of diaxial ligation of the Cr-Cr bond by acetate oxygens of 

neighboring molecules. As the packing arrangements and orientations of the molecules in the 

AB and AC crystal faces of the three-dimensional structure of Cr2(02CCH3)415 possess short 

chromium-oxygen contacts, this indicates that one (or more) of the surface morphologies of thin 

film Cr2(02CCH3)4 on graphite or MoS2 may resemble the AB and/or AC crystal faces. 

However, in contrast to M02(02CCH3)4, the diaxial interaction is much weaker in the Cr case. 
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This suggests that the diaxial oxygens approach the Cr-Cr bond at greater distances and/or less 

favorable orientations (for interaction of the frontier orbitals of the diaxial oxygens and the Cr

Cr bond) than in the pure crystal faces. 

Starting from the two-dimensional crystal faces two structural penurbations can readily 

be identified which would result in greater chromium-oxygen distances and/or result in less 

favorable orientations for frontier orbital overlap. The first of these structural perturbations is 

illustrated in Figure 6.7A The chromium and oxygen atoms attain a close approach along the A 

crystallographic axis of the AB and AC crystal faces, respectively. Expansion of the surface 

structure along this axis would result in an increase of the chromium-oxygen distance. Note that 

the orientations of the molecules with respect to one another have remained unchanged. 

The second structural perturbation involves changing the orientation of the molecules 

along the 'A' crystallographic axis. This is illustrated in Figure 6.7B. In the crystal faces the 

molecules are tilted with respect to the surface. By moving the molecules in the direction of the 

heavy arrows shown in Figure 6.7B, the Mo-Mo bond vector becomes more nearly parallel to the 

substrate surface. This results in greater chromium-oxygen distances and less favorable 

orientations for frontier orbital overlap. 

The weak diaxial ligation in the Cr films suggests that the packing arrangements and 

orientations of the molecules in one (or more) of the surface morphologies of the film are likely 

to be the same as those in two-dimensional AB and/or AC crystal faces which have been 

subjected to one or both of the structural perturbations discussed above. 

In the introduction we mention that X-ray diffra..:tion studies have indicated that the 

metal-metal bond in Cr2(02CCH3)4 is more sensitive to the presence and nature of axially 

coordinated ligands than the corresponding metal-metal bond in M02(02CCH3)4' Despite 

theknown greater sensitivity of the metal-metal bond in Cr2(02CCH3)4, the thin film UPS 

results indicate weaker diaxial ligation of the metal-metal bond in Cr2(02CCH3)4, compared to 
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A) Expansion of the surface structure along the 'A' crystallographic axis and B) 
Changing the orientation of the molecules along the 'A' crystallographic axis. 
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the corresponding M02(02CCH3)4 films. This suggests that the intermolecular bonding 

interaction discussed earlier is not the dominant electronic influence determining the structure of 

the surface morphologies adopted by the film. The dominant influence determining film 

structure is likely to be maximization of the van der Waals interactions between molecules. 



CHAPTER 7 

UPS OF MONOLAYERS OF Crl(OlCCH3)4 AND Mo1(OlCCH3)4 

CODEPOSITED SEQUENTIALLY ON SINGLE CRYSTAL GRAPHITE. 

THE EFFECTS OF NON·ATOMICALLY SMOOTH SUBSTRATES ON 

THE VALENCE IONIZATIONS OF THIN FILM Mo1(OlCCH3)4' 

INTRODUCTION 
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In chapters 4 and 5 the results of UPS studies on thin film Moz(OzCCH3)4 on single 

crystal graphite and MoSz substrates is presented. The motivation for the selection of single 

crystal substrates lies in the largely homogeneous environment they present to the incoming 

absorbate molecules. This is particularly important where the surface structures formed by the 

absorbate on the substrate surface is determined by the extent of absorbate-absorbate and 

absorbate-substrate interactions. Where the predominent influence controIling the formation of 

absorbate surface structure is absorbate-absorbate interactions, the use of single crystal substrates 

is less important as the surface structure formed is likely to be largely independent of the 

crystalline nature of the substrate. 

In light of the above discussion, a principal question that arises concerns the behaviour 

of the ionization characteristics of thin film Moz(OzCCH3)4 on a non-atomically smooth 

substrate. Would a more amorphous surface result with concomitant broadening of the peaks in 

the valence UPS spectra? In order to address this question, it was decided to investigate low 

coverages of thin film Moz(OzCCH3)4 on a non-atomically smooth substrate. The non

atomically smooth substrate was generated by depositing a monolayer of Crz(OZCCH3)4 on 

graphite. 

This Chapter presents the valence UPS of thin film Moz(OzCCH3)4 deposited on a 

monolayer of Cr2(OzCCH3)4 on graphite. Particular emphasis is placed on comparing the 

metal-metal (j bond ionization characteristics between the film and gas-phase spectra in order to 
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probe the intermolecular electronic influences molecules of M02(02CCH3)4 experience In a film. 

RESULTS 

Valence Ionization Bands and Assignments. The He(l) photoelectron spectra of freshly 

cleaved graphite (A), a monolayer of Cr2(02CCH3)4 on graphite (B) and a monolayer of 

M02(02CCH3)4 deposited on the Cr2(02CCH3)4 layer (C) are given in Figure 7.1. The thin 

film spectra are superpositions of weighted averages of both graphite and the metal dimer 

spectra.The overall features of the spectra in Figures 7.1B and 7.1C correspond closely to the 

gas-phase photoelectron spectra of Cr2(02CCH3)4 and M02(02CCH3)4' respectively. 

The general assignments of the gas-phase UPS of Cr2(02CCH3)4 and M02(02CCH3)4 

have been given previously.l0,l1 The numerous overlapping ionizations from 12-16 eV are due 

to CoO and C-H bonding orbitals. The broad ionization near 11 eV contains contributions from 

both the oxygen lone pairs and the metal-oxygen a bonding orbitals. The ionizations from 5-10 

e V involve the metal-metal a, 1r and c5 symmetry interactions. 

The thin film spectrum in Figure 7.1C is a weighted average of graphite, Cr2(02CCH3)4 

and M02(02CCH3)4 ionizations. In order to examine the spectral features of M02(02CCH3)4 in 

more detail 7.1B was subtracted from 7.1C in order to subtract out the Cr2(02CCH3)4 and 

graphite ionizations. This is shown in CoB in Figure 7.1. 

A close-up of the low energy ionization features from the CoB spectra of the mixed film 

is shown in Figure 7.2. The leading ionizations at 6.98 eV and 7.99 eV are assigned to the c5 

and a ionizations, respectively, while the more intense ionization at 8.60 eV is aSSigned to the 1r 

bond ionization. The analytical representations of the close-up of the thin film spectra are given 

in Table 7.1. The separation of the c5 and 1r ionizations, and their positions relative to the 

ligand based ionizations are the same for the gas-phase and thin film spectra. The a ionization 

in the film spectra is destabilized by 0.61 eV compared to the gas phase. The significance of 
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Figure 7.1 
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Full PES spectra of freshly cleaved graphite (A), a monolayer of Cr2(02CCH3)4 
on graphite (B) and a monolayer of Mo2(02CCH3)4 on B. 
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Close-up of low energy ionization features of mixed film Mo2(02CCH3)4 (C). 
(A) gas-phase M02(02CCH3)4 and (B) thin film Mo2(02CCH3)4 on graphite. 
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(J 

Position 

6.98 

7.99 

8.60 

Wu 

0.68 

0.68 

1.08 

~ 

0.48 

0.48 

0.70 

Rel.Aren 

1.00 

1.17 

3.95 

Table 7.1. He(I) Valence Ionization Features of Mixed Film M02(02CCH3)4 on Graphite. 
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this wiIl be discussed in more detail in the discussion section. 

DISCUSSION 

Qualitatively, the UPS of the mixed film M02(02CCH3)4 is expected to strongly 

resemble the gas-phase spectrum of M02(02CCH3)4' The principal differences are expected to 

arise from the presence of intermolecular interactions between molecules in the film which 

perturb the electronic structure of the molecule and hence the ionizations in the film UPS 

(compared to the gas phase). A comparison of the gas-phase and thin film spectra therefore 

provides an ideal probe of intermolecular influences present in the thin films. 

Photoelectron Observations of Intermolecular InteractIons. Two ionization 

characteristics in particular have proven especially revealing with regard to providing information 

on intermolecular interactions present in thin films of the tetracarboxylate dimers of Cr and Mo. 

These are the metal-metal 0 bond ionization and the separation of the bands associated with the 

acetate oxygen lone pairs (and metal-oxygen bonding orbitals) and the metal-metaln bond 

ionizations between the film and gas-phase UPS spectra. The detailed reasoning has been 

developed elsewhere and will be reviewed briefly here. In the three-dimensional crystal 

structures of Cr2(02CCH3)4 and M02(02CCH3)414,lS there is a short metal-oxygen separation 

between the acetate oxygens of one molecule and the metal atoms of the next (see Figure 3.2). 

This indicates that the lone pairs associated with the oxygen atoms are acting as diaxial ligands 

to the metal-metal quadruple bond. A simple MO model of the diaxial ligation shows that, by 

symmetry, the filled metal-metal 0 orbital interacts with the filled symmetric combination of the 

oxygen lone pairs while the unfilled metal-metal o· orbital interacts with the filled antisymmetric 

combination of the oxygen lone pairs as shown in Figure 4.3. The presence or absence of diaxial 

ligation of the Mo-Mo bonds in the film may be observed by comparing the binding energies 

associated with the 0 ionization between the gas-phase and film UPS spectra. Destabilization of 
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interaction. 

112 

An examination of the a bond and metal-metal 7C ionization characteristics between the 

gas-phase and thin film UPS of Moz(OzCCH3)4 should reveal the electronic environment and 

intermolecular interactions molecules of Moz(OzCCH3)4 experience in the thin film. 

In agreement with qualitative expectations, the UPS of mixed film Moz(OZCCH3)4 

strongly resembles the gas-phase spectrum of Moz(OzCCH3)4' The a ionization is observable as 

a distinctly separate ionization destabilized by 0.61 cV compared to the gas-phase spectra. The 

destabilization of the a ionization in the film spectra suggests that diaxial ligation of the Mo

Mo bond by acetate oxygens of neighboring adjacent molecules is present. The 0.61 eV 

destabilization of the a ionization in the film spectra is very similar to the corresponding value 

of 0.68 eV for thin film Moz(OzCCH3)4 on graphite. This indicates that the strength of diaxial 

ligation is virtually the same for the two cases. 

The separation between the oxygen lone pairs of the acetate ligands and the Mo-Mo 7C 

ionizations in the film spectra is only 0.16 eV larger than the corresponding gas-phase value. 

This suggests that the charge potential of the surface Mo atoms in the film is about the same as 

that of the Mo atoms of the dimer in the gas phase. In terms of the simple MO model 

described in Chapter 4, this suggests that the Mo-Mo a· orbital is highly delocalized. This is 

the same result as that obtained for thin film Moz(OzCCH3)4 on graphite. 

Before proceeding, it is useful to summarize some of the information that has been 

obtained regarding the intermolecular interactions molecules of Moz(OzCCH3)4 experience in 

the mixed film. The ionization information suggests that some (perhaps all) of the molecules 

experience diaxial ligation of the Mo-Mo bond by acetate oxygens of neighboring molecules and 

that the strength of ligation is virtually the same as for Moz(OzCCH3)4 on graphite. The 

strength of ligation does not appear to be substrate dependent. 
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Ionization Information-Thin Film Structure Correlations. Previous STM studies of thin 

film M02(02CCH3)4 on graphite or MoS2 (see Chapters 3 and 5) have established that, in 

general, the orientations and packing arrangements of the molecules comprising the surface 

morphologies of the films resemble two-dimensional crystal faces of the three-dimensional X-ray 

crystal structure. Funhermore, the ionization information from the thin film UPS may be 

correlated directly to the thin film structure. The 0.68 eV destabilization of the (1 ionization for 

thin film M02(02CCH3)4 on graphite arises from the presence of diaxial ligation of the Mo-Mo 

bonds by acetate oxygens of neighboring molecules present in a surface morphology very similar 

to the tWO-dimensional AB crystal face of the three-dimensional X-ray crystal structure. In view 

of the above structural trends for thin film M02(02CCH3)4 on graphite and MoS2, similar 

surface morphologies may be expected for the corresponding mixed films. Furthermore, the 

ionization characteristics of the films may be expected to correlate with the surface 

morphOlogies. As a result the ionization information obtainable from the thin film UPS may be 

expected to yield structural information on the mixed films. 

As discussed in the last section, the destabilization of the (1 ionization in the thin film 

UPS spectra established the presence of diaxial ligation of the Mo-Mo bond by acetate oxygens 

of neighboring molecules in the mixed film. As the packing arrangements and orientations of 

the molecules in the AB and BC crystal faces of the three-dimensional structure of 

M02(02CCH3)4 possess short mOlybdenum-oxygen contacts, this indicates that one (or more) of 

the surface morphologies of the M02(02CCH3)4 layer in the mixed films may resemble the AB 

and/or BC crystal faces of the three-dimensional X-ray crystal structure. The strength of the 

interaction is virtually identical to that of Mo:z(O:zCCH3)4 on graphite. This indicates the 

surface topographies of the M02(02CCH3)4 layer in the mixed film are relatively unperturbed 

AB and/or BC crystal faces. 

A central motivation for this work was to investigate the ionization characteristics of 
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thin film M02(02CCH3)4 on a non-atomically smooth substrate which could be compared to 

results already obtained for similar coverages on atomically smooth substrates such as graphite 

or MoS2. The ionization characteristics of the films appear to be fairly substrate independent. 

This indicates that the surface structure of the films is the result of intermolecular interactions 

and the degree of absorbate-substrate interaction is small. 



CHAPTER 8 

UPS OF Cr2(02CCH3)4 AND Mo2(02CCH3)4 CODEPOSITED ON 

SINGLE CRYSTAL GRAPHITE AND MoS2• THE 

EFFECTS OF COADSORPTION ON THE 

VALENCE IONIZATIONS OF Mo1(01CCH3)4' 

INTRODUCTION 
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In the last chapter, the ionization characteristics of a monolayer of M02(02CCH3)4 

deposited on a non.atomically smooth substrate (which consisted of a monolayer of 

Cr2(02CCH3)4 on graphite) was described. The similarity of the ionization characteristics of the 

mixed film to that of thin film M02(02CCH3)4 on graphite suggested that the type of surface 

structure adopted by the M02(02CCH3)4 film was largely independent of the nature of the 

substrate, indicating that molecule·molecule interactions is the predominent factor influencing 

surface structure. 

In this chapter, the investigation of the ionization characteristics of mixed films of 

Cr2(02CCH3)4 and M02(02CCH3)4 is continued. The valence UPS of films consisting of half 

monolayers of Cr2(02CCH3)4 and M02(02CCH3)4 code posited on single crystal graphite and 

MoS2 is presented. Among the principal questions that this study is meant to address concerns 

the nature of the surface topography of a film consisting of two distinct but structurally and 

electronically similar transition metal complexes. Would the film consist exclusively of islands of 

either Cr2(02CCH3)4 or M02(02CCH3)4 molecules or would the film also possess surface 

morphologies corresponding to M02(02CCH3)4 bound to Cr2(02CCH3)4 molecules. In 

principle, the behaviour of the valence ionization of the mixed film M02(02CCH3)4 may provide 

information on this and other questions. 

RESULTS 

Mixed Film UPS On Graphite. The He(I) photoelectron spectrum of the mixed film is 
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given in Figure 8.1C. For comparison, the spectra of freshly cleaved graphite (A) and of a half 

monolayer of Cr2(02CCH3)4 on graphite (B) are also presented. The thin film spectra 

aresuperpositions of weighted averages of both graphite and the metal dimer spectra. The 

overall features of the spectra in Figures 3B and 3C correspond closely to the gas-phase 

photoelectron spectra of Cr2(02CCH3)4 and M02(02CCH3)4, respectively. 

The general assignments of the gas-phase UPS of Cr2(02CCH3)4 and M02(02CCH3)4 

have been given previously.lo,n The numerous overlapping ionizations from 12-16 eV are due 

to C·O anll C-H bonding orbitals. The broad ionization near 11 eV contains contributions from 

both the oxygen lone pairs and the metal-oxygen 0 bonding orbitals. The ionizations from 5-10 

eV involve the metal-metal 0, 1t and c5 symmetry interactions. 

The thin film spectrum in Figure 8.1C is a weighted average of graphite, Cr2(02CCH3)4 

and M02(02CCH3)4 ionizations. In order to examine the spectral features of M02(02CCH3)4 in 

more detail 3B was subtracted from 3C on order to subtract out the Cr2(02CCH3)4 and graphite 

ionizations. This is shown in CoB in Figure 8.1. 

A close-up of the low energy ionizatio.n features from the CoB spectra of the mixed film 

is shown in Figure 8.2. The leading ionizations at 6.98 eV and 8.14 eV are assigned to the c5 

and 0 ionizations, respectively, while the more intense ionization at 8.64 eV is assigned to the ;r 

bond ionization. The analytical representations of the close-up of the thin film spectra are given 

in Table 8.1. The separation of the c5 and 1t ionizations and their positions relative to the ligand 

based ionizations are the same for the gas-phase and thin film spectra. The 0 ionization in the 

film spectra is destabilized by 0.50 eV compared to the gas-phase value. The o-;r splitting in the 

mixed film is noticeably smaller than the corresponding value of 0.68 eV for thin film 

M02(02CCH3)4 on graphite. The significance of this will be discussed in more detail in the 

discussion section. 

Mixed Film UPS On MoS2• The He(l) photoelectron spectrum of the mixed film is 



Figure 8.1 
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Full PES spectra of freshly cleaved graphite (A), a monolayer of Cr2(02CCH3)4 
on graphite (B) and half mono layers of Cr2(02CCH3)4 and M02(02CCH3)4 on 
graphite (C). 
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Figure 8.2 
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Close-up of low energy ionization features of mixed film Mo2(02CCH3)4 on 
graphite (C). (A) gas-phase Mo2(02CCH3)4 and (B) thin film Mo2(02CCH3)4 
on graphite. 
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Position ~I WL ReJ.Area 

On Graphite. 

b 6.98 0.59 0.60 1.00 

a 8.14 0.59 0.60 3.54 

;r 8.64 0.80 0.54 5.46 

On MoS2• 

b 6.98 0.69 0.49 1.00 

a 7.88 0.55 0.70 0.81 

;r 8.64 0.80 0.70 2.06 

Table 8.1. He(I) Valence Ionization Features of Mixed Film Mo2(02CCH3)4' 
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Figure 8.3 

Ionization Energy (e V) 
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Full PES spectra of freshly cleaved MoS2 (A). a half monolayer of 
Cr2(02CCH3)4 on MOS2 (B) and half monolayers of Cr2(02CCH3)4 and 
M02(02CCH3)4 on MoS2. 
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Figure 8.4 
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Oose-up of the low energy ionization features of mixed film Mo2(02CCH3)4 on 
MoS2(C). (A) gas-phase Mo2(02CCH3)4 and (B) thin film M~(02CCH3)4 on 
MoS2· 



122 

given in Figure 8.3C. For comparison, the spectra of freshly cleaved MoS2 (A) and of a half 

monolayer of Cr2(02CCH3)4 on MOS2 (B) are also presented. The thin film spectrum in Figure 

8.3C is a weighted average of graphite, Cr2(02CCH3)4 and M02(02CCH3)4 ionizations. In order 

to examine the spectral features of M02(02CCH3)4 in more detail 5B was subtracted from 5C in 

order to subtract out the Cr2(02CCH3)4 and graphite ionizations. This is shown in CoB in 

Figure 8.3. 

A close-up of the low energy ionization features from the CoB spectra of the mixed film 

is shown in Figure 8.4. The leading ionizations at 6.98 eV and 7.88 eV are asSigned to the <5 

and (j ionizations, respectively, while the more intense ionization at 8.64 eV is assigned to the n 

bond ionization. The analytical representations of the close-up of the thin film spectra are given 

in Table 8.1. The separation of the <5 and n ionizations and their positions relative to the ligand 

based ionizations are the same for the gas-phase and thin film spectra. The (j ionization in the 

film spectra is destabilized by 0.76 eV compared to the gas-phase value. The (j-n splitting in the 

mixed film is very similar to the corresponding value of 0.70 eV for thin film M02(02CCH3)4 on 

MoS2• The significance of this will be discussed in more detail in the discussion section. 

DISCUSSION 

Qualitatively, the UPS of mixed film M02(02CCH3)4 is expected to strongly resemble 

the gas phase spectrum of M02(02CCH3)4' The principal differences are expected to arise from 

the presence of intermolecular interactions between molecules in the film which perturb the 

electronic structure of the molecule and hence the ionizations in the film UPS (compared to the 

gas phase). A comparison of the gas-phase and thin film spectra therefore provides an ideal 

probe of intermolecular interactions present in mLxed films. 

Photoelectron Observations of Intermolecular Interactions. Two ionization 

characteristics in particular have proven especially revealing with regard to providing information 
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on intermolecular interactions present in thin films of the tetracarboxylate dimers of Cr and Mo. 

These are the metal-metal 0 bond ionization and the separation of the bands associated with the 

acetate oxygen lone pairs (and metal-oxygen bonding orbitals) and the metal-metal :r bond 

between the film and gas-phase UPS spectra. The detailed reasoning has been developed 

elsewhere and will be reviewed briefly here. In the three-dimensional crystal structures of 

Cr2(02CCH3)4 and Mo2(02CCH3)4 there is a short metal-oxygen separation between the acetate 

oxygens of one molecule and the metal atoms of the next (see Figure 3.2). This indicates that 

the lone pairs associated with the oxygen atoms are acting as diaxial ligands to the metal-metal 

quadruple bond. A simple MO model of the diaxial ligation shows that, by symmetry, the filled 

metal-metal 0 orbital interacts with the filled symmetric combination of the oxygen lone pairs 

while the unfilled metal-metal o· orbital interacts with the filled antisymmetric combination of 

the oxygen lone pairs as shown in Figure 4.3. The presence or absence of diaxial ligation of the 

Mo-Mo bonds in the film may be observed by comparing the binding energies associated with 

the 0 ionization between the gas-phase and film UPS spectra. Destabilization of the 0 ionization 

in the film spectra is indicative oC the presence oC the diaxial ligation interaction. 

An examination of the 0 bond and metal-metal :r ionization characteristics between the 

gas-phase and thin film UPS of M02(02CCH3)4 should provide important information regarding 

the electronic environment and intermolecular interactions molecules of Mo2(02CCH3)4 

experience in the thin film. 

In agreement with qualitative expectations, the mixed film UPS of Mo2(02CCH3)4 

strongly resembles the gas phase spectrum of Mo2(02CCH3)4' The 0 ionization is observable as 

a distinctly separate ionization and is destabilized (by 0.50 eV and 0.78 eV for the graphite and 

MoS2 films, respectively) compared to the gas phase spectra. The destabilization of the 0 

ionization in the film spectra suggests that diaxial ligation of the Mo-Mo bond by acetate 

oxygens of neighboring adjacent molecules is present. The 0.50 eV destabilization of the 0 
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ionization in the mixed film spectra on graphite is noticeably smaller than the 0.68 eV value for 

thin film M02(02CCH3)4 on graphite. This indicates that the strength of diaxial ligation is less 

in the mixed film. As regards the mixed film on MoS2, however, the 0.78 eV value is very 

similar to the corresponding value of 0.70 eV for thin film M02(02CCH3)4 on MOS2' This 

indicates that the strength of diaxial ligation is virtually the same in the two cases. 

The separation between the oxygen lone pairs of the acetate ligands and the Mo-Mo 7t 

ionizations in the mixed film spectra is very similar to the corresponding gas-phase values (0.12 

eV and 0.14 eV larger for the graphite and MOS2 mixed films). This suggests that the charge 

potential of the surface Mo atoms in the films is about the same as that of the Mo atoms of the 

dimer in the gas phase. In terms of the simple MO model described in Chapter 4 this suggests 

that the Mo-Mo o· orbital is highly delocalized. This is the same result as that obtained for 

thin film M02(02CCH3)4 on graphite or MOS2' 

Before proceeding, it is useful to summarize some of the information that has been 

obtained regarding the intermolecular interactions molecules of Mo2(02CCH3)4 experience in 

the mh:ed films. The ionization information suggests that some (perhaps all) of the molecules 

experience diaxial ligation of the Mo-Mo bond by acetate oxygens of neighboring molecules and 

that the strength of ligation is substrate dependent. For the graphite mixed films, the ligation is 

weaker than for thin film M02(02CCH3)4 on graphite, however, for the MoS2 mixed films, the 

strength of ligation is virtually the same as for thin film M02(02CCH3)4 on MoS2. 

Ion[zat[on InCormation-Th[n Film Structure Correlat[ons. Previous STM studies of thin 

film MO;2(02CCH3)4 on graphite or MoS2 have established that, in general, the orientations and 

packing arrangements of the molecules comprising the surface morphologies of the films 

resemble two-dimensional crystal faces of the three-dimensional X-ray crystal structure. 

Furthermore, the ionization information from the thin film UPS may be correlated directly to 

the thin film structure. The 0.68 eV destabilization of the 0 ionization for thin film 
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M02(02CCH3)4 on graphite arises from the presence of diaxial ligation of the Mo-Mo bonds by 

acetate oxygens of neighboring molecules present in a surface morphology very similar to the 

two-dimensional AB crystal face of the three-dimensional X-ray crystal structure. In view of the 

above structural trends for thin film Moz(OzCCH3)4 on graphite and MoSz, similar surface 

morphologies may be expected for the corresponding mixed films. Furthermore, the ionization 

characteristics of the films may be expected to correlate with the surface morphologies. As a 

result the ionization information obtainable from the thin film UPS may be expected to yield 

structural information on the mixed films. 

As discussed in the last section, the destabilization of the CI ionization in the film UPS 

spectra established the presence of diaxial ligation of the Mo-Mo bond by acetate oxygens of 

neighboring molecules. As the packing arrangements and orientations of the molecules in the 

AB and BC crystal faces of the three-dimensional structure of Moz(OZCCH3)4 possess short 

molybdenum-oxygen contacts, this indicates that one (or more) of the surface morphologies of 

the mixed films may resemble the AB and/or BC crystal faces. For the mixed films on MoSz, 

the strength of diaxial ligation is virtually the same as in thin film MOZ(02CCH3)4 on MOSz 

indicating the surface topographies of the mixed film are relatively unperturbed AB and/or BC 

cl)'Stal faces. 

In contrast to the MoSz mixed films, the graphite films possess weaker diaxial ligation 

than in thin film Mo2(OzCCH3)4 on graphite. This suggests that the diaxial oxygens approach 

the Mo-Mo bond at greater distances and/or less favorable orientations for interaction of the 

frontier qrbitals of the diaxial oxygens and the Mo-Mo bond than in the unperturbed crystal 

faces. Starting from the crystal faces, we can identify two structural perturbations which would 

increase the metal-oxygen distances and/or result in a less favorable orientation of the frontier 

orbitals of the Mo-Mo bond and the diaxial oxygens. This has been explained in detail in an 

earlier study and so the results will merely be stated here. The two structural perturbations 

-------- ---
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involve increasing the distance between molecules along the "B" crystallographic axis or changing 

the orientation of the molecules along the "B" crystallographic axis so that they stand with the 

acetate methyl groups more sharply pointed toward the surface, as shown in Figure 6.7. 

The weaker diaxial ligation in the graphite mixed films suggests that the packing 

arrangements and orientation of the molecules in one (or more) surface morphologies of the 

film are likely to be the same as those in AB and/or BC crystal faces which have been subjected 

to the structural perturbations outlined in the discussion above. 

While the ionization information obtained in this study is able to provide some 

indications as to the packing arrangements and orientations of the molecules in the film, no 

direct structural information is available regarding the compositional nature of the film (i.e. does 

it consist exclusively of islands of either Crz(OzCCH3)4 or M02(02CCH3)4 molecules and/or is 

there the presence of mixed films where a ~.102(02CCH3)~ is flanked by one or more 

Cr2(OzCCH3)4 molecules). Qualitatively, surface morphologies comprising islands of either the 

pure metal dimers or some mixed version would appear equally likely. Both molecules possess 

identical ligand environments in the same overall symmetry and so little difference may be 

expected between the forces binding two molecules of the same or different metal dimers. STM 

studies are currently in progress to obtain direct structural information on the films which may 

shed light on the compositional problem. 
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CHAPTER 9 

GENERAL SUMMARY AND FUTURE DIRECITONS 

General Summary 

Thin film Cr2(02CCH3)4 or M02(02CCH3)4 on single crystal graphite or MoS2 were 

studied using scanning tunneling microscopy (STM), molecular modeling and photoelectron 

spectroscopy (UPS). The STM images of thin film M02(02CCH3)4 on graphite show the 

presence of two distinct surface types, called the 'shingle' and 'ridge' structures, respectively. The 

shingle structure has the appearance of ordered rows of plates emerging at an angle from the 

surface, while the ridge comprises a series of Closely-spaced peaks that form linear ridges 

separated by channels. Molecular modeling of the STM images reveal that the shingle structure 

corresponds to the AB crystal face of the bulk crystal structure, while the ridge resembles the 

BC crystal face with slight structural reconstruction that increases the surface contacts between 

neighboring molecules and the surface. 

The UPS of thin film M02(02CCH3)4 on graphite show valence ionization bands that 

are nearly as narrow as the vibrational manifolds observed in the high resolution gas-phase UPS 

of M02(02CCH3)4' The spectral region corresponding to the Mo-Mo bond ionizations in the 

film spectra strongly resembles its gas-phase counterpart, with one major difference. The 

ionization from the metal-metal valence a level is observed clearly separated to lower binding 

energy from the metal-metal valence :It ionization, in constrast to the gas-phase spectrum where 

these ionizations are coincident. The destabilization of the a ionization in the film spectra is 

correlated to the presence of diaxial ligation of the Mo-Mo bonds in the film by acetate oxygens 

of neighboring molecules present in the shingle surface morphology of the film. 

In order to investigate the effects of a more 'interactive' substrate, a combined STM and 

UPS study was performed for thin film M02(02CCH3)4 on MoS2. At very low submonolayer 

coverages, the STM image resembled a single M02(02CCH3)4 molecule lying flat with respect to 
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the MoSz surface (i.e. with the Mo-Mo bond vector perpendicular to the MoSz surface). In thin 

film Moz(OZCCH3)4 on graphite, submonolayer deposition results in STM images that 

correspond to pure graphite, indicating that the interaction between the single molecule and the 

graphite surface is insufficiently strong to prevent the molecule from being swept along by the 

passage of the STM tip over it. The results are consistent with other studies indicating that 

MOSz is a more interactive substrate than graphite. At higher coverages, the STM images 

corresponded to surface structures very similar to the ridge structure observed for thin film 

M02(OzCCH3)4 on graphite. The principal difference between the surface structures observed in 

the MoSz and graphite thin films is that in the MoSz case, there appears to be a greater number 

of surface structures and defects in anyone sample. This may be due largely to the less ordered 

nature of the MoSz surface. 

Similar to the graphite films, the UPS of thin film Moz(OzCCH3)4 on MoSz show 

valence ionizations that are nearly as narrow as those of the gas-phase spectra of 

MoZ(02CCH3k The Mo-Mo a ionization is observed as a clearly distinct ionization, cleanly 

separated from the Mo-Mo :rc band. This is correlated to the presence of diaxial ligation of the 

Mo-Mo bonds in the film by acetate oxygens of neighboring molecules present in 'shingle-type' 

surface morphologies. 

The greater sensitivity of Crz(OzCCH3)4 to diaxial ligation led us to investigate thin 

films of Crz(OzCCH3)4 on graphite and MoSz substrates by UPS. Once again, the 

destabilization of the a ionization in the film is attributed to diaxial ligation of the Cr-Cr bonds 

in the film by acetate oxygens of neighboring molecules. However, the thin film UPS results 

indicate weaker diaxial ligation of the metal-metal bond in Crz(OZCCH3)4, compared to the 

corresponding Moz(OzCCH3)4 films. This suggests that intermolecular metal-oxygen bonding 

interactions is not the dominant electronic influence determining the surface norphologies 

adopted by the film. The dominant influence determining film structure is likely to be the 
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maximization of the van der Waals interaction between molecules. 

The possibility of codepositing two transition metal dimers with very similar structural 

and electronic characteristics led us to the next two studies. The first involved depositing a 

monolayer of Moz(OzCCH3)4 on a monolayer of Crz(OZCCH3)4 on graphite. The second 

involved depositing half monolayers of Crz(OzCCH3)4 and Moz(OzCCH3)4 on single crystal 

graphite or MoSz. The UPS of the mixed films (after subtracting out the Crz(02CCH3)4 and 

substrate ionizations) show that the Mo·Mo bonds in the films are diaxially ligated. In the first 

case, the strength of diaxial ligation experienced by the MoZ(02CCH3)4 molecules in the film is 

about the same as in thin film M02(OzCCH3)4 on graphite. In the second study, the strength of 

diaxial ligation experienced by the M02(02CCH3)4 molecules in the graphite mixed film is 

weaker than the corresponding thin film M02(OzCCH3)4 on graphite. With the MoSz films, 

however, the strength of ligation is about the same in the two cases. In the case of the mixed 

films where the strength of diaxial ligation is similar to that of just thin film M02(02CCH3)4, it 

is likely that one (or more) of the surface morphologies of the film resemble the packing of 

molecules in the two dimensional AB or BC crystal faces of the three dimensional structure. 

Where the interaction is weaker, the packing arrangement of the molecules are likely to be more 

reconstructed versions of these crystal faces where the intermolecular contacts between 

neighboring molecules have been lessened. 

Future Directions 

The advances made in this work regarding the structural and electronic characterization 

of thin films of transition metal dimers by STM, molecular modeling and UPS represent a small 

fraction of the work that remains to be done. In the follOwing account some possible future 

research projects are outlined. 

Improvements in Molecular Modeling nnd Computation. In chapter 3, its mentioned that in 
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modeling the STM images it is assumed the Moz(OzCCH3)4 molecule is a rigid building block 

for constructing extended thin films. Removal of this constraint and the inclusion of actual 

potential functions for the bending of the acetate arms and the methyl groups on the molecule 

would allow a higher level of accuracy in the modeling. 

STM studies of Mixed Films of Crz(OzCCH3)4 and Moz(OzCCH3)4' Chapter 6 outlined the 

UPS of thin film Crz(OzCCH3)4 on graphite and MoSz while chapters 7 and 8 described the 

UPS of mixed films of Crz(OzCCH3)4 and Moz(OzCCH3)4 on similar substrates. STM studies 

of these films would complement the electronic structure results already obtained and allow a 

direct correlation of surface and electronic structure as obtained for thin film Moz(OzCCH3)4 on 

graphite or MoSz. STM studies of films containing Crz(02CCH3)4 need to be carried out in 

ultra-high vacuum owing to the air sensitivity of Cr2(02CCH3)4' 

Dosing of Thin Film Crz(OZCCH3)4 on Graphite or MoSz with Coordinating Small Molecules. 

Crz(OzCCH3)4 has a vacant coordination site along the Cr-Cr bond vector and various small 

molecules capable of acting as donor ligands such as HzO may be axially coordinated to the Cr 

centers of the Crz(OzCCH3)4 molecule. A particularly interesting experiment would be to test 

the sensitivity of thin film Crz(OzCCH3)4 molecules to coordination. Thin films of 

Crz(OzCCH3)4 on the substrate may be prepared in UHV and small vapor pressures (=10-3 torr) 

of the 'ligand' dosed into the vacuum system. Several outcomes are possible, including no 

reaction, coordination of the ligands to the vacant coordination site and absorption of the 

ligands into the interstitial spaces between the molecules in the film. Comparison of the STM 

images and UPS of the thin films before and after dOSing should shed light on what actually 

occurs. 

The Temperature Dependence of STM of Thin Film M02(OzCCH3)4 on Graphite. It is expected 

that thin film Moz(OzCCH3)4 on graphite are subject to localized vibrational modes from the 

individual molecules (e.g. Mo-O and Mo-Mo stretches) as well as those from lattice phonons, at 
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room temperature. Furthermore, these modes may be expected to be temperature dependent, 

the greater the thermal energy supplied the larger the amplitude of the changes in bond 

distances involved in the vibrational mode. The STM of the film should also reflect this, at low 

temperatures there may be less smearing in the direction of the tip while at higher temperatures 

the opposite effect is likely to be observed. 

The research outlined in this dissertation has laid the groundwork for the experimental 

characterization and correlation of the electronic and topographical structure of thin films of 

transition metal dimers on single crystal substrates. A principal contribution of this work has 

been the development in the use of molecular modeling techniques and the known X-ray 

structure of the compound to intepret observed STM images. In the following account, the 

electronic characterization of the structure and bonding in various transition metal complexes 

using gas-phase photoelectron spectroscopy is described. 



APPENDIX A 

ELECTRONIC STRUCTURE AND BONDING IN 

FOUR-COORDINATE ORGANOMETALLIC COMPLEXES 

OF ALUMINUM. TIlE VALENCE PHOTOELECTRON SPECTRA OF 

BHT-H, Me~(pMe3) AND Mez(BHT)Al(pMe3) 

(BIlT = 2,6-DI-TERT-BUTYL-4-METHYLPHENOXIDE). 

INTRODUCTION 
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Lewis acid-base adducts are a common occurrence in both main-group and transition

metal chemistry. Many transition-metal complexes may be conceptualized as Lewis acid-base 

adducts arising from the interaction between a 2-electron donor ligand (the Lewis base) and a 

coordinatively unsaturated metal-fragment (the Lewis acid). The widespread occurrence of such 

Lewis acid-base adducts has prompted a number of theoretical and experimental studies into the 

electronic structure and bonding characteristics of this class of compounds.S7-61 Among the 

main-group metals, the Lewis acid-base chemistry of the elements of the boron, aluminum and 

gallium group is particularly varied and extensive.62 The bonding modes in these molecules 

provide important comparisons and contrasts with the transition metal systems. 

The synthesis and structural characterization of Lewis acid-base adducts of aluminum 

containing the sterically hindered aryloxide, 2,6-di-tert-butyl-4-methoxyphenol (BHT-H, from the 

trivial name butylated hydroxytoluene) have recently been reported.63 These complexes may be 

conveniently described as Lewis acid-base adducts in which the Lewis acid is a 3-coordinate 

aluminum fragment, such as Me2(BHT)AI or Me(BHT)2A1, and the base is a phosphine ligand, 

typically trimethylphosphine (see Figure AI). These adducts show a number of interesting 

features. For example, the AI-o-e angle [164.5(4) ] in one of the compounds, 

Me2(BHT)AI(PMe3)' is much larger than previously observed in main group alkoxides.63 In 

addition, the AI-O distance [1.736(5) A] is short compared to the normal range of 1.8-2.0 A 
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Cl24J 

Figure A.l Schematic of Me2(BH1)A1(PMe3) 
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The shortening of the AI-O bond, along with the increase in the AI-O-C angle, suggests the 

presence of an additional bonding interaction, possibly of the .1l-type, between the oxygen and 

four-coordinate aluminum center. The .1l-donor abilities of alkoxides to transition metals have 

been discussed extensively in terms of the availability of empty metal d orbitals on the transition 

metal centers.64•65 However, d orbitals on aluminum are not similarly accessible. The exact 

nature of the interaction between the alkoxide and the aluminum center is therefore of special 

interest. 

Photoelectron spectroscopy provides a direct experimental probe of the bonding 

characteristics and electron distribution within a molecule.5.? The technique has been used 

extensively to experimentally probe the nature of the dative bond in Lewis acid-base adducts. 

This Appendix describes the valence ionizations of Me~(PMe3) and Me2(BHT)AI(PMe3)' The 

valence photoelectron spectrum of the free alcohol is included as an aid in the assignment of the 

ionizations. Particular emphasis is placed on the observation of vibrational fine structure in the 

spectral features. The shifts in ionization energies between related compounds also contribute to 

the evaluation of the (7 and .1l contributions to the AI-O bond and the factors influencing the 

strength of the AI-PMe3 bonds. 

RESULTS 

Valence Ionization Bands and Assignments. The He I valence photoelectron spectra of 

Me3A1(PMe3) and Me2(BHT)A1(PMCJ) are shown in Figure A2. The aSSignment of the 

spectrum of Me2(BHT)A1(PMCJ) is aided by comparison to the spectrum of the BHT-H 

molecule, which is also included in Figure A2. The spectra of BHT-H and the corresponding 

aluminum molecule show a broad band of overlapping ionizations from about 9.5-15.5 eV. This 

forest of ionizations is due to C-H and C-C valence (7 ionizations and oxygen lone-pair 

ionizations. Individual assignments in this region were not attempted. 
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A close-up spectrum of the ionizations of BHT-H in the 6-9 eV region is shown in 

Figure A3. On the basis of previous studies of the leading ionizations of phenol and its 

substituted derivatives,66,67 bands I and II in Figure A3 are assigned to ionizations associated 

with two of the 3l-system orbitals of the phenyl ring. The nodal characteristics of these orbitals 

in relation to the oxygen atom on the ring are illustrated in Figure A4. In monosubstituted 

phenyl compounds with ~ symmetry, these orbitals are the bi and a2 symmetry combinations, 

respectively, of the phenyl ring carbon p3l orbitals. The a2 orbital has a node at the carbon that 

is bound to the oxygen atom while the bIorbital has a substantial contribution from this carbon 

atom. The interaction of the bi symmetry combination with a filled p3l orbital on the oxygen 

atom destabilizes the resulting b i ionization relative to the a2 ionization. Although the 

molecular symmetry of BHT-H is Cs and the true orbital symmetries of the Ph 3l orbitals are 

both a", the same basic nodal characteristics and atomic orbital interactions are taking place in 

the 3l framework. The bi and a2 labels will be retained when referring to these orbitals. In the 

photoelectron spectrum of BHT-H, bands I and II are assigned to ionizations associated with the 

bi and a2 orbitals respectively. 

The contours of both ionization bands show the presence of vibrational progressions. 

Band I is modeled by five asymmetric Gaussian peaks spaced 0.16 eV (± 0.01 eV) apart. The 

contour of band II is represented by four asymmetric Gaussian components with a spacing of 

0.18 eV (± 0.01 eV). The vertical and adiabatic IP's of these bands are listed in Table AI. The 

spacings between the Gaussian components correspond to vibrational frequencies in the ranges 

1200-1400 cm-I for band I and 1350-1550 em-I for band II. In-plane C-H bending in phenyl 

compounds appear in the range of 1000-1300 cm-I while skeletal vibrations involving carbon to 

carbon stretching within the ring fall in the 1400-1500 and 1585-1600 cm-I regions.68 Of these 

two modes, ionization from the Ph 3l orbitals has a greater effect on the carbon-carbon bond 

order and will activate the C-C skeletal mode to a larger extent than the in-plane bending 
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Figure A.4 Nodal characteristics of the Phn orbitals of the BHT ligand. 
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Table A.1 

Position WH_ ~ Re1.Area 

7.62 0.17 0.16 1.00 

7.78 1.27 

7.94 0.93 

8.09 0.50 

8.26 0.34 

8.43 0.23 0.13 1.76 

8.61 1.05 

8.79 0.37 

8.97 0.10 

HeI Valence Ionization Features of BHT-H 
(BHT = 2,6-di-tert-butyl-4-methylphenoxide). 
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mode. Vibrational fine structure has occasionally been observed in the b l and a2 ionizations of 

other monosubstituted benzene molecules.69 In molecules with simple substitutions two 

vibrational modes may be observed, one in the range 1540-1690 cm-l that is similarly assigned to 

the symmetric C-C stretching mode, and one in the range of 520-560 em-l rlepending on the 

heteroatom bound to the benzene ring. We do not independently observe the lower frequency 

vibrational progression, although it may contribute to deviations of the fit from the band contour 

in Figure A3 and influence the frequency we obtain. The important point for this study is that 

ionizations from the b l and a2 orbitals in the neutral ground-state of the molecule give rise to 

vibrational progressions from C-C bond stretching of the phenyl ring of the positive ion. 

The photoelectron spectrum of Me:01(PMe3) (see Figure A2) displays two broad 

features at 9.87 eV and =12.5 eV. These will be referred to as Band III and Band IV, 

respectively, to avoid confusion with the ionizations of BHT-H. Band III is assigned to 

ionization from the AI-P (1 bonding orbital, which is formed primarily from donation of the 

phosphorus lone pair to the AIIII center. This assignment follows from comparison with the 

spectrum of free PMe3 and other metal-PMe3 species.71-73 The ionization energy of the 

phosphorus lone-pair in free PMe3 is 8.58 eV,34 so the position of band III corresponds to a 

stabilization of 1.29 eV for the phosphorus lone pair upon coordination to aluminum in this 

molecule. Very similar values of 1.32 and 1.29 eV, respectively, are seen for stabilization of the 

phosphorus lone-pair on coordination to the transition-metal complexes such as (CO)sMo(PMe3) 

and CpMn(COh(PMe3).71.72 Band IV is assigned to ionizations associated with the he" sets of 

the P-C (1 bonds of the PMe3 ligand and the AI-Me (1 bonds of Me:01(PMe3)' The ionization 

energy of the he" set of P-C (1 bonds in PM~ occurs at 11.31 eV, and hence a stabilizing shifl of 

=0.7-1.0 eV is observed for these ionizations of the complex compared to the corresponding 

ionizations of the free PMe3 ligand. 

A close-up photoelectron spectrum of M~(BHT)AI(PMe3) is shown in Figure AS. The 
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Figure A.S Close-up HeJ spectrum of M~(BH1)Al(PMe3)' 
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7.36 0.63 0.43 1.00 
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first two ionizations correlate with ionizations from the bI and a2 phenyl 3t-orbitals of the 

phenoxide ligand, and are labelled Bands I' and IT', respectively. Band I' lacks resolvable fine 

structure and is best represented by a single broad asymmetric Gaussian peak. The profile of 

this ionization is important to the interpretation of the electronic interactions in this molecule. 

Band II' shows a vibrational progression that is represented by five nearly symmetric Gaussian 

peaks spaced 0.18 ± 0.01 eVapart. This is the same vibrational frequency observed for the 

corresponding ionization of BHT-H, and it is similarly assigned to C-C stretching of the phenyl 

ring. 

Band III', with a vertical IP of 9.3 eV in the spectrum of Me2(BHT)Al(PMe3), is 

assigned to ionization from the Al-P a bonding orbital. This ionization correlates with the 

similar ionization (band III in Figure A2) in the spectrum of Me3Al(PMe3), but occurs at 0.6 

eV lower binding energy. Band III' is best fit by a single asymmetric Gaussian peak which is 

skewed to the higher binding energy side of the band. 

DISCUSSION 

Comparison of the coordinated phosphorus lone-pair ionizations between Me3Al(PMe3) 

and Me2(BHT)Al(PMe3) shows that the interaction between the BHT ligand and the aluminum 

center must involve more than traditional a bonding. Based on the lower group electronegativity 

of the methyl ligand compared to a phenoxide Iigand,74 the aluminum center in the trimethyl 

compound should be more electron rich, and this in turn would destabilize the ionization of the 

phosphine lone pair coordinated to MCJAl relative to Me2(BHT)Al. However, exactly the 

opposite is observed. The phosphorus lone-pair in Me~(PMe3) is shifted 0.53 eV to higher 

binding energy than the corresponding ionization in Mez(BHT)Al(PMe3)' The shapes and 

structures of the individual ionizations, as well as the relative shifts, are particularly interesting. 

The discussion that follows shows that these ionizations provide an array of chemically relevant 

------------,------------ - - --.-
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information, such as the relative strength of the AI-P bonds in these complexes and the ligating 

characteristics of the phenoxide ligand. 

Comparison or the AI.p Bond Strengths. Based on the ionization information obtained 

from the aluminum complexes and the free PMe3 ligand, a qualitative comparison of the AI-P a 

bond dissociation energies in MCJAl(PMe3) and M~(BH1)AI(PMCJ) is readily available. The 

underlying theory has been developed eisewhere7S,76 and will be reviewed here very briefly for 

the case of MeJAl(PMe3) and M~(BH1)AI(PMe3)' The relationship between the AI-P a bond 

dissociation energies in MCJAl(PMe3) and Me2(BH1)AI(PMe3) and the ionization potential of 

this bond in these two molecules is illustrated in Figure A6. Do(AI-P) is the dissociation energy 

of the AI-P bond for the neutral MCJA}(PMe3) and M~(BH1)AI(PMe3) molecules. IP(AI-P) is 

the measured ionization potential from the predominantly AI-P a orbital of the neutral molecule 

to a final ion state, IP(PMe3) is the measured ionization potential of the phosphorus lone-pair 

of the free PMe3 molecule, and Dn(ion) is the AI·p bond dissociation energy from the 

appropriate vibrational state of the molecular Ions of MeJAl(PMe3) or M~(BH1)AI(PMe3)' 

Figure A6 uses the vibrational state corresponding to the vertical ionization energy. The 

individual energy contributions to the energy cycle illustrated in Figure A6 gives the equation: 

Do(AI-P) = Dn(ion) + IP(AI-P) - IP(PMe3) (1) 

The AI-P bond dissociation energy in the molecular ion is a fraction (l) of the AI-P dissociation 

energy of the neutral molecule: 

(2) 

Removal of an electron from a completely covalent bond reduces the bond order by half and 

l""O.5. Oxidation of the complex also contributes to bond weakening in organometallic 

molecules and l (fraction of bond energy left in the positive ion) can tend toward zero. Most 

bonds may be considered to be somewhere between these two extremes. In general, 0.5 2: l 2: 0. 
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Substituting (1) into (2) gives the following equation: 

(1-..t)Do(Al-P) = IP(Al-P) - IP(PMe3) (3) 

Assuming that ..t is approximately the same in MeJAi(PMe3) and M~(BHT)Al(PMe3)' the ratio 

of the Al-P bond strengths in MeJAi(PMe3) and M~(BHT)Al(PMCJ) is given by the ratio of the 

ionization energy stabilization of the phosphorus lone pair with coordination to aluminum: 

= (4) 

Substituting the ionization potentials obtained from this study gives a value of ==1.6 for 

the ratio of the Al-P bond dissociation energies of MeJAi(PMe3) and Me2(BHT)Al(PMe3)' This 

indicates that the Al-P a bond is considerably stronger in MeJAi(PMe3) than in 

Me2(BHT)Al(PMe3)' The reason for the stronger Al-P a bond in Me~(PMe3) is addressed in 

the following sections, where we discuss the experimental evidence for phenoxide Jr-donation. 

Photoelectron Observations of Jr-Donatlon from BIIT to Me2Al(pMe3)' The changes in 

vibrational fine structure of the phenyl Jr ionizations between the free and coordinated phenoxide 

ligand show that the phenoxide ligand has a significant Jr interaction with the M~Al(PMe3) 

portion of the molecule. In the photoelectron spectrum of the free phenol, both the bi (first 

ionization) and the a2 (second ionization) show vibrational progressions associated with the C-C 

skeletal stretching of the phenyl ring. In the coordinated phenoxide ligand the corresponding a2 

ionization retains the vibrational fine structure that is observed in the spectrum of the free 

ligand. However, the fine structure associated with the bi ionization in the free ligand is 

replaced in the coordinated phenoxide by a broad asymmetric Gaussian peak. The obscuring of 

the vibrational fine structure in the bi ionization with coordination is due 10 access to additional 

closely-spaced vibrationally excited positive-ion states. This means that the bl becomes 

Significantly more delocalized with coordination to Me2Al(PMe3) while the localization of the a2 

does not significantly change. The bIorbital has a Jr symmetry interaction with the aluminum 

~-------~ ------ -- "-
--.----~-.. 
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center in the plane of the Al-P bond (vide infra). The additional vibrationally excited positive

ion states with bI ionization arise from vibrational modes associated with the M~Al(PMe3) 

moiety. 

An additional indication of the phenoxide :rc interaction is provided by the Al-P CI 

ionizations. The bandshape associated with the AI-P CI ionization differs considerably between 

Me~(PMe3) and M~(BHT)Al(PMe3)' The band is considerably broader in the latter complex 

and skewed to the high binding energy side, indicating that the ionizat.ion from the Al-P CI 

orbital in M~(BHT)Al(PMe3) gives rise to a larger number of vibrationally excited positive-ion 

states compared to the corresponding ionization in Me~(PMe3)' Because the difference in 

ligand environment between the two complexes lies in the replacement of a methyl group in 

Me~(PlvIc3) b~; a pilenoxide ligand, the observed increase in vibrational states of the positive 

ion associated with the Al-P 0 ionization in M~(BHT)Al(PMe3) compared to Me~(PMe3) is 

due to vibrations associated with the phenoxide ligand. 

In comparing the overall charge potential at the Al center in M~(BHT)Al(PMe3) and 

Me~(PMe3)' the better :rc-donor ability of the phenoxide compared to methyl is countered by 

the poorer 0 donor ability of the more electronegative phenoxide. The M~Al(PMe3) portion of 

the molecule must also have an available empty orbital to accept the :rc electron charge from the 

BHT. The net change in charge potential depends on which of the 0 or :rc factors dominates. A 

destabilization of 0.53 eV is observed for the phosphorus lone-pair ionization in 

Me2(BHT)Al(PMe3) compared to M~(PMe3) indicating a more negative charge-potential at 

the Al center in M~(BHT)Al(PMe3) than in Me~(PMe3)' The magnitude of phenoxide :rc 

donation into an available orbital on M~Al(PMe3) is hence greater than the difference in 0-

donating abilities of the ph en oxide and the methyl ligands. 

Ionization Correlation Diagram. The interactions between the frontier orbitals of the 

BHT ligand and Me2Al(PMe3) indicated by the photoelectron data are illustrated in Figure A 7. 
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The central column in Figure A 7 shows the ionization energies of M~(BHT)AI(PMe3)' The 

relative positions of the occupied frontier orbitals of the BHT and M~AI(PMe3) fragments in 

the molecule are estimated from the ionization energies of the parent molecules, BHT-H and 

Me3AI(PMe3) as specified below. 
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The frontier orbitals of BHT on the right of Figure A 7 are labeled according to their 

primary character, but it should be remembered that the predominantly phenyl n bIorbital 

includes mixing with an oxygen pn orbital. The interactions between the oxygen lone-pair and 

PM bl orbitals are illustrated in Figure AS. The orbitals have the correct symmetry to form 

filled bonding and antibonding n combinations between the oxygen atom and the ring. The 

bonding combination is predominantly oxygen lone-pair in character and is labeled Opnl' while 

the antibonding combination is largely the PM bl. The orbital labeled Opn in Figure A7 is in 

the plane of the phenyl ring and does not overlap with the phenyl n orbitals. 

The AI-P u ionization on the left of Figure A 7 is positioned at the ionization energy 

observed for Me~(PMe3)' The most pertinent interactions involve the predominantly AI-P u 

and u* orbitals, and therefore the virtual AI-P o· orbital is included in the diagram. For clarity, 

the AI-Me u bonds are not included in the diagram because of the relative stability of the AI

Me u bonds observed in the PES of Me~(PMe3)' Similarly, the AI-Me o· orbitals are 

expected to be higher in energy than the AI-P 0* orbital and interact less strongly with the 

phenoxide. In support of these expectations, the crystallographic study of M~(BHT)AI(PMe3) 

shows that the phenoxide ligand is rotated so that the Opnl and PM(bl) orbitals have optimum 

interaction with the AI-P u and o· orbitals (see Figure A 7). Furthermore, the phenoxide ligand 

displays a distinct tilt toward the AI-P bond [O-AI-P = 104.5(2)°]. 

In considering the frontier orbital overlap interactions between BHT and M~AI(PMe3)' 

it is first recognized that the AI-P u and o· orbitals lie on the nodes of the phenoxide a2 ring 
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orbital and the Opn- orbital (which is in the plane of the phenyl ring). The energies of the PM 

a2 and Opn- are not influenced by overlap with the At-P orbitals, and therefore these ionization 

energies of Mez(BH1)AtPM~ are drawn parallel to the corresponding ionizations of BHT-H, 

with the other ionizations of BHT-H adjusted accordingly to the potential field of BHT in the 

molecule. 

The 0p1t'1 and PM b l orbitals have the correct symmetry to interact with the filled At-P 

a bonding orbital (localized on phosphorus) and the unfilled At-P a* orbital (which is largely At 

p1t' in character). The interactions of the At-P a bond with the filled orbitals on the phenoxide 

have a slightly destabilizing influence on the complex since these are filled-filled interactions. 

These filled-filled interactions also do not result in any net electron transfer from the phenoxide 

to the aluminum portion of the molecule. The energy effect of these interactions is observed 

primarily in the additional destabilization of the bl ionization relative to the a2' The separation 

between the vertical bl and a2 ionizations of the free BHT-H molecule is 0.65 eV, and the 

separation of the corresponding ionizations of the coordinated phenoxide is 0.88 eV. The 

additional vibrational modes in the predominantly PM bl ionization of the Me2(BHT)At(PMe3) 

molecule, which obscure the simple C-C ring stretching progression, follow from this mixing. 

The primary mechanism for the transfer of electron density from the oxygen atom to the 

aluminum center is through interaction of the filled Opn-l and PM bl orbitals with the unfilled 

At-P a* orbital. The donation to the antibonding At-P a* orbital also weakens the net Al-P 

bond energy in the Mez(BH1)Al(PMe3) molecule compared to the M~(PMe3) molecule. The 

extra electron density at the aluminum center and the weaker Al-P bond in the phenoxide 

complex compared to the trimethyl complex are observed in the lower ionization energy of the 

At-P a ionization. The formal relationship between the ionization energies and the relative bond 

energies was presented earlier. Thus, the strengthening of the BHT bonding to the complex 

through 1t' donation from the BHT is at the expense of the strength of the aluminum-phosphine 
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bond. 

Comparison with Transition Metal-Phosphine Complexes. The complexes included in 

this study involve a PM<!J ligand bound to a coordinatively unsaturated 3-coordinate 

organometallic aluminum complex. The formal oxidation state of the AI center in these species 

is +3, with no metal electrons indicating an electron-poor system. PMe3 also binds to 

transition-metal fragments such as CpMn(COh and (CO)sMo in the complexes 

CpMn(COhPMe3 and (CO)sMo(PMe3)' A particularly interesting comparison is that of the 

charge characteristics of the metal center in the 'electron-poor' AI main-group fragments to the 

'electron-rich' transition-metal fragments CpMn(COh and (CO)sMo, where the formal oxidation 

states of the metal centers are + 1 and 0 respectively, and each have a formal metal d-electron 

count of 6. 

The ionization potentials of the phosphorus lone-pair in Me2(BH1)Al(PMe3)' 

Me3Al(PMe3), and several transition metal-PMe3 complexes are shown in Table A3. The 

ionization potentials of the phosphorus lone pair in the transition-metal complexes lie at slightly 

higher binding energy than those of the main group. On the basis of formal oxidation states at 

the metal centers, the PMe3 ligand would be expected to have higher ionization energies when 

bound to the main-group fragments. However, the opposite result is observed, indicating that 

formal oxidation states are not sufficient to account for the observed trends of the ionization 

potentials of the phosphorus lone pair in the intact complexes. The phosphorus lone-pair 

ionizations are more dependent on the ligand substitutions on the metal center. A more 

detailed examination of the ligand environment around the metal centers and the relative metal 

nuclear core charges of the respective main-group and transition-metal fragments is under way. 

Further studies, particularly utilizing gas-phase XPS, need to be carried out in order to better 

understand the overall charge potentials in main-group and transition-metal phosphine 

complexes. 
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Compound !EOO:2 

"'PMe3 8.58 

Mez(BH1)AI(PMe3) 9.34 

M~(PMe3) 9.87 

"'CpMn(COhPMe3 9.87 

'" (CO)sMo(PMe3) 9.90 

"'cis-(CO)4Mo(PMe3h 9.53, 9.56 

"'trans-(CO)4Mo(PMe3)2 8.92,10.22 

"'fac-(COhMo(PMe3h 9.06, 9.44 

Table A.3. Ionization Potentials of the Phosphorus Lone Pair in Mez(BH1)AI(PMe3) and 
Some Transition Metal Complexes. 

'" Ref 34 
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CONCLUSIONS 

This study illustrates the value of photoelectron spectral data in examining a variety of 

electronic and thermodynamic features associated with four-coordinate organometallic complexes 

of aluminum. The relationship between experimentally determined ionization potentials and 

bond strengths in M~(PM~) and Me2(BHT)Al(PMC!J) shows that the Al-P a bond in 

Me:;Al(PMe3) is stronger than that in Mez(BHT)Al(PMe3)' The source of the weaker Al-P a 

bond in Mez(BHT)Al(PMe3) traces to phenoxide Jr-donation from an oxygen pJr orbital into the 

empty Al-P a* orbital. The loss of observable vibrational fine structure in the PM bI ionization 

between the free and coordinated ligand, and the change in the bandshape and position of the 

Al-P a ionization between Me:,AI(PMe3) and Me2(BHT)Al(PMe3) provide the evidence of 

phenoxide Jr-donation. The Al-P a ionization occurs at higher binding energy in Me:;Al(PMe3) 

than in Me2(BHT)Al(PMe3) indicating that the positive charge-potential of the Al center is 

greater in Me:;Al(PMe3)' Although Jr-donation into the vacant 3p orbital of a planar, 3 

coordinate, Al center is expected, the presence of Jr-bonding in 4-coordinate Al compounds is a 

new observation. Further studies to investigate the generality and influence of this interaction 

on the chemistry of aluminum compounds are described in Appendix B. 



APPENDIXB 

ELECTRONIC STRUCTURE AND BONDING IN 

FOUR·COORDINATE ORGANOMETALLIC COMPLEXES 

OF ALUMINUM. THE VALENCE PHOTOELECTRON SPECTRA OF 

Me~(py) AND Mez(BHT)A1(py) 

(BHT=2,6.DI. TERT .B1JTYL.4.METHYLPHENOXIDE). 

INTRODUCTION 

In Appendix A the usefulness of photoelectron spectroscopic data in providing an 

experimental probe of 3t.type interactions in four-coordinate organoaluminum complexes was 

demostrated. The ionization information obtained from the photoelectron spectra of 

Me2(BHT)Al(PMe3) and MCJA}(PMe3) provided a wealth of chemical information on the 

relative strength of the Al-P bonds and the nature of the interaction between the BHT ligand 

and the aluminum center in these complexes. 
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In this study photoelectron spectral investigations into the electronic structure and 

bonding in 4-coordinate organoaluminum complexes are continued by observing the electronic 

effects resulting from the replacement of a PMe3 ligand by a pyridine ligand. This appendix 

describes the valence ionizations of Me~(py) and Me2(BHT)Al(py). The valence photoelectron 

spectrum of the free alcohol is included as an aid in the assignment of the ionizations. 

Particular emphasis is placed on the observation of vibrational fine structure in the spectral 

features and the shifts in ionization energies between related compounds, in order to evaluate 

the a and 3t contributions to the Al-O and Al-N bonds. 

RESULTS 

Valence Ionization Bands and Assignments. The He(I) valence photoelectron spectra of 

MC3Al(PY) and Me2(BHT)Al(py) are shown in Figure B.1. The assignment of the spectrum of 
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Me2(BH1)AI(py) is aided by comparison to the spectrum of the BHT-H molecule, which is also 

included in Figure B.1. 

The spectra of BHT-H and the corresponding aluminum molecule show a broad band of 

overlapping ionizations from about 10.5-15.5 eV. This forest of ionizations is due to C-H, C-C 

CI, AI-ligand bonding orbitals, CoN CI, C-C :rc and oxygen lone pairs. Individual assignments in 

this region were not attempted. 

The photoelectron spectrum of Me~(py) (see Figure B.1) displays two broad features 

at about 8.6 eV (band III) and 10.5 eV (band IV). A close-up of the 7-11.5 eV region is shown 

in Figure B.2. Band III is best described in terms of two closely overlapping peaks (1 and 2) 

with IP's of 8.54 eV and 8.90 eV, respectively. Peaks 1 and 2 are assigned to ionizations 

associated with the a2 and bl pyridine :rc-orbitals, on the basis of comparison with the spectrum 

of free pyridine.66,67 The halfwidths associated with peaks 1 and 2 are summarized in Table B.1. 

The ionization energies of the 82 and b l orbitals in free pyridine are 9.60 and 9.75eV 

respectively, so the positions of peaks 1 and 2 correspond to a destabilization of 1.16 and 0.85 

eV respectively for the pyridine :rc-orbitals upon coordination to aluminum in this molecule. 

Band IV is best described as a largely asymmetric Gaussian peak with an ionization 

potential of 10.49 eV (see Figure B.2). Band IV is assigned to ionizations associated with the 

"e" set of the AI-Me CI bonding orbitals of Me3AI(PY) based on the assignment of a similar peak 

in Me~(PMe3).3 The ionization energy of the "e" set of AI-Me CI bonds in Me~(PMe3) occur 

at about 12.5 eV, and hence a destabilizing shift of about 2 eV is observed for these ionizations 

in the pyridine complex compared to the PMe3 complex. 

A close-up photoelectron spectrum of Me2(BHT)AI(py) is shown in Figure B.3. The 

first two ionizations correlate with ionizations from the bl and a2 phenyl :rc-orbitals of the 

phenoxide ligand and are labelled Bands l' and II', respectively. Band l' lacks resolvable fine 

structure and is best represented by a single broad asymmetric Gaussian peak. The profile of 
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Full HeI photoelectron spectra of BHT-H (A), MeJAl(py) (B), and 
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Figure B.2 Close-up HeI spectrum of Me:;AI(py). 
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Figure D.3 Close-up HeI spectrum of M~(BHT)Al(py). 
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Band III 

Band IV 

1 

2 

Position WH !YL Rel.Area 

8.54 0.80 0.26 1.00 

8.90 0.95 0.80 1.41 

10.49 0.70 0.29 3.21 

Table B.1 He(I) Valence Ionization Features of Me~(py). 

Position WII !YL Rel.Area 

Band I' 7.55 0.71 0.45 1.00 

Band II' 1 8.23 0.15 0.15 0.24 

2 8.37 0.15 0.15 0.28 

3 8.51 0.15 0.15 0.20 

4 8.65 0.15 0.15 0.10 

5 8.79 0.15 0.15 0.04 

Band III' 1 9.47 0.41 0.33 1.10 

2 9.80 0.46 0.57 2.68 

Table B.2 He (I) Valence Ionization Features of M~(BHT)A1(py). 
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this ionization is important to the interpretation of the electronic interactions in this molecule. 

Band II' may be represented by five symmetric Gaussian peaks spaced 0.14 eV apart, with 

halfwidths as given in Table B.2. The spacing between Gaussian components in band II' indicate 

that the vibrational frequencies responsible for these components falI in the range 978-1290 cm-

1. Vibrational fine structure has occasionally been observed in the b1 and az ionizations of 

monosubstituted benzene molecules.69 In molecules with simple substitutions, two vibrational 

modes may be observed, one in the range 1540-1690 cm-!, assigned to the symmetric C-C 

stretching mode, and one in the range of 520-560 cm-! depending on the heteroatom bound to 

the benzene ring. In Mez(BHT)Al(PMe3) and Mez(BHT)Al(py) the overall observed frequency 

obtained from a fit of the contour of band II' may be expected to be a weighted average of the 

520-560 and 1540-1690 cm-! frequencies. In Mez(BHT)Al(PMe3) the lower frequency vibrational 

progression is not independently observed, although it may influence the frequency obtained 

from the fit (1350-1550 em-I). In Mez(BHT)Al(py) the contribution of the lower frequency 

progression may be greater than that in Mez(BHT)Al(PMe3) resulting in a lower observed 

frequency. 

Band III' is best described in terms of two closely overlapping peaks (1 and 2) with IP's 

of 9.47 eV and 9.80 eV respectively. These correlate with ionizations from the az and bl 11: 

orbitals of the pyridine ring. This assignment is made on the basis (band III in Figure B.1) of a 

comparison with the spectrum of Me~(py). 

DISCUSSION 

Four-coordinate organoaluminum complexes offer an ideal opportunity to conduct 

fundamental studies on the ligating characteristics of various ligands. The high local symmetry 

of these compounds combined with their low coordination number give rise to spectral 

characteristics that are sufficiently uncomplicated so as to make interpretation of the data 



162 

relatively unambigious. The shapes and structures of the individual ionizations of Me~(py) 

and Mez(BHT)Al(py), as well as the relative shifts, are particularly interesting. The discussion 

that follows shows that these ionizations provide an array of chemically relevant information 

particularly with regard to the ligating characteristics of the BHT and pyridine ligands. 

Photoelectron Observations of 1r-Donatlon from BHT to Me2A1(Py). In Appendix A it 

was established that changes in the vibrational fine structure of the phenyl1r b2 ionization 

between the free and coordinated phenoxide ligand may provide evidence as to whether the 

phenoxide ligand is acting as a 1r-donor to the aluminum center in four-coordinate 

organometallic aluminum complexes. The reasoning behind this has been developed in our 

previous paper7B and only the pertinent points will be summarized here. The phenyl b2 orbital 

is of the correct symmetry to interact with one of the oxygen lone-pair orbitals of the phenoxide 

ligand. This lone pair also acts as a 1r-donor, interacting with the AJ-P u'" orbital. The phenyl 

b2 orbital therefore gains some AJ-P u'" character. In the free ligand, ionization from this 

orbital gives rise to fine structure in the photoelectron spectrum owing to vibrational modes 

associated with the C-C stretching modes of the phenyl ring. However, this ionization in the 

complex gives rise to a broad featureless asymmetric band owing to vibrational modes associated 

with the MezAl(PMe3) moiety as well as the C-C stretching modes of the phenyl ring. Hence, 

the phenoxide ligand is acting as a 1r-donor when the fine structure associated with the b l 

ionization in the free ligand is replaced in the coordinated phenoxide by a broad asymmetric 

Gaussian peak. 

In the spectrum of Mez(BHT)AJ(py), the fine structure of the b2 ionization in the free 

phenoxide ligand has indeed been replaced by a broad featureless asymmetric Gaussian peak. 

This indicates that the BHT ligand has a 1r interaction with the MezAl(py) portion of the 

Me2(BHT)Al(py) molecule. 

The difference in the a2 and bl PM ionizations of the BHT ligand provides an 



experimental measure of the relative extent to which the BHT ligand is acting as a .7t-donor in 

M~(BH1)AI(PMe3) and M~(BH1)AI(py). This difference is 0.88 And 0.S2 eV for 

M~(BH1)AI(PMCJ) and M~(BH1)AI(py), respectively. The similarity of the two values 

indicates that the extent of the :rr interaction of the BHT ligand with the M~AI(PMCJ) and 

M~AI(py) portions of the M~(BH1)AI(PMCJ) and M~(BH1)AI(py) molecules is about the 

same. 
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Ionization Correlation Diagram. The interactions between the frontier orbitals of the 

BHT ligand and M~AI(py) indicated by the photoelectron data are illustrated in Figure B.4. 

The central column in Figure B.4 shows the ionization energies of M~(BH1)AI(py). The 

relative positions of the frontier orbitals of the BHT and Me2AI(py) fragments in the molecule 

are estimated from the ionization energies of the parent molecules, BHT-H and 

Me2(BH1)AI(PMe3), as specified below. 

The frontier orbitals of BHT on the right of Figure B.4 are labeled according to their 

primary character, but it should be remembered that the predominently phenyl .7t bIorbital 

includes mixing with an oxygen p.7t orbital. The interactions between the oxygen lone-pair and 

PM orbitals are illustrated in Figure AS. The orbitals have the correct symmetry to form filled 

bonding and antibonding .7t combinations between the oxygen atom and the ring. The bonding 

combination is predominantly oxygen lone-pair in character and is labeled Op.7tI in Figure B.4, 

while the antibonding combination is largely the PM bl . The orbital labeled Op.7t in Figure B.4 

is in the plane of the phenyl ring. 

The AI-N u ionization on the left of Figure B.4 is positioned as being more stable than 

the oxygen lone pairs of the BHT ligand in view of the relative IP's associated with the nitrogen 

and oxygen lone pairs in free pyridine and alcohols respectively. The most pertinent interactions 

involve the predominently AI-N u and u" orbitals and therefore the virtual AI-N u* is included 

in the diagram. For clarity the AI-Me u bonds are not included in the diagram because of the 
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relative stability of the AI-Me u bonds observed in the PES of Me:0l(PMCJ) (the position of the 

AI-Me u bonds in M~(BHT)AI(Py) is not accurately reflected in MCJAl(py) for reasons outlined 

in the last section). 

In considering the frontier orbital overlap interactions between BHT and M~Al(py), it 

is first recognized that the AI-N u and u* orbitals lie on the nodes of the phenoxide a2 ring 

orbital and the OJm orbital (which is in the plane of the phenyl ring). The energies of the Plm 

a2 and Opn are not influenced by overlap with the AI-N orbitals, and therefore these ionization 

energies of Mez(BHT)AI(py) are drawn parallel to the corresponding ionizations of BHT-H, with 

the other ionizations of BHT-H adjusted accordingly to the potential field of BHT in the 

molecule. 

The Opnl and Plm bl orbitals have the correct symmetry to interact with the filled AI

N u bonding orbital (localized on nitrogen) and the unfilled AI-N u* (which is largely AI Jm in 

Character). The interactions of the AI-N u bond with the filled orbitals on the phenoxide have a 

slightly destabilizing influence on the complex since these are filled-filled interactions. These 

energy interactions are observed primarily in the additional destabilization of the bl ionization 

relative to the a2' The separation between the vertical bl and a2 ionizations of the free BHT-H 

molecule is 0.65 eV, and the separation of the corresponding ionizations of the coordinated 

phenoxide is 0.82 eV. The additional vibrational modes in the predominently Plm bl ionization 

of the M~(BHT)A1(py) molecule, which obscure the simple C-C ring stretching progression, 

follow from this mixing. The interaction of the filled OJml and PM bl orbitals with the unfilled 

AI-N u* results in additional stabilization of the complex and the transfer of electron density 

from the oxygen atom to the aluminum center. The strengthening of the BHT bonding to the 

complex is at the expense of the strength of the aluminum-pyridine bond. 

The Relative Strength of the u Interaction of BIIT With Me2A1(pMe3) and Me2AI(py). 

A comparison of the shift of the ionization potentials associated with the Plm orbitals of the 
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BHT ligand in Me2(BH1)A1(PMe3) and M~(BH1)A1(py) provides a measure of the relative 

strength of the a interaction of the BHT with the M~A1(PMe3) and M~A1(py) portions of the 

molecules. The reasoning may be developed as follows. The greater the a interaction of the 

oxygen lone pair of the BHT ligand with Me-,lAl(PMe3) or M~A1(py), the larger the positive 

Charge-potential of the oxygen atom of the BHT ligand in these complexes. This would result in 

a stabilization of the Ph.n' ionizations of the BHT ligand. The Ph.n' ionizations in 

Me2(BH1)A1(py) are stabilized relative to the same ionizations in M~(BH1)A1(PMe3)' This 

indicates that the BHT ligand has a greater a interaction with M~A1(py) than M~A1(PMe3)' 

This is consistent with the relative a inductive effects of the pyridine and trimethylphosphine 

ligands. 

Correlating the AI-Me a and Pyridine :rc Ionizations. Comparing the shifts between the 

AI-Me a ionizations in Me~(py) and Me~(PMCJ) and the pyridine :rc a2 and bl ionizations 

between the free and coordinated ligand in MCJAi(py) reveals an interesting correlation. The 

AI-Me a ionizations in Me~(py) are destabilized by ==2 eV compared to the corresponding 

ionizations in Me~(PMe3) while the pyridine :rc a2 and bl ionizations are destabilized 1.16 eV 

and 0.85 eV, respectively, compared to the free pyridine ligand. At first glance these 

observations may seem surprising. The PMe3 ligand is considered to be a better a-donor than 

the pyridine ligand. According to simple charge-potential considerations the AI-Me a ionizations 

may therefore be expected to be at lower ionizations potentials in MCJAi(PMe3)' Furthermore, 

the coordination of the pyridine ligand to the AI center in Me3A1(PY) results in a transfer of a

donor charge-density from the nitrogen atom to the AI center. The inductive effects produced 

upon coordination may be expected to give rise to higher ionization potentials associated with 

the pyridine :rc a2 and bl ionizations for the coordinated compared to the free ligand. In both 

instances however, the opposite effects are observed, indicating that a closer examination of the 

factors responsible for the observed trends must be sought. 
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The correlation of the destabilizing trends in the AI-Me a and pyridine n ionizations 

suggests that the charge densities in the pyridine n orbitals (the 'a', az and b1) and the AI-Me a 

orbitals are in sufficiently close proximity to experience coulombic repulsion. This gives rise to 

the observed destabilizing shifts in the AI·Me a and pyridine n ionizations. The magnitude of 

the destabilizing shift is less for the pyridine n than the AI-Me a ionizations. This may be 

traced to the stabilizing inductive effect of pyridine coordination on the pyridine n ionizations 

discussed earlier. 

CONCLUSIONS 

This study illustrates the value of photoelectron spectral data in examining a variety of 

electronic features associated with four-coordinate organoaluminum complexes. The BHT ligand 

is acting as a stronger a donor to MezAl(py) than MezAl(PMe3) as shown by the stabilization of 

the PM ionizations of the BHT ligand in Mez(BHT)AI(py) compared to Mez(BHT)AI(PMe3)' 

The loss of observable vibrational fine structure in the PM b l ionization between the free and 

coordinated BHT ligand provides evidence of phenoxide n-donation. The extent of n interaction 

of the BHT ligand with MezAl(PMe3) and MezAl(py) are very similar as shown by the similarity 

of the splits of the PM ionizations in Mez(BHT)Al(PMe3) and Mez(BHT)Al(py). Coulombic 

repulsion between the Charge densities in the pyridine n orbitals and the AI-Me a orbitals was 

shown to be occurring in Me~(py). 



APPENDIX C 

ELECTRONIC STRUCfURE AND BONDING IN (1J3_P3) ORGANOMETALLIC 

COMPLEXES. THE VALENCE PHOTOELECTRON SPECTRUM 

OF (1J3_P3)W(OCHzBu'hNMeZH. 

INTRODUCTION 
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Recently, there has been an increasing interest in transition metal complexes which 

contain a transition metal fragment such as CpMn(CO)z, (CO)4Fe or W(CO)s bonded to a 

main-group ligand, where the main-group element is something other than carbon, and the main

group ligand something other than commonly encountered ligands such as phosphines and 

alkoxides.79-8Z Fehlner83 has termed this 'inorganometallic chemistry' and some of the ligands of 

interest include such fascinating species such as BzHs-, BH4-, As2. As3 +, Ass- as well as 'bare' 

main-group atoms. These complexes encompass a widely diverse spectrum of structural and 

bonding types, some examples of which are shown in Figure c.l. 

In order to begin to rationalize the reactivity and bonding characteristics of these 

complexes, detailed studies of the electronic structure of these complexes must be carried out. 

Of particular interest are the ligating characteristics of these inorganometallic ligands as well as 

the electronic and steric factors which influence the thermodynamic stability of these complexes. 

Photoelectron spectroscopy provides a direct experimental probe of the bonding 

characteristics and electron distribution within a molecule. To date, however, photoelectron 

spectroscopic studies on these complexes have been particularly sparse. Fehlner and co-workers 

have compared the electronic structures of Cp(CO)zFe(B2HS) and (CO)4Fe(CzH4).84 The study 

showed that while both the ;c and ;c* orbitals of the CzH4 ligand are important in describing the 

FeCz interaction, as regards B2HS-, the FeB2 interaction occurs principally in a single molecular 

orbital which corresponds to a three-center two-electron bond. Hoppe and Lichtenberger8s have 

compared the photoelectron spectra of structurally similar alkylidyne 
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Figure C.l Examples of 'inorganometallic' complexes. 
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and nitride complexes of the type (E)Mo(ORh (E= N,CR; R= CI, OCMe3, OCMezCF3' 

OCMe(CF3)z). The HOMO in the nitride complexes was assigned to the nitrogen lone-pair and 

comparison of the ionization potentials associated with the Mo-N x and Mo-C x bonds showed 

that the nitrogen atom is better able to withdraw electron density from the metal center than the 

alkylidyne ligand. Investigations into the electronic structures of transition metal fragments 

bonded to a 'bare' main-group element have been carried out by Hinch and Lichtenberger86 who 

obtained the photoelectron spectra of [Cp(CO)zCr)z(.u-S) and [Cp(CO)zCrhCll-Se). These 

investigations have supported the theoretical results of Kostic and FenskeB7 (using the Fenske

Hall methOd) which describe the metal-heteroatom core as Cr=E=Cr rather than Cr=E=Cr. 

The set of chromium-main group double bonds were shown to result from a three-center four

electron interaction. These studies illustrate the usefulness of PES data in helping to explain 

the fundamental electronic characteristics of these compounds. 

With this in mind it was decided to undertake a PES study of the ligating characteristics 

of the cyclophosphopropenylligand. The cyclophosphopropenyl ligand, P3+, represents a 

fascinating isolobal and isoelectronic 'in organometallic' analogue of the far more commonly 

encountered cyclopropenyl ligand, yR3+' While cyclopropenyl complexes featuring metals in 

high and low oxidation states are quite widespread, cyclophosphopropenyl complexes, in contrast, 

are in relatively short supply. The complex (,,-P3)W(OCH2BulhNMe2H represents a particularly 

well structurally characterized phosphocyclopropenyl complex. The X-ray crystal structure of this 

complex (shown schematically in Figure C.2) reveals an 'umbrella' arrangement of the alkoxide 

and NMe2H ligands around the metal center with the P3 ring occupying the apex position. The 

WoP bond distances and P-P-P angles are nearly equivalent (about 2.5 A and 60°, respectively). 

The well defined structural characteristics of this complex make it an ideal compound for 

probing the electronic structure and bonding characteristics of this class of complexes. This 

Appendix describes the valence ionizations of (,,3_P3)W(OCH2BulhNMezH. 
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Figure C.2 Schematic of the (1l3.P3)W(OCH2ButhNMe2H molecule. 
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Particular emphasis is placed on correlating the electronic structure information obtained from 

PES with the likely chemical reactivity of these compounds. 

RESULTS 

BaCkground DescriptIon of the Electronic Structure. The electronic structure of (,p

P3)W(OCH2ButhNM~H is most easily discussed utilizing a fragment approach,S7 in which the 

molecule is partitioned into the P3 + ligand and the metal fragment, W(OCH2ButhNM~H-. 

Figure C.3 illustrates the frontier orbitals of P3 + and W(OCH2ButhNM~H-. The 

frontier orbitals of the P3+ ligand comprise an 'a' and 'e'set. The filled 'a' orbital is 1r bonding 

with respect to the ring while the empty 'e' set is antibonding with respect to the ring (the 

nonplanarity of the P3 ring in the complex renders the 'e' set nondegenerate; however, in Yv 

symmetry, these orbitals are degenerate and the 'e' label will be retained for convenience). Both 

the orbitals comprising the 'e' set possess a single node each, the location of the nodes indicated 

by the dashed lines in Figure C.3. In W(OCH2ButhNM~H' the metal center is formally W(II), 

d4, and these metal electrons reside in orbitals of largely dyz and dxz character. The tungsten s, 

Pz' dx2_y2 and dxy orbitals are involved in bonding to the alkoxide and NMe2H ligands, leaving 

three empty valence W levels, the dz2, Px and Py. The dz2 level is likely to be the only level of 

sufficient stability to interact with the P3 + ring as the energies of the Px and Py orbitals are 

likely to be raised owing to mixing with filled metal-ligand 0 bonding orbitals containing dx2_y2 

and dxy character. 

On allowing the P3 + and W(OCH2ButhNM~H' fragments to interact, the filled ring 'a' 

orbital will donate electron density to the empty dz2 of the metal fragment while the filled dxz 

and dyz orbitals of the metal fragment donate electron density to tbe acceptor 'e' set of the P3 + 

ligand. Three bonding interactions exist between the P3 ring and the metal center in (rp

P3)W(OCH2ButhNMe2H. These metal-ring bonding orbitals, together with the phosphorus 
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Figure C.3 The frontier orbitals of P3+ and W(OCHzButhNMezH-. 



lone-pairs of the P3 ring, the oxygen lone-pairs of the alkoxide ligands and the metal-ligand CJ 

bonds comprise the principal qualitative electronic characteristics of (1]3-

P3)W(OCH2Bu'hNM~H. 
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A number of questions remain unanswered. Among them include the relative energy 

ordering of the valence orbitals, the nature of the molecular orbitals comprising the phosphorus 

and oxygen lone-pairs as well as the presence or absence of alkoxide n-donation. 

Calculations In order to examine these questions more closely, Fenske-Hall calculations 

were performed on the model compound (1]3_P3)Mo(OHhNH3' The results of the calculation is 

presented in Figure C.4. The interaction between the frontier orbitals of the P3 + and 

Mo(OHhNH3- matches the qualitative description provided earlier for (1]3-

P3)W(OCH2Bu'hNMe2H. As a result, only those features of the calculations relevant to the 

questions posed above will be pointed out. 

The energy ordering of the orbitals of (1]3_P3)Mo(OHhNH3 predicted by Fenske-Hall 

calculations is as follows, metal-ring n bonds, phosphorus lone-pairs, the metal-ring 'a' orbital, 

the oxygen lone-pairs and the metal-ligand CJ bonding framework (the Mo-O and Mo-N CJ bonds). 

The phosphorus lone-pairs comprise an 'a' orbital and an "e' set and these orbitals appear to be 

quite delocalized indicating that the 'lone-pair' label may well be a misnomer. Nonetheless, for 

the sake of convenience the label will continue to be used. The oxygen lone-pairs of the 

alkoxide ligands (12 electrons in all) break up into two 'a' orbitals about 0.1 eV apart, followed 

by an "e' set (roughly 0.7 eV from the 'a' orbitals) and then another "e' set. To conclude, the 

alkoxide ligands show no evidence of n-donation. 

Valence Ionization Bands And Assignments. The full photoelectron spectrum of (rp

P3)W(OCH2BulhNM~H is presented in Figure C.S. The region from about 11.0-15.5 eV 

consists of a broad continuum of ionizations from primarily C-H CJ, C-C CJ, pop CJ, WoO CJ and 

WoN CJ orbitals. Individual assignments in this region will not be attempted. 
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The molecular orbitals of (,p-P3)W(OCH2BulhNM~H as revealed by Fenske
Hall calculations. 
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Figure C.S Full HeI photoelectron spectrum of (,p.P3)W(OCH2BulhNM~H. 
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Position WII ~ Rel.Area 

Band I 7.57 0.39 0.27 0.09 

Band II 7.89 0.39 0.27 0.09 

Band III 8.73 0.19 0.26 0.07 

Band IV 8.92 0.39 0.23 0.14 

Band V 9.88 0.70 0.70 1.00 

Table C.I He(I) Valence Ionization Features of (713.P3)W(OCH2BulhNMe2H. 
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A close-up of the 7.0-10.5 eV region is presented in Figure C.6. The spectrum consists 

of three distinct bands, A, Band C, with ranges of about 7-8 eV, 8-9.2 eV and 9.2-10.2 eV 

respectively. Figure C.6 also presents a model of the band contours associated with A, Band C. 

A summary of the model is presented in Table C.l. Band A comprises two overlapping peaks, I 

and II, with ionization potentials of 7.57 eV and 7.89 eV respectively. These are assigned to 

ionizations from the metal-ring 1r bonding orbitals. These assignments are based on analogous 

compounds such as (M~OChMo(CCMe3) and (7J3-But3~)Co(COh where the leading ionization 

band is assigned to the metal-alkylidyne carbon 1r bonds and metal-ring 1r bonding orbitals 

respectively.85 Peaks III and IV with ionization potentials of 8.73 eV and 8.92 eV respectively, 

comprise band B. These are assigned to ionizations associated with the 'a' orbital and 'e' set of 

the phosphorus lone-pairs of the P3 ring according to the energy ordering suggested by the 

calculations mentioned earlier. Further support for the assignment comes from a consideration 

of the relative peak areas associated with III and IV. Peak IV has nearly twice the area of peak 

III indicating that twice as many electrons are responsible for the ionization associated with peak 

IV. Band C is fit with a single broad asymmetric gaussian peak with an ionization potential of 

9.88 eV. The 'a' orbital and the 'e' set of the oxygen lone-pairs of the alkoxide ligands are 

assigned to this peak. This is in accordance with the ionizations assigned to the oxygen lone

pairs of the alkoxide ligands in (Me30C)JMo(CCMe3) which occur at similar ionization energies 

(9.1 and 9.3 eV for the a and e set) and which shares the similar ~v arrangement of alkoxide 

ligands around the metal center. Furthermore, the calculations suggest that the metal-ring 'a' 

orbital bonding orbital may also be under this band. 

DISCUSSION 

The ionization information on the 7J3_P3 complex discussed above yields fundamental 

insights into the electronic structure and bonding in high oxidation state cyclophosphopropenyl 
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complexes. It is useful to compare this information with that obtained for complexes bearing 

ligands isolobal to the P3 + ligand in order to highlight the similarities and differences in the 

ligating characteristics of the respective ligands. We begin by considering the n-accepting ability 

of the P3 + ligand in relation to the isolobal carbyne ligand. 

Photoelectron Observations or Relative n-acceptlng abilities. Both the 

cyclophosphopropenyl and carbyne ligands are cationic two-electron C1 donating ligands which 

possess two empty orbitals capable of back-accepting d metal electron density from an electron

rich metal center. Photoelectron information regarding the relative C1 donation of these ligands 

is difficult to obtain as these ionizations are in regions of the spectrum which have overlapping 

ionizations from C-C and C-H bonds. However, information regarding the relative n donating 

abilities of these ligands may be directly obtained from the 'metal' and ligand based ionizations. 

A comparison of the ionization potentials associated with the oxygen lone-pairs of the 

alkoxide ligands in (7J3-P3)W(OCH2BulhNMe2H and (Me3COhMo(CCMe) indicates that a close 

examination of the ionization information from these two complexes is necessary. The ionization 

potentials associated with the oxygen lone-pairs in (7J3_P3)W(OCH2ButhNM~H are shifted"" 0.5 

eV to higher binding energy compared to the corresponding ionizations in 

(Me3COhMo(CCMe3)' This result is somewhat surprising as the 'extra' NMe2H ligand in the 

P3 complex may be expected to lower the positive charge at the W center resulting in lower 

ionization potentials for the oxygen lone-pairs. Furthermore, the geometry of the two complexes 

are very similar and calculations have indicated that the alkoxide ligands are not acting as n

donors. Explanations invoking geometrical effects and\or alkoxide n-donation may therefore be 

ruled out. 1\vo explanations may be offered to account for the puzzling observation. First, the 

more radially diffuse nature of the tungsten d wavefunctions may result in a better overlap with 

the alkoxide SALC's resulting in a more effective transfer of donor electron density from the 
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alkoxide ligands to the metal center. Second, the P3 + ligand may be a significantly better n

acceptor than the alkylidyne ligand CCMe+. The greater removal of metal d-electron density by 

the P3+ ligand enables the tungsten center to accomodate negative charge from the alkoxide 

ligands more effectively. 

Comparing the ionization potentials of the 'metal' levels in (1/3-

P3)W(OCH2But)~M~H and (M~OChMo(CMeh provides strong evidence favoring the latter 

explanation. These 'metal levels' arise in the complexes due to interactions between the n

donor orbitals of the metal fragments W(OCH2ButhNM~H- and Mo(OCMe3h- and the 

acceptor orbitalS of the P3+ and CCMe3+ ligands, respectively. The metal levels of the 

alkylidyne complex are a degenerate set with an ionization potential of 7.89 eV while the metal 

levels of the P3 complex are a non-degenerate set of orbitals with ionization potentials of 7.57 

eV and 7.89 eV. The n-donor orbitals of the W(OCH2ButhNM~H- fragment is less stable than 

that of the Mo(OCMe3h- fragment owing to the lower positive potential of the tungsten center 

in W(OCH2ButhNM~H- due to the presence of the 'extra' NM~H ligand. Interaction with the 

acceptor orbitals of the P3 + and CCMe3 + ligands stabilizes the metal levels of the fragments in 

the complexes. The ionization potentials of the metal levels in the P3 complex and the 

alkylidyne complex are very similar. This indicates that interaction with the acceptor orbitals of 

the P3+ ligand stabilized the 'metal' levels of W(OCH2ButhNM~H- to a greater extent than 

CCMe+ stabilized the 'metal' levels of the Mo(OCMe3h- fragment. This provides firm evidence 

that the P3+ ligand is acting as a better n-acceptor than CCM~+. 

In order to relate the superior n-accepting ability of the P3+ ligand to the nature of its 

n-acceptor orbitals, Fenske-Hall calculations were performed on the P3 + and CMe+ ligands. 

The results of these calculations are presented in Figure C.7. Not surprisingly, the n-acceptor 

orbitals of the alkylidyne ligand are more stable than those of P3 +, as the n-acceptor orbitals of 

the alkylidyne ligand are largely carbon Px and Py orbitals which are largely nonbonding in 

--------------



182 

CMe+ 
12 

, , e== 

16 

(-eV) 

20 

a---.. 

Figure C.7 The frontier orbitals of P3 + and CMe+ revealed by Fenske-Hall calculations. 
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character while those of P3+ are:r antibonding with respect to the P3 ring. Two opposing 

factors determine the relative :r-accepting ability of these ligands. First, as the :r-acceptor 

orbitals of the alkylidyne ligand are more nonbonding than those of the phosphocyclopropenyl 

ligand, acceptance of metal electron density will destabilize the alkylidyne ligand to a lesser 

extent than the phosphocyclopropenyl ligand. Second, the closeness of the energy and symmetry 

match of the ligands and their respective metal fragments. The experimental observation that 

the P3+ ligand is acting as a better :r-acceptor suggests that the predominent factor is a closer 

energy and symmetry match between P3+ and W(OCH2BulhNMe2H" compared to the 

corresponding situation for the alkylidyne case. 

The Phosphorus Lone-Pairs or PJ + as Ligands? Phosphorus ligands feature prominently 

in organometallic chemistry. Phosphines, in particular have become as commonly encountered as 

the ubiquitous carbonyl and cyclopentadienyl ligands. Photoelectron spectroscopic and 

theoretical studies on systems such as (CO)sM(PR3)34,35 (M=Mo, W, R= Me, Ph, Bul etc.) and 

CpMn(CO)z.n(PMe3)n34 (n=I,2) have established that coordination of the phosphine ligand to a 

coordinately unsaturated transition metal fragment occurs via a donation of the phosphorus 

lone-pair to the empty acceptor orbital of the metal fragment. The degree of interaction 

between the donor orbital of the phosphine and the acceptor orbitals of the metal depends upon 

the closeness of the symmetry and energy match of the respective orbitals. 

A fascinating question arises, are the phosphorus lone-pairs of the P3 + ligand capable of 

acting as donor electrons to the appropriate metal fragment giving rise to such species as 1 and 

2 ? (see Figure C.8) In order to provide a possible answer to this question, the energy and 

nature of the phosphorus lone-pair orbitals in (,p-P3)W(OCH2BulhNMezH must be considered 

in more detail. 

Table C.2 presents the ionization potentials of the phosphorus lone-pairs associated with 

the P3 + ligand in the complex along with those of various commonly encountered phosphine 
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184 



Table C.2 

Compound ~ 

PMe3 8.58 

PEt3 8.31 

Ionization Potentials of the Phosphorus Lone Pairs in (rp
P3)W(OCH2ButhNMe2H, PMe3, PEt3 and PBut3' 
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ligands.92 In general, the lower the ionization potential of the phosphine lone-pair, thebetter 

the energy match with the acceptor orbital of a metal fragment. On these terms, the phosphorus 

lone pairs of the P3+ ligand are seen to compare quite favorably with those of the phosphine 

ligands. 

In order to investigate the nature of the phosphorus lone-pair orbitals, Fenske-Hall 

calculations were performed on the P3+ ligand using the crystal coordinates of (rp

P3)W(OCH2ButhNM~H. The phosphorus lone pairs may be considered to be made up of an 

'a' and 'e' set. Each of the three orbitals is made up of similar contributions from the p.7r 

orbitals of the phosphorus atoms, indicating that these molecular orbitals possess a delocalized 

nature. The lack of localization of the 'lone pairs' indicates that the interaction of the 'lone 

pairs' with a metal fragment is likely to be small. 

Metallaphosphocyclopropenyl vs Metallaphosphocyclobutadiene. The interconversion 

between metallacyclobutadiene and metallacyclopropenyl complexes93 has been the subject of a 

great deal of research owing to its relevance in alkyne metathesis and polymerization reactions of 

alkylidynes where these complexes are implicated as intermediates. Schrock and co-workers have 

succeeded in achieving this experimentally in a number of cases; most notably, the addition of 

tmeda to the cyclobutadiene complex (Et3y)WCI394 results in coordination of the tmeda ligand 

and subsequent transformation to the cyclopropenyl complex (Et3y)WCI3(tmeda). Goddard and 

co-workers93 have studied the interconversion between the two types of complex theoretically 

using the GVB MO method. Their results indicate that in the cyclopropenyl complex, the bonds 

are of a more delocalized nature than those of the corresponding cyclobutadiene, which 

conforms to the idea of two single M-C u bonds, one M-C .7r bond and one C-C double bond. 

For the (yH3)WCI3 system studied, the cyclopropenyl complex was calculated to be more 

thermodynamically stable than the cyclobutadiene complex by about 20 kcal/mol. 

The presence of interconversion between metallacyclobutadiene and metallacyclopropenyl 
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complexes immediately raises two fascinating questions. Firstly, why is the phosphocyclopropenyl 

form the more thermodynamically stable in (,p.P3)W(OCH2ButhNMezH compared to the 

phosphocyclobutadiene form and secondly, what are the electronic factors which may give rise to 

the interconversion of the phosphocyclopropenyl form in (1}3.P3)W(OCH2ButhNMe2H to the 

phosphocyclobutadiene complex. 

In order to explore these questions in more detail, Fenske·Hall calculations were 

carried out on the phosphocyclobutadiene form of P3 + using the angles between the phosphorus 

atoms from that between the carbon atoms in (Me3CMeCMe)WCI3 and p.p distances taken 

from the P3 ring in (1}3.P3)W(OCH2ButhNMe2H. Figure C.9 presents the frontier orbitals of 

the phosphocyclopropenyl and phosphocyclobutadiene forms as revealed by Fenske·Hall 

calculations. The reason for the preference of the phosphocyclopropenyl over the 

phosphocyclobutadiene form is immediately obvious. In the phosphocyclopropenyl complex there 

are three bonding interactions, as discussed earlier. In the phosphocyclobutadiene complex, 

however, only two bonding interactions are present, from the filled 'a' orbital of the P3+ ligand 

to the empty dz2 and the filled metal dxz to one of the P3 + 'e' orbitalS. The third interaction h 

overall nonbonding since it is a filled-filled interaction between the metal dyz orbital and the pn 

orbital of the P3+ ligand. The larger number of bonding interactions available to the 

phosphocyclopropenyl complex results in the preference for the phosphocyclopropenyl form in 

(1}3.P3)W(OCH2ButhNMezH. 

Figure C.9 also reveals that a possible means of obtaining a phosphocyclobutadiene 

would be to create another bonding interaction. An ideal interaction would be between the 

filled nz orbital of the P3+ ligand and an unfilled metal dx2.y2 orbital. In the 

W(OCH2ButhNMezH- fragment this orbital is largely W·O a antibonding and occupation of this 
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orbital would result in weakened WOO a bonds. However, if we remove the NM~H ligand 

andmove anyone of the OCHzBut ligands to its place this would generate a metal fragment with 

a largely empty nonbonding acceptor orbital of largely dxZ_yZ character. Hence the probability of 

obtaining the phosphocyclobutadiene complex is greater for complexes which have a lower 

electron count. This behaviour is analogous to that seen in Schrock type metallacyclobutadiene 

and metallacyclopropenyl complexes. 

CONCLUSIONS 

This study of the ionization characteristics of (1J3_P3)W(OCHzButhNM~H has revealed 

a great deal of information on the electronic and thermodynamic features associated with 

metallaphosphocyc1opropenyl complexes. Based on the shifts of the 'metal' and oxygen lone

pair ionizations between (1J3_P3)W(OCHzButhNM~H and (Me30ChMo(CCMe3), the P3+ 

ligand was concluded to be a better .rr-acceptor than the CCMe+ ligand. The phosphorus lone 

pairs of the P3+ ring are likely to be poor a donors, owing to the delocalized nature of the 'lone 

pairs'. To conclude, metallaphosphocyclopropenyl complexes are favored over 

metallaphosphocyc1obutadienes for higher dD electron counts, analogous to the behaviour seen in 

Schrock-type metallacyc10butadiene and metallacydopropenyl complexes. 



APPENDIX D 

ELECTRONIC STRUCTURE AND BONDING IN 

OCfAHEDRAL FISCHER CARBYNE COMPLEXES. THE VALENCE 

PHOTOELECTRON SPECTRA OF CI(CO}z(tmeda)W(CPh). 

lNTRODUCTION 
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There are two major classes of organometallic complexes in which there is a formal 

transition metal-carbon triple bond, the Fischer carbynes9S,96 and the Schrock alkylidynes.97,98 

In general, the Fischer carbynes are six-coordinate possessing octahedral-like geometry while the 

Schrock alkylidynes are largely four-coordinate with distorted tetrahedral geometry as shown in 

Figure D.l. For the purposes of electron counting the carbyne ligand may be viewed either as 

CR + (where the ligand donates two electrons to the metal center to form the M-C (j bond and 

accepts four electrons from the metal center to form the M-C:It bonds) or CR3- (where the 

ligand donates six electrons to the metal center to form the M-C (j and two M-C :It bonds). 

Whichever formalism one chooses, in the Schrock alkylidynes the metal center is in a high

oxidation state while in the Fischer carbynes, the metal center is in a low-oxidation state 

(relatively electron rich). 

Although first discovered99 over two decades ago, the Fischer carbynes remain an active 

source of interest to researchers. These complexes possess a rich and varied chemistry, a 

sampling of which includes carbyne-carbonyl coupling, possible intermediates in the Fischer

Tropsch reactionlOO and catalysts for the polymerization of alkynesl01 and ring opening 

metathesis polymerization of cycloolefins.102 In addition to an extensive reaction chemistry, 

Fischer carbynes of the type X(COhL:lM(CPh) (X= Br, L=tmeda, M=Mo, W) have been 

demonstrated to PO.5sess the intriguing physical property of chemiluminescence.103 The 

widespread interest in these compounds has prompted a number of theoretical studieslO4,lOS into 

the electronic structure and bonding characteristics of carbyne complexes. 



R = alkyl, phenyl 

L = alkyl, alkoxide 

X= halogen 

Figure D.l Schematic of Fischer and Schrock carbynes. 
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Spectroscopic studies on octahedral Fischer carbynes have not been as forthcoming, 

however, largely due to the thermal instability of the tetracarbonyl carbynes, X(CO)4M(CPh). 

The discovery by Fischer107 that substitution of two carbonyl ligands by nitrogeneous or 

phosphine ligands gives added thermal stability to carbyne complexes has been exploited by Mayr 

and co-workers resulting in the synthesis and characterization of a large number of carbyne 

complexes of the general formula, X(C02)LzM(CPh) (X=Br, Lz=py, dmpe, tmeda etc.).l08 

These thermostable carbyne complexes are far more amiable to spectroscopic investigation than 

their thermolabile counterparts. The thermostability of the Fischer-Mayr type carbyne complexes 

prompted us to undertake a photoelectron study of this type of complex. 

This study presents the first experimental probe of the electronic structure and bonding 

characteristics of the Fischer carbynes utilizing photoelectron spectroscopy. This appendix 

describes the valence ionizations of CI(CO)z(tmeda)W(CPh). Particular emphasis is placed on 

correlating the ionization information on the Fischer carbyne with that of similar ionizations in 

(OCMe3hW(CPh) in order to compare the electronic characteristics of Fischer and Schrock 

carbynes. 

RESULTS 

Background Description or The Electronic Structure. In order to facilitate the 

assignment of the valence photoelectron spectrum of CI(CO)z(tmeda)W(CPh), it is first helpful 

to clarify the metal d electron configuration and the general nature of the valence orbitals in 

octahedral Fischer carbynes. 

Considering the carbyne ligand as a two-electron donor, CPh+, the metal center in 

CI(CO)z(tmeda)W(CPh) is formally W(O) with six metal electrons, four of which comprise the 

W-C Jr bonds and two which are localized on the metal. In the coordinate system used, the 

metal is placed at the origin, the CPh+ and CI- ligands along the z-axis and the carbonyl and 

------- -.----
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Figure D.2 Coordinate system used for CI(COh(tmeda)W(CPb). 
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nitrogenous ligands in the equatorial x-y plane (see Figure 0.2). In this roordinate system, the 

metal electrons reside in a dxy orbital which backbonds symmetrically into the CO 1t'" acceptor 

orbitals of 2 carbonyls and comprises the HOMO. The W-C 1t bonds (labelled M-C 1tI and M

C 1t2) are formed by the interaction of the filled metal dxz and dyz orbitals of the 

CI(COh(tmeda)W- fragment with the empty carbon Px and Py orbitals of the CPh+ ligand. Each 

of the M-C 1t bonds backbonds into the CO 1t* orbital of 1 carbonyl. The Ph 1t orbitals of the 

carbyne ligand correspond to the orbitals associated with the phenyl ring in such 

monosubstituted benzene compounds as monofluorobenzene. These compounds possess ~ 

symmetry and the Ph 1t orbitals consist of one orbital possessing a2 symmetry and another with 

b i symmetry. The nature and nodal characteristics of these orbitals are illustrated below. The 

a2 orbital has a node at the phenyl substituent while the node in the bIorbital passes between 

the two halves of the ring. Although the phenyl ring of the carbyne ligand possesses only C; 

symmetry and both the Ph 1t orbitals therefore possess a symmetry, the nature of the Ph 1t 

orbitals is the same as in phenyl compounds possessing higher symmetry and so the a2 and bI 

labels will be retained when referring to the Ph 1t orbitals of the carbyne ligand. The Ph :It bI 

and M-C :lt2 orbitals possess the same symmetry. If the orientation of the Ph ring of the carbyne 

ligand is along the xz axis, the M-C :lt2 orbital and Ph :It bI orbitals are ideally suited for 

interaction. The bonding combination resulting from the interaction of the M-C :lt2 and Ph :It bI 

orbitals is largely Ph :It in character while the antibonding combination is largely M-C :lt2. As a 

result, the degeneracy of the M-C :It and Ph :It ionizations in the complex is lifted. 

Valence Ionization Bands And Assignments. The full photoelectron spectrum from 6-

15.5 eV of the Cl(COh(tmeda)W(CPh) complex is presented in Figure 0.3. The region from 

9.5-15.5 eV consists of a broad continuum of ionizations from C-H (1, C-C (1, W-Cl (1, CI:It and 

CoN (1 orbitals. Individual assignments in this region were not attempted. 

Figure 0.4 presents a Close-up of the 6-9.5 eV region along with the corresponding 
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Figure D.3 Full HeI photoelectron spectrum of CI(COh(tmeda)W(CPh). 
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Figure D.4 Close-up HeI spectrum of CI(COh(tmeda)W(CPh). 
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Position !YH !YI. Rel.Area 

Band I 6.89 0.32 0.34 0.05 

Band IT 7.52 0.60 0.64 0.17 

Band III 8.03 0.46 0.50 0.24 

Band IV 8.46 0.46 0.60 0.23 

Band V 8.98 0.45 0.55 0.25 

Table D.1 HeI Valence Ionization Features of CI(CO)z(tmeda)W(CPh). 
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assignments. The spectral features agree closely with the qualitative picture discussed earlier. 

The leading ionization feature (Band I) at 6.89 eV is assigned to ionization from an orbital of 

primarily metal dxy character. This assignment is further supported by comparison to the 

ionization potential associated with a corresponding ionization in (CO)4W(dmpe)109 which is 

also from an orbital of primarily metal dxy character backbonding into the COJr'" orbitals of two 

carbonyl ligands. The ionization potential associated with the metal dxy level in (CO)4 W(dmpe) 

is 6.84 eV, representing only a 0.05 eV shift compared to the corresponding ionization in 

CI(CO)z(tmeda)W(CPh). Bands II and III (at 7.52 and 8.03 eV, respectively) are assigned to the 

M-C Jr2 and JrI ionizations while bands IV and V (at 8.46 and 8.98 eV, respectively) are assigned 

to the PM a2 and bI ionizations. These assignments are supported by the corresponding M-CJr 

and PM ionizations in (OCMe3h W(CPh). The M-CJr and PM ionizations in 

CI(CO)z(tmeda)W(CPh) are shifted about 0.1 eV compared to the corresponding ionizations in 

(OCMe3h W(CPh). A summary of the fit of the band contours in Figure D.4 is given in Table 

D.l. 

DISCUSSION 

The W-C Jr and Ph Jr ionizations in CI(CO)z(tmeda)W(CPh) bear a strong resemblance 

to similar ionizations in the Schrock alkylidyne, (OCMe3h W(CPh).85 In the Schrock alkylidyne 

the W-C Jr and Ph Jr ionizations are also non-degenerate. The W-C Jr ionizations are at lower 

binding energy and the Ph Jr ionizations at higher binding energy compared to the Fischer 

carbyne. In the following discussion, the significance of these shifts will be discussed in more 

detail. These comparisons reveal a wealth of information concerning the general electronic 

characteristics of octahedral Fischer carbynes. 

Compllrison or The Charge-Potentillis At The Metal Center In CI(COh(tmeda)W(CPh) 

and (OCMe3bW(CPh). According to formal oxidation states, the positive charge-potential at 
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the metal center in Schrock-type alkylidynes is greater than that in Fiscber carbynes. However, 

various XPS studies have revealed that using formal oxidation states as an indication of the true 

charge potential at the metal center can be misleading. A simple case in point concerns the 

positive charge at the tungsten center in (Me3CC)W(CH2CMt!Jh and W(CO)6. (ref) Despite 

the higher formal oxidation state of the alkylidyne complex, the positive charge-potential at the 

tungsten center is less than in W(CO)6. Considering that formal oxidation states may paint a 

misleading picture when used to evaluate real differences in metal charge-potential, it is 

important to obtain experimental evidence on relative charge-potentials between metal centers in 

Schrock alkylidynes and Fischer carbynes. 

A qualitative comparison of the charge-potentials between the carbyne 

CI(CO)z(tmeda)W(CPh) and the alkylidyne (OCMe3hW(CPh) may be obtained utilizing the 

ionization information on the carbyne complex obtained in this study. The natures of the 

HOMO in CI(CO)z(tmeda)W(CPh) and (CO)4W(dmpe) are very similar, both consisting of 

largely metal dxy character backbonding into the COn· orbitals of 2 carbonyl ligands. As a 

result, the relative ionization potentials associated with the HOMO in these two complexes will 

depend on the relative charge potentials at the respective metal centers. The ionization 

potentials of the HOMO in these two complexes are 6.89 and 6.84 eV respectively, indicating 

that the charge-potential at the tungsten center in these two complexes is very similar. 

Comparing the charge-potential at the tungsten center in W(CO)6 and (CO)4W(dmpe), 

the replacement of the chelating phosphine by two weaker a-donating carbonyl ligands will result 

in a greater positive charge in the hexacarbonyl complex. The tungsten 4f7/2 binding energies in 

(OCMe3hW(CPh) and W(CO)6 are 39.06 and 37.8 eV respectively, indicative that the tungsten 

center in (OCMe3hW(CPh) possesses a substantially greater positive charge. As the charge 

potentials in CI(CO)z(tmeda)W(CPh) and (CO)4W(dmpe) are similar, this indicates that the 

positive charge in the Fischer carbyne is substantially weaker than in the Schrock alkyJidyne, 
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(OCMe3h W(CPh). This is in agreement with the expectations based on formal oxidation states. 

Comparison or The M-C 1C And Ph1r Ionizations. A comparison of the relative IP's 

associated with the M-C 1C orbitals in CI(CO)z(tmeda)W(CPh) and (OCMe3hW(CPh) reveals an 

interesting trend. Despite the more electrophilic tungsten center in (OCM~hW(CPh). the 

ionization potentials associated with the W-C 1C bonds are seen to lie at lower binding energy 

compared to the corresponding ionizations in the tmeda complex. This is accounted for by 

noting that each W-C 1C orbital in the tmeda complex is stabilized by backbonding into the C01C· 

of one carbonyl, while in (OCMe3h W(CPh) no such backbonding is available. 

The extent of interaction between the M-C 1C2 orbital and the Ph 1C bIorbital of the 

carbyne ligand depends on the carbon p1t contribution to the character of the M-C 1C orbitals. 

The larger the contribution, the greater the interaction. In the PES, this is reflected as a larger 

splitting between the M-C 1C2 and M-C 1CI ionizations. The separation between the M-C 1C 

ionizations is larger in the tmeda complex than in the alkoxide complex, indicating that the 

carbyne carbon p1C contribution to the M-C 1C bond is greater in the tmeda complex. This is 

consistent with the idea that the electron density in the M-C 1C bonds in Fischer carbynes must 

be centered on the carbyne carbon to a larger extent than in Schrock alkylidynes in order to 

remove electron density from the already electron-rich metal center. 

An examination of the Ph 1C ionizations between the tmeda and alkoxide complexes 

provides further evidence that the CPh+ ligand is acting as a better 1C-acceptor in the tmeda 

complex. The Ph 1C orbitals are in close proximity to the electon density at the carbyne carbon. 

As a result, the electron densities in the Ph 1C orbital and at the carbyne carbon experience 

coulombic repulsion, resulting in their mutual destabilization. The larger the electron density at 

the carbyne carbon, the greater the destabilization of the Ph 1C orbitals. The ionization 

potentials associated with the Ph 1C orbitals are at lower binding energy in the tmeda complex, 

indicating that the negative charge-potential at the carbyne carbon is greater in this complex. 
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Comparison or The Relative n-Acceptlng Ability or NO+ And CPh+. In order to 

characterize the ligating characteristics of the CPh+ ligand, the n-accepting ability of CPh+ was 

compared to that of the excellent n-accepting nitrosyl ligand. Consider the complex 

Cl(CO)4 W(NO) in thy coordinate system adopted for the tmeda complex (with the nitrosyl and 

chlorine ligands along the z-axis, metal at the origin and carbonyl ligands in the x-y plane). 

Counting the nitrosyl ligand as a two-electron donor, NO+, in both the nitrosyl and tmeda 

complexes the metal configuration is d6, with the electrons in the dxz and dyz orbitals back

donating into the n-accepting orbitals of the CPh+ to form the formal W-C n bonds in the 

tmeda complex and into the n-accepting orbitals of the NO+ ligand in the nitrosyl complex. 

The greater the n-accepting ability of the ligands the greater the relative stabilization of these 

metal levels. In order to make a valid comparison, two of the carbonyl ligands in 

CI(CO)4 W(NO) must be replaced by the tmeda ligand to arrive at the hypothetical 

CI(CO)z(tmeda)W(NO) molecule. The replacement of the CO ligands by the stronger G

donating tmeda ligand will result in a destabilization of the metal levels in 

CI(CO)z(tmeda)W(NO) compared to CI(CO)4W(NO). This value can be roughly estimated from 

the difference in the metal levels between W(CO)6 and W(COMdmpe) and this turns out to be 

about 1.73 eV. The experimental and estimated IP's associated with the relevant metal levels of 

CI(CO)4W(NO),38 CI(CO)z(tmeda)W(NO) and CI(COh(tmeda)W(CPh) are presented in Figure 

0.5. The metal ionizations in CI(CO)z (tmeda)W(NO) are at lower binding energy than the W

C nl in the tmeda carbyne complex (only the W-C nl provides a valid comparison as the 

ionization potential associated with the W-C n2 orbital is also affected by its interaction with the 

Ph n bIorbital). This indicates that the CPh+ ligand is a better n-acceptor than the NO+ 

ligand. This is readily understandable in terms of the different nature of the n-accepting orbitals 

of the NO+ and CPh+ ligands. The n-accepting orbitals of the nitrosyl ligand are the N-O n 

antibonding orbitals while the corresponding orbitals of the carbyne ligand are largely carbon pn 
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and nonbonding in character. Occupation of these orbitals by metal d electron density results in 

a weakening of the N-O bonds of the nitrosyl ligand while having little effect on the carbyne 

ligand. As a result, NO+ is less efficient at accepting metal d electron density than CPh+. 

The strong n-accepting ability of the CPh+ ligand provides an explanation for the 

greater substitutional lability of the CO ligands in tetracarbonyl carbynes compared to the bis

substituted derivatives. In the bis-substituted derivatives, each carbonyl ligand competes with one 

other CO ligand and the CPh+ ligand for metal d electron density for n-backbonding. In the 

tetracarbonyls each carbonyl ligand competes with 3 CO's and the CPh+. This results in less n

backbonding available to the carbonyl ligands in the tetracarbonyl carbynes, and weaker metal

carbonyl bonds. 

CONCLUSIONS 

This study on the ionization characteristics of CI(COh(tmeda)W(CPh) has uncovered a 

wealth of information regarding the electronic structure and bonding characteristics of 

octahedral, low-oxidation state, Fischer carbynes. The energy ordering of the filled valence 

orbitals of CI(COh(tmeda)W(CPh) consists of a metal dxy followed by the W-C n and Ph n 

orbitals. The interaction between one of the W-C n and Ph n orbitals is responsible for 

remOving the degeneracy of the W-C n and Ph n orbitals. In agreement with qualitative 

predictions from formal oxidation states, the metal center in the high oxidation state Schrock 

alkylidyne (Me3COhW(CPh) has a greater positive charge potential than the corresponding 

center in CI(COh(tmeda)W(CPh). Furthermore, the CPh+ ligand was demonstrated to be a 

very good n-accepting ligand. The excellent n-accepting ability of the CPh+ ligand accounts for 

the substitutional lability of carbonyl ligands in the tetracarbonyl carbynes. 



APPENDIX E 

ELECTRONIC STRUCTIJRE AND BONDING CHARACTERISTICS IN CYCLOPENTADIEI\'YL 

TRIPHENYLPHOSPHINE ORGANOMETALLIC COMPLEXES, THE VALENCE 

PHOTOELECTRON SPECTRA OF CpMn(COhPPh3 AND MeCpMn(COhPPh3' 

INTRODUCTION 

Photoelectron spectroscopy5,6 has proven an invaluable tool in describing the ligating 

characteristics of such commonly encountered ligands in organometallic chemistry as CO, CS, 

~H4 and NO+,110 It has verified the basic o-donating, .1l-accepting bonding modes of these 

ligands predicted by the Dewar-Chatt-Duncanson model11l while providing further detailed 

information regarding the interaction of the ligand with the respective transition metal 

fragment.112-115 

Phosphines, in particular, offer a wide range of different ligand types depending on the 

R group of the phosphine.92 To date, PES studies on the ligating characteristics of phosphine 

ligands have been confined largely to the PMe3, PBut3 and PX3 (X=halogen) ligands bound to 

transition metal carbonyl fragments such as M(CO)s (M=Cr, Mo, W).34 Curiously, although the 

triphenylphosphine ligand is among the most commonly encountered ligands in organometallic 

chemistry, few detailed studies on the ligating characteristics of this ligand have been carried 

out.116 

With this in mind, it was decided to carry out a PES investigation into the ligating 

characteristics of the PPh3 ligand. Based on our extensive experience with the electronic 

structure and bonding characteristics of CpMn(CO)zL (L=NH3. PMe3. CO, ~H2)117,118 

complexes the compounds selected for study were CpMn(CO)zPPh3 and its methylated 

cyclopentadienyl derivative, MeCpMn(CO)zPPh3.119 

This Appendix describes the valence ionizations of CpMn(CO)zPPh3 and 

MeCpMn(CO)zPPh3. The ionization assignments in CpMn(CO)zPPh3 are readily made with 



reference to the extensive information already known on other CpMn(COhL complexes 

(L=phosphine, CO, etc.) and the known effects arising from Cp ring methylation. 

RESULTS AND DISCUSSION 
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Ionization Characteristics of CpMn(CO)zL Complexes. The CpMn(COhNH3' 

CpMn(COhPM~ and CpMn(COh complexes may be expected to possess very similar ionization 

characteristics to CpMn(COhPPh3 in view of the similarity in the ligating characteristics of the 

PPh3, NH3, PMe3 and CO ligands. In order to aid the assignment of the valence photoelectron 

spectrum of CpMn(COhPPh3 it is helpful to briefly review the general assignment trends and 

ionization information on these complexes. 

The valence spectra of CpMn(COhNH3' CpMn(COhPM~ and CpMn(COh may be 

divided into two regions. The region from 6-8 eV consists of ionizations from orbitals with 

largely metal character while the region from 8-11 eV comprises ionizations from largely ligand 

based orbitals such as the Cpn, amine and phosphorus lone pairs. For the CpMn(COhPPh3 

complex, this region may also be expected to contain the Ph1r ionizations based on the spectrum 

of free PPh3. 

In order to illustrate the ionization trends in these complexes the ionization energies of 

the Cpn and metal levels for the three molecules are given in Table E.1. 1\\'0 trends are readily 

apparent. Firstly, the metal ionizations shift to lower binding energy on proceeding from 

CpMn(COh to CpMn(COhNH3 as the a-donating ability of the ligand increases (NH3 > PMe3 

> CO). Therefore, the shifts in the metal ionizations from one complex to the next reflects the 

positive charge-potential at the Mn center in accordance with the relative a-donating capabilities 

of the L ligand. Secondly, the Cpn ionizations follow the same trend as that of the metal 

ionizations, again a reflection of the Changes in the charge-potential at the Mn center. These 

observations will aid in understanding the ionization information from the CpMn(COhPPh3 



Table E.l 

Complex Metal Levels (eYl CM (eYl 

A 6.63, 6.99, 7.36 9.15 

B 7.01,7.40 9.12,9.57 

C 8.05,8.40 9.90,10.29 

The Metal and Cpn Ionizations In CpMn(CO)zNH3 (A), CpMn(CO)zPMe3 
(B) and CpMn(COh (C). 
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complex discussed below. 

Valence Ionization Bands And Assignments. The full photoelectron spectra from 6-15.5 

eV of CpMn(CO)zPPh3 and MeCpMn(CO)zPPh3 is presented in Figure E.1. The general 

features of the spectra of both molecules are similar. Theregion from about 11-15.5 eV consists 

of a broad continuum of ionizations from primarily C-H (I, C-C (I, Ph :rc a1 and CO Sa orbitals. 

Individual assignments in this region were not attempted. The broad feature at =10.9 eV is 

assigned to ionizations associated with the P-C (I ionizations from the PPh3 ligand on the basis 

of the assignment of a similar band in the spectrum of free PPh3' Based on the general 

ionization pattern outlined above for CpMn(CO)zL molecules, the region from 8-10.5 eV is 

associated with ionizations from primarily ligand-based orbitals while the region from 6-8 eV is 

associated with ionizations from largely metal-based orbitals. 

The Metal d Ionizations In CpMn(COhPPh3' A useful starting point for a discussion 

on the metal levels in CpMn(CO)zPPh3 involves comparing the metal d ionizations between 

CpMn(COh and CpMn(C0)zPPh3. This serves to clarify the origin of the splitting patterns 

observed in the d ionizations of CpMn(CO)zPPh3 and MeCpMn(COhPPh3' Previous theoretical 

work in our group on CpMn(CO)z(phosphine) molecules helps to clarify the orbital relationships 

in these systems. The perturbation of the d6 CpMn(COh molecule to a 

CpMn(CO)z(phosphine) (i.e. loss of a pseudo 3-fold rotation axis) system results in the a and e 

type metal orbitals of the tricarbonyl complex splitting into 3 non-degenerate orbitals. If the 

CpMn(CO)zPR3 molecule is aligned in the geometry shown in Figure E.2, the valence orbitals 

are largely dx2_y2, dyz and dxz in character respectively. 

The expected consequences on the metal d orbitals on proceeding from CpMn(COh to 

CpMn(CO)zPPh3 are two-fold. Firstly, the weaker :rc-accepting PPh3 ligand may be expected to 

accept less metal d electron density through :rc-back-donation. This will result in the 

destabilization of the dxz and dyz levels. The dx2_y2 level possesses d symmetry with respect to 
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Figure E.l 
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Full HeI photoelectron spectrum of CpMn(COhPPh3 (A) and 
MeCpMn(COhPPh3 (B). 
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the phosphine ligand on the z-axis and is largely unaffected by the difference in n-accepting 

abilities between CO and PPh3' Secondly, the stronger a-donating PPh3 ligand may be expected 

to result in an overall destabilization of the metal ionizations in CpMn(CO)zPPh3' Figure E.4 

shows a close-up of the metal region for MeCpMn(C0)zPPh3 and CpMn(C0)zPPh3. The metal 

band in the Mn complexes is well represented by three asymmetric Gaussian peaks (peaks Ml, 

M2, M3) in a nearly 1:1:1 ratio of peak areas, corresponding to a formally Mn(I), d6, 

configuration. The results obtained from modeling the band contours are presented in Table 

E.2. The non-degeneracy of these ionizations is in good agreement with that predicted 

qualitatively. The most stable of the metal ionizations (M3) corresponds to ionizations from 

an orbital of largely dx2_y2 character while Ml and M2 are likely to arise from ionizations from 

orbitals of primarily dxz and dyz character. The metal ionizations in CpMn(C0)zPPh3 are 

destabilized by nearly 1 eV relative to the corresponding ionizations in CpMn(COh, again in 

good agreement with qualitative expectations. 

The PIvr, Cp7r and Phosphorus Lone-Pair Ionizations. Figure E.4 presents a close-up of 

the ligand region for both molecules. The overall bandshape and positions of the ionizations in 

this region correspond very closely to those associated with the Phn band of the free PPh3 

ligand. Bands LI, L2 and L3 are therefore assigned to the Phn ionizations of the PPh3 ligand in 

CpMn(CO)zPPh3 and MeCpMn(CO)zPPh3. The results of the fit of the band contours are 

summarized in Table E.3. 

The Cpn and phosphorus lone-pair ionizations in CpMn(C0)zPPh3 may be expected to 

lie in this region of the spectrum as seen by the Cpn and phosphorus lone-pair ionizations in 

CpMn(COhPMe3' The discussion above allows us to make some qualitative predictions as to 

the location of the Cpn and phosphorus lone-pair ionizations in CpMn(COhPPh3' The metal 

ionizations in CpMn(COhPPh3 lie at lower binding energy than the corresponding ionizations in 

CpMn(CO)zPMe3' This indicates that the PPh3 ligand is acting as a better a-donor to the 
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Close-up HeI spectrum (6-8.5 eV) of CpMn(COhPPh3 (A) and 
MeCpMn(COhPPh3 (B). 
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Figure E.4 
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Position !Yu !YL ReJ.Area 

CpMn(COhPPh3 

Band M1 6.66 0.51 0.33 1.00 

Band M2 6.90 0.51 0.33 0.69 

Band M3 7.18 0.51 0.33 1.16 

MeCpMn(COhPPh3 

Band M1 6.56 0.44 0.33 1.00 

Band M2 6.84 0.44 0.33 0.93 

Band M3 7.12 0.44 0.33 1.21 

Table E.2 He(l) Valence Ionization Features of CpMn(CO)zPPh3 and 
MeCpMn(CO)zPPh3 (Metal Region). 

213 



Position !YH !YL Rel.Area 

CpMn(COhPPh3 

Band Ll 8.49 0.18 0.14 0.03 

Band L2 9.15 0.92 0.80 1.00 

Band L3 10.18 0.58 0.37 0.14 

MeCpMn(COhPPh3 

Band L1 8.42 0.30 0.16 0.04 

Band L2 9.18 0.87 0.80 1.00 

Band L3 10.07 0.60 0.34 0.10 

Table E.3 He(I) Valence Ionization Features of CpMn(COhPPh3 and 
MeCpMn(COhPPh3 (Ligand Region). 

----------- ._-------_. -----
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CpMn(CO)z fragment than PM~ in accordance with the discussion above. On coordination to 

the CpMn(COh fragment the phophorus lone pair of the PM~ ligand is stabilized by 1.22 eV. 

The phosphorus lone pair of the PPh3 ligand is therefore expected to be stabilized by at least 

1.22 eV on coordination to the CpMn(COh fragment. Using the ionization energy for the 

phosphorus lone pair in free PPh3 (7.97 eV) the minimum stabilization of 1.22 eV would yield a 

lower bound of 9.16 eV for the phosphorus lone-pair in CpMn(COhPPh3. The phosphorus lone 

pair ionization in CpMn(C0)zPPh3 is likely to be under either the L2 or L3 bands. The 

position of the Cp3t ionizations in CpMn(COhPPh3 may be predicted by considering the position 

of the Cp3t ionizations in CpMn(COhNH3' The binding energies of the metal levels in 

CpMn(C0)zPPh3 and CpMn(CO)zNH3 are very similar, indicating that the positions of their 

respective Cp3t ionizations are likely to be very similar. The Cp3t ionizations in CpMn(COhNH3 

lie at 9.15 eV indicating that the corresponding ionizations in the CpMn(C0)zPPh3 complex are 

likely to fall under the L2 band. 

Methylation Effects. The effects of cyclopentadienyl ring methylation on the metal and 

Cp3t ionizations are well established for the Cp*Mn(COh and Cp*Mn(CO)zPMe3 systems 

(Cp*=CsHs, MeCsH4' MesCs). The addition of one methyl group to the Cp ring results in 

destabilizing shifts of 0.17 and 0.18 eV for the metal levels while the Cp3t shifts are 0.31 and 

0.26 eV for the tricarbonyl and PMe3 complexes, respectively. In the PPh3 complexes this trend 

is continued. On proceeding from CpMn(CO)zPPh3 to MeCpMn(C0)zPPh3 the metal levels 

undergo a destabilizing shift of about 0.1 eV. 
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