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ABSTRACT 

The electronic effects of ligand substitution on paddlewheel-type metal-metal 

bonded systems with the general formula M2(L'^L)4 have been studied using ultraviolet 

photoelectron spectroscopy (UPS) and computational methods. The primary focus was 

to determine the influence of solvent interaction in the solution phase, and to explore 

what ligand properties produce low ionization energies when combined with dimetal 

cores. 

The first ionization energies (IE,) of two substituted dimetal systems, determined 

by UPS in the gas phase, were compared to the Ej/j values obtained by electrochemical 

oxidation potentials in solution phase. The first dimetal system, substituted Mo2(DPhF)4 

(where DPhF is N, N'-diphenylformamidinate), has a linear correlation of E,/2 with IE, 

with a slope of 0.41. This indicates a significant amount of solvent stabilization of the 

cation, with the effect increasing with electron withdrawing substituents. This is 

attributed to the removal of electron density from the metal centers, making axial 

coordination of an electron donating solvent favorable. A linear trend also was found for 

Rh2(DPhF)4 but with a E,/2:IE, slope of 0.53, indicating less solvent effect than with the 

molybdenum analogues. A possibility for the difference in slopes of the molybdenum 

and rhodium may be due to pi-backbonding from the solvent (CHjClj) into the empty 

molybdenum tx* orbitals. These Tt* orbitals are filled in the rhodium system, so 

stabilization of the cation would not be possible by this mechanism. 



A molecule with lEj lower than any element or chemically prepared molecule was 

found during this research. The factors contributing to low lEi of stable, closed-shell 

molecules were explored by varying metals down a period while retaining the same 

ligand, and by varying the ligand by geometry constraints and alkyl substitutions while 

keeping a similar metal core structure. The results indicate two factors contribute to the 

unusual properties of M2(hpp)4 (where M = Cr, Mo or W and hpp is the anion of 

l,3,4,6,7,8-hexahydro-2//-pyramido[l,2-a]pyrimidine): (1) strong orbital overlap 

interactions of a ligand bjg orbital with the metal 6 orbital, and (2) the relative inability of 

the hpp anion to stabilize negative charge. 
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CHAPTER 1 

INTRODUCTION 

With the discovery of the quadruple bond approaching its fortieth anniversary, 

a volume of knowledge has been collected about metal-metal bonded systems. Many books 

and review articles are devoted to multiple bonds between metal atoms, and the topic has 

become standard course material in undergraduate inorganic chemistry.'"'* With all this 

information available, there are still many unanswered questions remaining. 

One of these questions involves the removal of an electron from the highest 

occupied molecular orbital. Photoelectron spectroscopy and electrochemistry are both very 

popular methods for measuring the amount of energy required to remove an electron from 

a molecule. Surprisingly, there is not much information directly relating photoelectron 

spectroscopy to electrochemistry and no comparisons of this type involving metal-metal 

bonded molecules exist in the literature. Comparing the energy values obtained from gas-

phase photoelectron spectroscopy with the values from solution-phase electrochemistry 

should allow the determination of the difference in energy removal caused by solution 

interference. The differences in these methods other than the phase of measurement will be 

addressed and their consequences discussed. Interference in electrochemistry can be caused 

by stabilization of the cation by surrounding solvent or counter-ion; this inaccurately 

represents the energy required to remove the electron since the oxidation will appear at a 

lower energy due to the stabilization. 
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One part of this research will investigate and interpret these differences in energy, 

which for the studied molecules are caused by solvation effects. Categorizing the existing 

literature comparisons of solution oxidation potential and gas-phase ionization energies by 

the structural and electronic characteristics of the molecules, such as molecular size and 

electron delocalization, will allow the amount of solvent effect to be seen for different 

classes of molecules. This categorization can be used to predict the level of solvent 

interaction that is likely to occur for unstudied molecules. A class of M2(L'"L)4 molecules 

studied in this work using photoelectron spectroscopy will be compared to literature 

oxidation potentials to confirm these predictions. The M2(L'"L)4 structure is pictured in 

Figure 1.1 . 

L L 

Figure 1.1. The idealized paddlewheel 
structure of the metal-metal bonded 
M2(L'"L)4 molecules 
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In a related area of study, metal-metal bonded molecules with strong donor 

ligands have a wide variety of structures and, not surprisingly, a wide variety of ionization 

energies. Many possibilities for their range of ionization values can be proposed, from 

inductive effects of the ligand to orbital overlap interactions of the ligand and metal. A 

special class of dimetal molecules, containing a guanidinate core, have been discovered to 

possess unprecedentedly low ionization energies. Determining which of these effects is most 

dominant in these molecules and the related M2(guan)4 moieties (where M=Cr, Mo, W and 

guan is a group of structurally similar molecules containing a common guanidinate core) is 

another area researched in this work. The guan core structure is pictured in Figure — 

N 

Figure 1.2. The backbone of 
the related guanidinate 
derivative ligands 

In the study of metal-metal bonded molecules, particular attention has been given 

to the paddlewheel M2(L"L)4 moieties. The interest in this class of molecules is partly due 

to their wide range of applications, from biological to materials science. One of the reasons 

for their spread of applications is their ability to be electronically tuned; depending on the 
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ligands attached to the metal centers, very different behaviors are found in ionization 

energies, reactivities and redox activities. This work primarily investigates two of these 

areas, the relationship of ionization energies to redox activities, and the causes underlying 

the values of ionization energies themselves. 

Some of the most studied types of M2(L"L)4 molecules contain ligands based on 

acetates or formamidinate structures. The ease of preparation as well as their tunability, both 

in terms of ligand substitution and their ability to be synthesized with a wide variety of metal 

centers, make them ideal candidates for investigation. 

The paddlewheel M2(N,N'-diphenylformamidinate) 4  molecules, abbreviated as 

M2(DPhF)4, where DPhF is commonly written as formamidinate, have been used 

extensively. The formamidinate ligand can be prepared in this paddlewheel configuration 

with more transition dimetals than any other ligand. These dimetaltetraformamidinates are 

also able to be made with a wide variety of substitutions on the phenyl groups. This allows 

for a quantitative approach to studying the effect of electron withdrawal and donation. The 

first ionization energies obtained from each of the substituted molecules can be directly 

compared, allowing determination of the relative amounts of electron withdrawing or 

donating properties. Their versatility with different metals coupled with their electronic 

tunability can be used to study the effects of varying the electron donor ability of a ligand. 

Figure 1.3 shows the formamidinate structure and the idealized 04,, structure of the 

M2(L"L)4 molecule. 
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/ \ 
L L 

Figure 1.3. The structure of diphenylformamidinate as L"L in the 
M2(DPhF)4 paddlewheel 

In particular, Rh2(DPhF)4 has been used extensively due to its wide range of 

applications, including insertion and cyclopropanation reactions, catalysts for carbene 

activation,^ anti-tumor activity,^"'" and as electron donors or acceptors in the material and 

optical sciences." 

To determine the amount of solvent stabilization interference present in 

M2(DPhF)4 electrochemical measurements, the first ionization energies of substituted 

Rh2(DPhF)4 and Mo2(DPhF)4 molecules, obtained from photoelectron spectroscopy, will be 

plotted against the electrochemical oxidation potentials determined by Toiig Ren.^ '^"'" 

Spectrum assignment of the molybdenum analogue has been done previously in this group, 

and will be used as a reference in assigning ionizations from substituted Rh2(DPhF)4 and 

Mo2(DPhF)4 molecules. 



25 

Differences in PES and Electrochemistry: 

These two methods of electron removal differ in several ways. One of the most 

fundamental is that photoelectron spectroscopy is done in the gas phase, while 

electrochemical measurements are made in solution. Also, photoelectron spectroscopy 

measures the vertical transition, while electrochemistry measures the adiabatic. Figure 1.4 

shows the potential energy wells for a molecule and its cation, illustrating the difference 

between the vertical and adiabatic transitions. 

Another significant difference is the timescale. Photoelectron spectroscopy is 

an almost instantaneous process that follows the Frank-Condon Principle. This principle 

states that a molecule does not change geometry during an electronic transition. So the 

geometry measured by photoelectron spectroscopy is the same as the geometry of the neutral 

molecule. Conversely, electrochemistry is a relatively slow process which allows the cation 

to reorganize to a more energetically favored geometry. This additional energy of 

reorganization (E,"^) is present in the E,/2 term. 

Also present in the E,/2 term is the solvation energy (E^). A pictorial 

representation of the relationship between all these terms is shown in Figure 1.5, an 

adaptation from Nelsen et al.."' From the Figure it can be seen that the relative amount of 

solvent stabilization of a neutral molecule (E/) is negligible compared to the solvent 

stabilization of a cation (E^^). The difference in what is measured by photoelectron 

spectroscopy and electrochemistry is essentially the solvation energies of the neutral and 

cation of the molecule, as well as any geometry change that takes place in solution. 

From the Figure it is possible to see that solvent stabilization of the cation would 



change the relative measurements in the solution phase, while the measurements in the gas 

phase would be unaffected. Not only can the solvent interact with the studied molecule, 

adding electron density that makes ionization easier; the counter-ions present in solution 

have the ability to change the electron density of the molecule as well and has been found 

to change the ease in which an electron is able to be removed from a system. Additionally, 

changes in oxidation potential have been found to vary by nearly 250 mV, just by using 

different solvents.'^ 

Another difference between photoelectron spectroscopy and electrochemistry 

is their electron removal reference point. The reference point is used as an absolute point 

to measure the energy of electron removal. In photoelectron spectroscopy, the gas-phase 

reference point is the vacuum level. In electrochemistry, there is no vacuum level to 

reference since the measurements are done in solution, so the reference point is more 

involved. A "zero point" is needed because the potential of a single electrode can not be 

measured, only the difference between two electrode potentials is measurable. This is the 

reason that a reference electrode is required. One of the most common reference electrodes 

is the standard hydrogen electrode because this electrode was chosen as an arbitrary zero 

point for electrode potentials. Other common reference electrodes, such as Ag/AgCl, can 

be used by comparing their potential to that of the standard hydrogen electrode. 
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Figure 1.4. Potential wells of a neutral molecule 
and its cation, illustrating the difference between 
vertical and adiabatic transitions 
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Figure 1.5. Pictorial representation of vertical and adiabatic ionization 
energies, oxidation potentials, energies of solvation and reorganization energy 
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From Figure 1.5, it follows that vertical ionization energy, oxidation potential and 

the E terms can be represented in the following manner shown in equation 1. the energy 

of solvation of the cation, E^" the energy of solvation of the neutral molecule and Er"" is the 

reorganization energy of the cation. The constant C is dependent on the solvent and work 

function of the electrode. 

E'a^ie-e:-{e:-E:)+c m 

The energy of solvation for a neutral species is typically minute and can be 

discarded in most situations. This can be re-arranged to give equation 2, which graphically 

represents the typical y = mx + b format, where m is the slope and C is the y intercept. 

IE +C 

In most cases, the reorganization energy (E,"^)is relatively insignificant and the 

final equation may be rewritten as equation 3. 

E k = 

Ex 1 
E* £ 
IE IE 

1 
E., 

IE 
lE+C (3) 
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A linear correlation of E|/2 with IE means that is proportional to Ei/j. This 

means that the numerical value of the slope can be used to quantify the effect of the solvent 

and reorganization. If there were no solvent effect whatsoever, the slope would be one. The 

smaller the slope, the more solvent interaction is stabilizing the cation in solution. This also 

shows that the change in energy of solvation increases in cases where it is more difficult to 

remove an electron (a larger oxidation potential), which is logical. 

Figure 1.6 is a plot of aromatic molecules, studied by Parker in 1976. In the 

article it is stated that the slope is unity. A slope of unity would indicate that the compounds 

do not have any significant solvent interaction or change in geometry. When the numerical 

literature data was plotted, the slope was determined to be 0.83. Although 0.83 is on the 

upper end of slopes found in literature, it does not appear that even these delocalized 

aromatic molecules are completely unaffected by solvent interaction. 

While it has long been proposed'^'^° that the slope is an indication of these factors, 

no comprehensive or qualitative comparisons exist of these slope values in the literature. 

No article found in the literature stated anything more definitive than the fact that a slope of 

less than unity implies possible solvent effects or geometry change. If such a comparison 

did exist, it is possible that the E^"^ and E/ values could be predicted for specific types of 

molecules and solvents. While solvation free energies are able to be directly measured for 

neutral salts, such as NaCl, the individual ions are unable to be measured since it is not 

possible to have the anion without the anion in equilibrium. This problem has led to the use 
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Figure 1.6. Typical graph of delocalized molecules 

of large assumptions in determining solvation energies. One example of a commonly used 

assumption is to treat the cation and anion as having no significant solvation difference, and 

splitting the total value in two to get the individual values.Much attention has 

recently been given to computational analysis using polarizable force fields. However, only 

Na+, K+ and CI- have been closely examined.^^ 

In this work, all data from literature containing both ionization energies obtained 

by photoelectron spectroscopy and oxidation potentials have been plotted to determine the 

slope (including values for goodness of fit), and analyzed to determine what conclusions can 
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be drawn about the relationship between structure and solvent effects. These values are also 

compared to the slopes of the M2(DPhF)4 molecules determined in this research. 

Figure 1.5 showed the relationship of the adiabatic and vertical ionization energies 

measured in photoelectron spectroscopy to the Ei^j, and in electrochemistry. This 

Figure also serves to show the vertical transition measured by UPS is not the best one to use 

when a large geometry change from the neutral species to the cation is present. The 

adiabatic term is more appropriate, since the higher energy levels of the molecule (which 

correspond to the less energetically favorable geometry of the cation) are not measured. 

The tetraalkylhydrazines have been shown to undergo a very large geometry 

change from the neutral species to the cation. Figure 1.7 illustrates the change in geometry 

of the two species. This is one example where this reorganization energy in solution is 

overwhelming. The results are shown in Figure 1.8 . 

0 

R 

R 
Figure 1.7. Geometry 

reorganization possible for 

tetraalkylhydrazines in solution 
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Figure 1.8. Plot of the tetraalkylhydrazines and the effect of 
reorganization energy 

The neutral hydrazine is nearly tetrahedral at the nitrogen with lone pairs nearly 

at right angles. The cation is approximately square planar at the nitrogen, with coplanar lone 

pairs. The vertical ionization energy from photoelectron spectroscopy is hardly measuring 

the same species as the relaxed cation in solution. Consequently, the slope is found to be 

0.091, smaller by nearly a factor of ten than the slope of the aromatics shown in Figure 1.6. 

initial and final geometries of the cation, E1/2 varies by only 0.07 V for substitutions ranging 

from methyl groups to isopropyl or n-butyl groups. Ionization energies, however, are 

sensitive to the substituent changes, and vary by over 0.65 eV. 

In this case, it appears the substituent effects must be nearly the same for the 
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In a very unusual example shown in Figure 1.9 , the slope is greater than unity. 

The molecules that were studied by Enemark, et al. in this Figure contained the very bulky 

hydrotris(3,5-dimethyl-l-pyrazolyl)borate (Tp*) on a oxomolybdenum (V) metal center with 

substituted bis-alkoxide or diolato groups, as shown in Figure 1.10. This molecule is so 

large and sterically hindered that any reorganization energy is likely to be extremely small. 

In addition, the cation formed in solution is effectively not seen by the surrounding solvent, 

which makes solvation energy of the cation also likely to be extremely small. 

Molybdenum 1^* Diolato/Alkoxides 

0.9 

0.8 

0.7 

> 
tj 

0.6 

y = 1.2337X-7.6097 

= 0.8453 0.5 

0.4 

6.57 6.62 6.67 6.72 6.77 6.82 6.87 

Ionization Energy (eV) 

Figure 1.9. An atypical plot with a slope greater than one 
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Figure 1.10. Structures of the (Tp*) oxomolybdenum (V) 
molybdenum center with substituted bis-alkoxide or diolato groups 

In order to have a slope with a value greater than one, the oxidation potentials 

must be changing more rapidly than the ionization energies. It appears the neutral molecule 

is being stabilized by solvent to a greater degree than when it is oxidized, possibly due to the 

formal anionic charge on the boron. In solution, the addition of alkyl groups will prevent 

solvent interaction even further by increasing the distance between the solvent and the metal. 

This absence of cation stabilization in solution allows for more sensitivity in detection. 

Conversely, in the gas phase, the difference between the donor ability of a methoxy group 

or an ethoxy group is not likely to make a significant difference in the electron density at the 

metal of such a large molecule, so a lack of shift in the ionization energies is reasonable. 

A more typical slope value for metal-containing molecules is shown in Figure 

1.11. Matsumura-inoue and co-workers looked at eleven substituted ferrocenes where the 

slope was found to be 0.66. The linear correlation for these particular molecules is not very 

good, however, with an value of 0.88. 
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Figure 1.11. A plot showing a slope typical for metallated systems 

The M2(DPhF)4 molecules are ideal for studying the effects of solvation. 

M2(DPhF)4 are not likely to have a very large inner-sphere reorganization energy, since the 

M2(L'"L)4 core structure is very rigid. At the same time, it has been shown through many 

crystal structures that the M2(DPhF)4 molecules tend to coordinate solvent molecules along 

their z-axis.^^'^^ For the and E,"^ terms, the amount of contribution from the effect of E/ 

will be comparatively negligible, allowing Ej'^ to be observed independently. No correlations 
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of ionization energy with oxidation potential are present in the literature for metal-metal 

bonded systems. 

Table 1.1 lists all correlations of oxidation potentials and ionization energies 

found in the literature. They are listed in the order of decreasing slope values. A correlation 

between slope and type of molecule is evident and intuitive. The higher slope values 

correspond to delocalized organic molecules, often conjugated aromatic ring systems. It 

follows that these highly delocalized molecules would be least affected by the removal of 

one electron. Toward the bottom of the table are the metal-containing molecules, most of 

which have geometries that allow for easy solvent access to the metal center. At the very 

bottom are the hydrazines, which as described previously have extremely low slopes due to 

their geometry change and subsequent reorganization energy. 

Calculated standard errors are included for both slope and intercept. The full 

meaning of the information that the intercept contains is not yet clear, and is still being 

pursued. Standard errors for the ferrocenes in reference 34 were unavailable since the data 

points were not listed in the literature. 

Ultimately, determining what factors contribute to energies of solvation will lead 

to the ability to not only predict the ionization energies of non-volatile molecules or the 

oxidation potentials of insoluble molecules, but to understanding the many variables present 

in the measurements of electron removal. 
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Table 1.1 Literature slope values for IE vs £^2 data 

Slope Molecules a slope y intercept #data Ref # 

deviation 
deviation 

1.23 Mo Tp* 
Diolato/Alkoxides 

0.068 -7.61 ±2.03 0.845 5 28 

0.86 Anthracenes 0.057 -4.91 ±.86 0.968 14 29 

0.86 Aromatic s 0.060 -4.92 ± 86 0.931 7 30 

0.83 Aromatics 0.064 -4.97 ± .30 0.961 21 31 

0.79 Alkyls and 
Aromatics 

0.247 -5.12 ±.33 0.859 68 32 

0.75 Aromatics 0.090 -4.70 ±.91 0.904 23 20 

0.71 Aromatics 0.056 -3.68 ±.27 0.951 27 33 

0.70 Alkyls 0.060 -4.30 ± .27 0.950 13 32 

0.68 Ferrocenes O.Oxx -4.16 ± .XX 0.942 20 34 

0.67 Cr Arenes 0.045 -4.38 ± .27 0.979 6 35 

0.66 Ferrocenes (AN) 0.053 -4.14 ±.56 0.879 11 36 

0.61 Ferrocenes (DMF) 0.058 -3.71 ±.91 0.837 11 36 

0.61 Fe Cp 0.078 -4.30 ±.80 0.851 4 37 

0.60 Ferrocenes 
(Acetone) 

0.055 -3.69 ± .62 0.850 11 36 

0.44 Mo Tp* 
Phenoxides 

0.047 -2.51 ±.44 0.944 5 38 

0.21 Tetrazines 0.008 -1.20±.13 0.974 6 16 

0.09 Hydrazines 0.006 -0.47 ± .07 0.880 16 39 
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In order to understand the subtle nuances that influence electron removal of 

M2(L"L)4 molecules, the interaction between the ligands and metal centers must be 

understood. Since such a wealth of information is known about the dimetal acetate and 

dimetal formamidinate systems, comparisons with less studied molecules can yield helpful 

information about relatively unknown ligands. This applies directly to the other area of 

interest of this work, determining what factors are responsible for the extremely low 

ionization energies of M2(hpp)4. 

The unusual properties of hpp 

Normal, thermodynamically stable molecules with no unpaired electrons typically 

have ionization energies above 7 eV. Strong donor ligands on a metal pair, such as 

formamidinates may cause ionization energies between 5 and 7 eV. Values below 5 eV 

usually only occur in molecules or atoms with an unpaired electron in the frontier or valence 

orbital. The atom with the lowest ionization energy in the periodic table is cesium, with an 

ionization enthalpy of 3.89 eV. Until recently, the lowest ionization energy for a closed shell 

molecule that could be prepared in gram quantities 

In a recent Science article (located in Appendix A) we reported the very unusual 

properties of the hpp ligand (where hpp is the anion of 1,3,4,6,7,8-hexahydro-2//-

pyramido[l,2-a]pyrimidine). This ligand, when bound to homonuclear dimetal Cr, Mo or 

W cores, was found to destabilize the first ionization energy of the molecules by 

unprecedented amounts. In fact, W2(hpp)4 was found to have a lower ionization energy than 

any element on the periodic table or any chemically prepared molecule.'*" The hpp ligand 

structure is shown in Figure 1.12. 
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Figure 1.12. Structure of 
the hpp ligand 

Several factors contributing to the low ionization energies can be suggested. 

Energy matching, orbital overlap and the charge effect of the ligand must all be considered. 

Energy matching uses the relative positions of orbitals to determine the amount of possible 

interaction. The closer in energy the orbitals, the stronger their interaction. An example of 

energy matching can be seen in the dimetal tetraacetates (M2(OAc)4, shown in Figure 1.13) 

and the M2(DPhF)4 (from Figure 1.3) systems. 

R 

R 

Figure 1.13. The paddlewheel 
geometry of M2(OAc)4 



41 

The DPhF ligand is less electronegative than OAc, and therefore higher in energy 

and closer to the metal orbitals. This proximity allows for stronger bonding and anti-

bonding interactions between DPhF and the metal. Consequently, the highest occupied 

molecular orbital (HOMO) of M2(DPhF)4 is destabilized. This is one of the reasons why 

M2(DPhF)4 have lower ionization energies than their M2(OAc)4 counterparts. 

Orbital overlap is governed not only by energy matching, but also by symmetry. 

Even if two orbitals are very close to each other in energy, they will not interact if they do 

not have the proper symmetry for overlap. In addition, the charge effect of the ligand affects 

the ionization energy. The more localized electron charge a ligand retains on the atoms 

bound to the metal, the easier it will be to remove an electron from that metal system. 

Unraveling the factors contributing to these electronic properties is important 

for understanding the fundamental aspects of chemical interactions between metals and 

ligands. It is possible to determine these factors that contribute to the electronic 

properties of M2(L'"L)4 molecules by studying the ligands and their interaction with the 

metal centers. Furthermore, this knowledge is beneficial for systematic design of other 

ligand molecules with desired electronic properties. To better understand these 

influences, variations of the hpp ligand which retain the guanidinate core have been 

probed using photoelectron spectroscopy and computational analysis in order to ascertain 

the effect that changing the sterics of the ligand system and/or adding electron donating 

substituents have on the charge retention of the modified ligand. 



42 

REFERENCES 

1. Lichtenberger, D. L.; Johnston, R. L. "Experimental Measures of 
Metal-Metal Sigma, Pi, and Delta Bonding From Photoelectron 
Spectroscopy." In Metal-Metal Bonds and Clusters in Chemistry and 
Catalysis; J. P. Fackler, J., Ed.: Plenum, 1989, pp 1-24. 

2. Ren, T. "Susbstituent Effects in Dinuclear Paddlewheel Compounds; 
Electrochemical and Spectroscopic Investigations." Coord. Chem. rev. 1998, 
175, 43-58. 

3. Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M. Advanced 
Inorganic Chemistry Ed. 6; Wiley: New York, 1999. 

4. Cotton, F. A.; Walton, R. A. Multiple Bonds Between Metal Atoms; 
Clarendon Press: Oxford, 1993. 

5. Doyle, M. P.; Westrum, L. J.; Wolthuis, W. N. E.; See, M. M.; Boone, W. P.; 
Bagheri, V.; Pearson, M. M. "Electronic and Steric Control in 
Carbon-Hydrogen Insertion Reactions of Diazoacetoacetates Catalyzed by 
Dirhodium(II) Carboxylates and Carboxamides." J. Am. Chem. Soc. 1993, 
115, 958-964. 

6. Doyle, M. P.; Austin, R. E.; Bailey, A. S.; Dwyer, M. P.; Dyatkin, A. B.; 
Kalinin, A. V.; Kwan, M. M. Y.; Liras, S.; Oalmann, C. J. "Enantioselective 
Intramolecular Cyclopropanations of Allylic and Homoallylic Diazoacetates 
and Diazoacetamides Using Chiral Dirhodium(II) Carboxamide Catalysts." J. 

Am. Chem. Soc. 1995,117, 5763-5775. 

7. Doyle, M. P.; Forbes, D. C. "Recent Advances in Asynnmetric Catalytic 
Metal Carbene Transformations." Chem. Rev. 1998, 98, 911-935. 

8. Hughes, R. G.; Bear, J. L.; Kimball, A. P. "Synergistic Effect of Rhodium 
Acetate and Arabinoosylcytosine on L1210." Proc. Am. Assoc. Cancer Res. 
1972,13, 120. 

9. Fimiani, V.; Ainis, T.; Cavallaro, A.; Piraino, P. "Antitumor Effect of the 
New Rhodium(II) Complex: Rh2 (Form)2 (02CCF3)2 (H20)2 (Form = 
N,N-Di-p-Tolylformamidinate)." Journal of Chemotherapy 1990, 2, 

319-326. 

10. Catalan, K. V.; Hess, J. S.; Maloney, M. M.; Mindiola, D. J.; Ward, D. L.; 



43 

Dunbar, K. R. "Reactions of DNA Purines with Dirhodium Formamidinate 
Compounds That Display Antitumor Behavior." Inorg. Chem 1999, 38, 
2655-2657. 

11. Lin, C.; Kagan, C. "Layer-By-Layer Growth of Metal-Metal Bonded 
Supramolecular Thin Films and Its Use in the Fabrication of Lateral 
Nanoscale Devices." J. Am. Chem. Soc. 2002,125, 336-337. 

12. Lin, C.; Protasiewicz, J. D.; Smith, E. T.; Ren, T. "Linear Free Energy 
Relationships in Dinuclear Compounds. 2. Inductive Redox Tuning Via 
Remote Substituents in Quadruply Bonded Dimolybdenum Compounds." 
Inorg. Chem. 1996, 35, 6422-6428. 

13. Ren, T.; Lin, C.; Valente, E. J.; Zubkowski, J. D. "The Influence of Remote 
Substituent in Tetrakis(m-N,N'-DiaryIformamidinato)Dirhodium(II) 
Compounds. Part 7. Linear Free Energy Relationships in Dinuclear 
Compounds." Inorg. Chim. Acta 2000, 297, 283-290. 

14. Lin, C.; Protasiewicz, J. D.; Smith, E. T.; Ren, T. "Linear Free Energy 
Relationships in Dinuclear Compounds. 2. Inductive Redox Tuning Via 
Remote Substituents in Quadruply Bonded Dimolybdenum Compounds." 
Inorg. Chem. 1996, 35, 6422-6428. 

15. Lichtenberger, D. L.; Lynn, M. A.; Chisholm, M. H. "Quadruple Metal-Metal 
Bonds with Strong Donor Ligands. Ultraviolet Photoelectron Spectroscopy 
of M2(Form)4 (M=Cr, Mo, W; Form=N, N'-Diphenylformamidininate)." J. 

Am. Chem. Soc. 1999,121, 12167-12176. 

16. Nelsen, S. F.; Peacock, V.; Weisman, G. R. "Single-Electron Oxidation 
Equilibria of Tetraalkylhydrazines. Comparison of Solution Eo Values and 
Vapor-Phase Ionization Potentials." J. Am. Chem. Soc. 1976, 98, 5269-5211. 

17. Lever, A. B. P.; Wilshire, J. P. "Redox Potentials of Metal Phthalocyanines 
in Non-Aqueous Media." Can. J. Chem. 1976, 54, 2514-2516. 

18. Lichtenberger, D. L.; Johnston, R. L.; Hinkelmann, K.; Suzuki, T.; Wudl, F. 
"Relative Electron Donor Strengths of Tetratioafulvene Derivatives: Effects 
of Chemical Substitutions and the Molecular Environment from a Combined 
Photoelectron and Electrochemical Study." J. Am. Chem. Soc. 1990,112, 
3302-3307. 

19. Pysh, E. S.; Yang, N. C. "Polarographic Oxidation Potentials of Aromatic 
Compounds." J. Am. Chem. Soc. 1963, 85, 2124-2130. 



44 

20. Neikam, W. C.; Dimeler, G. R.; Desmond, M. M. "A Correlation of 
Electrochemical Oxidation Potential of Organic Compounds with 
Photoionization Potential." J. Electrochem. Soc. 1964, 111, 1190-1192. 

21. Marcus, Y. J. Chem. Soc., Faraday Trans. 1987, 83, 2985. 

22. Jolicoeur, C.; Dinh The, N.; Cabana, A. Can. J. Chem. 1971, 49, 2008. 

23. Stangret, J.; Karnienska-Piotrowica, E. J. J. Chem. Sac., Faraday Trans. 
1997, 95, 3463. 

24. Stangret, J.; Gampe, T. J. Phys. Chem. 2002,106, 5393. 

25. Grossfield, R.; Ren, P.; Ponder, J. "Ion Solvation Thermodynamics from 
Simulation with a Polarizable Force Field." J. Am. Chem. Soc. 2003,125, 
1567M5682. 

26. Seeber, R.; Piu, P. "The Standard Redox Potential in the Study of 
Solute-Solvent Interactions. Dirhodium Complexes." Inorg. Chim. Acta 
1989,155, 27-30. 

27. Bear, J. L.; Han, B.; Huang, S.; Kadish, K., M. "Effect of Axial Ligands on 
the Oxidation State, Structure, and Electronic Configuration of Diruthenium 
Complexes. Synthesis and Characterization of Ru2(Dpf)4Cl, 
Ru2(Dpf)4(C-CC6H5), Ru2(Dpf)4(C-CC6H5)2, and Ru2(Dpf)4(CN)2 
(Dpf=N, N'-Diphenylformamidinate)." Inorg. Chem. 1996, 35, 3012-3021. 

28. Chang, C. S. J.; Collison, D.; Mabbs; Enemark, J. H. "Synthesis and 
Characterization of Mononuclear Oxomolybdenum(V) Complexes with 
Aliphatic Diolato, Dithiolato, or Alkoxo Ligands: Effect of Chelate Ring 
Size on the Properties of the Metal Center." Inorg. Chem. 1990, 29, 
2261-2267. 

29. Masnovi, J. M.; Seddon, E. A.; Kochi, J. K. "Electron Transfer from 
Anthracenes. Comparison of Photoionization, Charge-Transfer Excitation, 
and Electrochemical Oxidation." Can. J. Chem. 1984, 62, 2552-2559. 

30. Anxolabehere, E.; Hapiot, P.; Saveant, J.-M. "Formal Oxidation Potentials of 
Aromatic Hydrocarbons in N,N'-Dimethylformamide." J. Electroanal. 

Chem. 1990, 282, 275-280. 

31. Parker, V. D. "Energetics of Electrode Reactions. II. The Relationship 
Between Redox Potentials, Ionization Potentials, Electron Affinities, and 



45 

Solvation Energies of Aromatic Hydrocarbons." J. Am. Chem. Soc. 1976, 98 
(1), 1/7/76, 98-103. 

32. Miller, L. L.; Nordblom, G. D.; Mayeda, E. A. "A Simple Comprehensive 
Correlation of Organic Oxidation and Ionization Potentials." J. Org. Chem. 
1972,57(6), 916-918. 

33. Howell, J. O.; Goncalves, J. M.; Amatore, C.; Klasinc, L.; Wightman, R. M.; 
Kochi, J. K. "Electron Transfer from Aromatic Hydrocarbons and 
Their.Pi.-Complexes with Metals. Comparison of the Standard Oxidation 
Potentials and Vertical Ionization Potentials." J. Am. Chem. Soc. 1984,106 
(14), 3968-3976. 

34. Al-Saeed, A. M.; Seddon, E. A.; Seddon, K. R.; Shimran, A. A.; Tompkins, 
S.; Grossel, M. C.; Knychala, J. P. "The Electronic Structure of 
Di-75-Cyclopentadienyliron(II) Derivatives." 7. Organomet. Chem. 1988, 
347, C25-C30. 

35. Li, T. T.-T.; Brubaker, J., C. H. "Electrochemical and ESR Kinetics Studies 
of Electron Transfer in the System 
Bis(76-Arene)Chromium(0)/Bis(76-Arene)Chromium(I)." J. Organomet. 
Chem. 1981, 216, 223-234. 

36. Matsumura-Inoue, T.; Kuroda, K.; Umezawa, Y.; Achiba, Y. "Comparative 
Study on He(I) Photoelectron Spectroscopy and Voltammetry of Ferrocene 
Derivatives." J. Chem. Soc., Faraday Trans. 2 1989, 85, 857-866. 

37. Green, J. C.; Kelly, M. R.; Payne, M. P.; Seddon, E. A.; Astruc, D.; Hamon, 
J. R.; Michaud, P. "Photoelectron Study of Electron-Rich Iron(I) 
Cyclopentadienyl Arene Complexes and of the Related Iron(II) 

Cyclopentadienyl Cyclohexadienyl Complexes." Organometallics 1983, 2 
(2), 211-218. 

38. Graff, J. N.; McElhaney, A. E.; Basu, P.; Gruhn, N. E.; Chang, C.-S. J.; 
Enemark, J. H. "Electrochemistry and Photoelectron Spectroscopy of 
Oxomolybdenum(V) Complexes with Phenoxide Ligands: Effect of Para 
Substituents on Redox Potentials, Heterogeneous Electron Transfer Rates, 
and Ionization Energies." Inorg. Chem. 2002,41, 4342-2647. 

39. Nelsen, S. P.; Peacock, V. E.; Kessel, C. R. "Single-Electron Oxidation 
Equilibria of Tetraalkylhydrazines.2.Tetraalkyl-2-Tetrazenes as Models for 
Steric Effects, and the Importance of Aklyl Group Charge Delocalization 
Anisotropy." J. Am. Chem. Soc. 1978, 100, 7017-7023. 



46 

40. Cotton, F. A.; Gruhn, N. E.; Gu, J.; Huang, P.; Lichtenberger, D. L.; ; 
Murillo, C. A.; Van Dom, L. O.; Wilkinson, C. C. "Closed-Shell Molecules 
That Ionize More Readily Than Cesium." Science 2002, 298, 12/6/2002, 
1971-1974. 



47 

CHAPTER 2 

EXPERIMENTAL 

The procedures followed in this research for the collection of the gas-phase 

photoelectron spectra of transition metal molecules were developed by John Hubbard,' 

Glen Kellogg,^ Mark Jatcko,^ Sharon Renshaw," and Nadine Gruhn.^ Information 

regarding the specifics of data collection are presented in the chapters detailing the 

particular compounds studied. This chapter organizes all the data collected for the 

compounds under study into table format, in addition to providing references for 

synthetic and experimental details. 

The sources of the compounds studied here and details of the experiments, 

theoretical calculations, and data reduction and analysis methods are presented here. 

Preparation of compounds 

The molecules examined here were either synthesized as part of this work or 

received in collaboration. References to the published syntheses of the metal-metal 

bonded systems are provided in the following chapters. Because of the sensitivity of 

many of these dimetal systems to oxygen and water, all syntheses, except the -H, p-CHj, 

m-CF3 and p-CF3 substituted Rh2(DPhF)4 molecules, were performed on a Schlenk line 

using standard techniques for manipulating air-sensitive compounds. Chlorinated 

Rh2(DPhF)4 were prepared using a soxhlet extraction technique, a modification of the 

synthesis used in the laboratories of Michael Doyle. Daren Timmons unpublished 



procedure involves the use of eight times as much of the substitiuted diphenyl 

formamidine added to dirhodiumtetracarboxylate with degassed dichlorobenzene in a 

round bottom flask with a side arm. A thimble filled with 1:2 sand and sodium carbonate 

is dropped into the cavity of the soxhlet glassware. A condenser with a needle in the 

rubber stopper at the top of the apparatus is added to the soxhlet extractor, which is then 

put on the round bottom flask. All joints were sealed with teflon tape around the male 

joint and no grease is used. The mixture is heated for five hours at 140 °C under argon. 

After cooling, hot toluene is used for recrystalization and cold hexanes are used to wash 

the product. All compounds were stored under a nitrogen atmosphere in a dry box. All 

solvents were dried and degassed according to standard techniques. Table 2.1 organizes 

all compounds studied (including some not presented in this work) in terms of name, 

experimental details and filenames for quick referencing. The sources of molecules 

studied in this work are listed in Table 2.2. 

Summaries of the synthetic preparation and physical methods for the 

molecules studied in chapter 6, prepared by Chad Wilkinson at Texas A&M, are given 

here with his permission. 

Organic Synthesis. All glassware was oven-dried prior to use. Ammonium 

hydroxide, diethylenetriamine, carbon disulfide, p-toluenesulfonic acid monohydrate, (2-

aminoethyl)-l,3-propanediamine, isobutyraldehyde, paraformaldehyde, ammonium 

chloride, hydroxylmine hydrochloride, 2-ethylbutyraldehyde and sodium hydroxide were 

purchased from Aldrich and used as received. Lead (II) acetate and Raney Ni were 



purchased from Strem and used as received. Ether, ethanol, p-xylene, methanol, hexanes 

o 
and acetonitrile were purchased from Aldrich and dried over 3 A molecular sieves prior 

to use. Evolution of HjS in the synthesis of Htbo, Htbn, HTMhpp, and HTEhpp was 

monitored by test strips of filter paper wetted with aqueous lead (II) acetate passed 

through reaction exhaust. 

Inorganic Synthesis. All procedures were performed under a nitrogen 

atmosphere unless otherwise noted and all glassware was oven-dried prior to use. The 

solvents THF, CH2CI2, benzene and hexanes were all purchased from Aldrich and 

purified using a Contour Glass solvent system. BuLi was purchased from Acros and 

stored at -20 °C until used. Mo2(02CCF3)4 and potassium tetra[3,5-

bis(trifluoromethyl)phenyl]borate (K(TFPB)) were prepared according to published 

procedures. 

Physical Measurements. IR spectra were recorded using a Perkin Elmer 

16PC FT-IR spectrometer. UV-Vis spectra were recorded on a Shimadzu UV-2501 PC 

spectrometer. 'H NMR spectra were recorded on a Unity Plus 300 NMR spectrometer, 

using solvent peaks to reference chemical shifts (6). 

Htbo 

1.4.6-triazabicvcloG.3.0')oct-4-ene (Htbo) (1) 

H 



This compound was prepared according to the patent literature.^ Carbon 

disulfide (7.60 g, 100 mmol) was added to a solution of diethylenetriamine (10.3 g, 100 

mmol) in 150 mL of p-xylene immediately forming a white precipitate. The mixture was 

heated to boiling and the solid dissolved. The solution was refluxed until evolution of 

H2S ceased (approx. 10 days) and then the solvent was removed under vacuum, leaving a 

yellow-white solid. This was purified by sublimation, resulting in colorless crystals 

suitable for X-ray diffraction. Yield: 6.87 g (62 mmol, 62%). IR (KBr, cm"'): 3310 (m), 

3158 (m), 3111 (s), 3048 (s), 2955 (s), 2835 (s), 2372 (m), 2291 (w), 1750 (s), 1596 (s), 

1545 (m), 1479 (s), 1447 (s), 1421 (s), 1341 (m), 1298 (s), 1268 (s), 1241 (s), 1202 (s), 

1177 (m), 1117 (m), 1092 (s), 1059 (m), 990 (s), 933 (m), 897 (w), 875 (m), 815 (m), 771 

(m), 726 (s), 708 (s), 672 (m), 623 (m), 454 (w). NMR (CDCI3, ppm): 4.51 (br s, IH 

(NH)), 3.86 (t, 4H (CH^)), 3.14 (t, 4H (CH2)). Mass spectrum (ESr): Calculated: 

(M+H^) 112.1 amu; Found: 112.1. The melting point (158 - 159 °C) is in good 

agreement with literature values of 158.5 - 159.5 °C.' Elemental analysis is already 

published.^ 

Htbn 

1.4.6-triazabicvclo('3.4.0Vnon-4-ene (Htbn) (2) 

H 
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This compound was synthesized by a modification of a reported procedure.^ 

Carbon disulfide (12.8 mL, 16.2 g, 213 mmol) was added slowly to a solution of N-(2-

aminoethyl)-l,3-propanediamine (25 g, 210 mmol) in 150 mL of p-xylene resulting in the 

formation of a white precipitate. As the mixture was heated to reflux under nitrogen, the 

precipitate melted into a green oil which dissolved to give a colorless solution as the 

reflux progressed. The reaction was stopped after the evolution of HjS ceased (approx. 

10 days). The solvent was then removed leaving behind a yellow-white solid. The solid 

was purified by sublimation, resulting in colorless crystals suitable for X-ray diffraction. 

Yield: 22.7 g (182 mmol, 85.4%). IR (KBr, cm"'): 3278 (m), 3172 (m), 3127 (m), 3052 

(m), 2930 (s), 2843 (s), 1650 (s), 1501 (s), 1477 (s), 1438 (s), 1372 (m), 1320 (s), 1268 

(s), 1198 (m), 1175 (m), 1147 (s), 1101 (m), 1032 (m), 974 (m), 941 (m), 842 (m), 754 

(m), 722 (m), 692 (m), 543 (w), 471 (m). NMR (CDCI3, ppm): 3.43 (td, 2H (CH2)), 3.29-

3.23 (mult, 4H (CHj)), 3.10 (t, 2H (CHj)), 1.92 (p, 2H (CHj)). Mass spectrum (ESr): 

Calculated (M+H"^): 126.1 amu; Found: 126.1 amu. Elemental analysis is already 

published.'" Crystals of (H2tbn)(HC03), suitable for X-ray diffraction, were prepared by 

the slow evaporation in air of a solution in 90% v/v ethanol/water. 

HTMhpp 

3.3.9.9-tetramethvl-1.5.7-triazabicvclor4.4.01dec-4-ene (HTMhpp) (5) 
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H 

,  y j . ,  i. ^ /vx/"\x^"v ® 
/ \ 2. EtOH.NHflHOHCl nO ^ ^ ^ ^o„ 

H H H 

\/ 1 \/ H^RaneyNi \ / V \ / 
H0''VXy'^\Xv/^0H eOH, Hp, NH* 

Wj/V A/ NH^ "^^^2 f>-xylene ^ 

\/ \/ \/\/ cat H*, reflux N N 
I 

H 

The synthesis of 3 and 4 follow a procedure in the patent literature." The 

synthetic procedure of 5 is modified from the patent literature.® A mixture of NH4CI 

(33.44 g, 625 rnmol), isobutyraldehyde (127 mL, 100.0 g, 1.39 mol) , paraformaldehyde 

(45.00 g, 1.50 mol), 20.0 mL water, and 1.0 mL of 12 M HCl was refluxed under 

nitrogen for 4.5 h. During this time, the paraformaldehyde dissolved resulting in an 

exothermic reaction which caused the reflux to become vigorous. While the viscous 

solution was boiling, 1.3 L EtOH, 400 mL HjO and 100.0 g (1.43 mol) NH20H*HC1 were 

added. A colorless precipitate formed, and redissolved as the solution was refluxed for 

20 min. The solution was then cooled to room temperature and allowed to stand 

overnight. The next day, crystals of 3»HC1 in the form of colorless needles were 

collected by filtration and washed with 100 mL of ether. The solvent was removed from 

the filtrate using a rotary evaporator and the residue was recrystallized from hot 75% v/v 



EtOH/HjO, giving a second crop of colorless needles. Yield; 115.03 g {132%). The 

crystals produced were suitable for X-ray diffraction. IR (KBr, cm"'): 3212 (s), 2973 (m), 

2713 (w), 1648 (w), 1567 (w), 1540 (w), 1444 (s), 1413 (m), 1377 (w), 1317 (m), 1290 

(m), 1230 (w), 1168 (w), 10061 (w), 979 (s), 929 (w), 855 (w), 777 (m), 690 (m), 580 

(w), 484 (w). NMR (DMSO-d^, ppm): 10.81 (s, 2H (CH)), 8.00 (br s, 2H (OH)), 7.34 (s, 

2H (NHj)), 3.07 (t, 4H (CH^)), 1.16 (s, 12H ( C H 3 ) ) .  

Compound 3*HC1 (10.0 g, 39.8 mmol) was dissolved in a mixture of hot 75% 

v/v EtOH/HjO and made basic with NaOH. The solvent was then removed using a rotary 

evaporator and the colorless solid washed with water to remove NaCl. The solid was 

then placed in the glass liner of a Parr high-pressure reactor and dissolved in 100 mL of 

ethanol and 50 mL of 14.8 M ammonium hydroxide. An aliquot (approx. 0.5 mL) of 

Raney Ni slurry (purchased from Aldrich) was added and the vessel was then placed in 

the reactor which was subsequently assembled. The reactor was flushed briefly with Hj 

gas and then charged to a pressure of 1100 psi of H2. The mixture was heated at 100 °C 

and stirred for 4 h, then cooled to room temperature and the reactor was disassembled. 

The mixture was filtered to remove Raney Ni and the solution was concentrated to a 

colorless oil {ca. 5 mL) on a rotary evaporator. Methanol (50 mL) was added and the 

solution was once more concentrated down to a colorless oil (ca. 5 mL) using a rotary 

evaporator to remove traces of water through the formation of a HjO/MeOH azeotrope. 

The residue was then dried overnight under vacuum on a Schlenk line leaving 4 as a 

colorless oil. Yield: 5.017 g (26.8 mmol, 67.5%). IR (neat/NaCl, cm"'): 3370 (m), 3296 

(m), 2950 (s), 2867 (s), 1598 (m), 1471 (s), 1388 (m), 1362 (m), 1311 (w), 1273 (w), 



1227 (w), 1119 (s), 1065 (m), 1021 (m), 918 (m), 839 (m), 757 (m), 731 (m), 600 (w), 

517 (w). NMRCQDg, ppm) 2.44 (br s, 4H (CH^)), 2.29 (s, 4H (CHj)), 1.42 (br s, 5 H 

(NH^/NH)), 0.78 (s, 12H(CH3)). Crystals of Cd(5)2(N03)2'H20 suitable for X-ray 

diffraction were produced by reacting 4 with Cd(N03)2*3H20 in a 2; 1 ratio in ethanol and 

crystallizing the product from ethanol and water. 

Compound 4 (2.0 g, 10.7 mmol) was dissolved in 150 mL of p-xylene and CS2 

(0.65 mL, 0.823 g, 10.8 mmol) and p-toluenesulfonic acid monohydrate (0.103 g, 0.541 

mmol) were added. Initially a white precipitate formed. The solution was heated to 

reflux under nitrogen causing the precipitate to rapidly redissolve. The solution was 

refluxed until all of the HjS evolved (approx. 3 days). While still hot, the solution was 

decanted away from any solid or oily residue in the flask and the solution was allowed to 

cool to room temperature under nitrogen. The solvent was then removed under vacuum 

and the resulting colorless microcrystalline powder was washed with acetonitrile (20 mL) 

and hexanes (5 mL). The solid was then placed in an oven at 100 °C for 1 h. Yield: 

1.618 g (8.30 mmol, 77.6%) IR (KBr, cm"'): 3260 (w), 3188 (m), 3114 (m), 3064 (m), 

3034 (m), 2950 (s), 2899 (s), 2858 (s), 1656 (s), 1572 (w), 1517 (s), 1478 (m), 1464 (m), 

1442 (m), 1387 (m), 1360 (m), 1310 (m), 1297 (m), 1257 (s), 1212 (w), 1167 (s), 1113 

(w), 1057 (m), 1023 (w), 1007 (w), 934 (w), 814 (w), 744 (w), 715 (w), 635 (w), 561 (w), 

481 (w). NMR (CgDg, ppm): 2.94 (s, 4H (CHj)), 2.80 (s, 4H (CH2)), 1.03 (s, 12 H 

(CH3)). Elemental analysis: Calculated for CnHjiNj C: 67.65, H: 10.84, N: 21.52; 

Found: sample submitted. Mass Spectrum (ESr): Calculated (M+H"^): 196.2 amu; 

Found 196.2 amu. Crystals of the bicarbonate salt, suitable for X-ray diffraction, were 
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produced by the slow evaporation in air of a solution of 5 in 90% v/v EtOH/HjO. 

HTEhpp 

3.3.9.9-tetraethvl-1.5.7-triazabicvcIor4.4.01dec-4-ene (HTEhpp) (8) 

2. 

p-xylene 

cat. ft, reflux 

H 

The synthesis was modified from a procedure in the patent literature.^'" A 

mixture of NH4CI (4.90 g, 92 mmol), 2-ethylbutyraldehyde (25.0 mL, 20.4 g, 204 

mmol), paraformaldehyde (6.60 g, 220 mmol), 5.0 mL water, and 60 mL of MeCN was 

refluxed under nitrogen for 4.5 h. During this time, the paraformaldehyde dissolved 

resulting in an exothermic reaction which caused the reflux to become vigorous. The 

volatile components were removed using a rotary evaporator and the pasty residue was 

dissolved in 100 mL of 75% v/v EtOH/HjO. Hydroxylamine hydrochloride (14.5 g, 209 

mme!) was added and a colorless precipitate formed, but then dissolved as the 



temperature of the solution was raised to boiling. The solution was refluxed for 20 

minutes then cooled to room temperature and allowed to stand overnight. The next day, 

crystals of 6*HC1*H20 in the form of colorless plates were collected by filtration and 

washed with 20 mL of ether. Yield: 9.87 g (30.3%). The crystals produced were suitable 

for X-ray diffraction. IR (KBr, cm''); 3395 (s), 3356 (s), 3271 (s), 3232 (s), 3148 (s), 

3067 (s), 2972 (s), 2941 (s), 2882 (s), 2853 (s), 2752 (m), 2711 (m), 1617 (m), 1529 (m), 

1441 (s), 1390 (m), 1331 (s), 1290 (s), 1179 (w), 1154 (w), 1074 (w), 1044 (w), 1026 

(w), 1005 (w), 966 (s), 909 (w), 886 (w), 844 (w), 788 (w), 709 (s), 667 (m), 574 (w), 

542 (m), 522 (m). NMR (DMSO-^/g, ppm): 10.92 (s, 2H (CH)), 7.80 (br s, 2H (OH)), 

7.32 (s, 2H (NHj)), 3.12 (t, 4H (CH^)), 1.55 (q, 8H (-CH2CH3)), 0.81 (t, 12H (-CH^CHj)). 

Compound 6*HC1*H20 (10.0 g, 39.8 mmol) was dissolved in a mixture of hot 

75% v/v EtOH/HjO and the solution was made basic with NaOH. The solvent was then 

removed using a rotary evaporator and the colorless solid was washed with water to 

remove NaCl. The solid was then placed in the glass liner of a Parr high-pressure reactor 

and dissolved in 100 mL ethanol and 50 mL of 14.8 M ammonium hydroxide. An aliquot 

(approx. 0.5 mL) of Raney Ni slurry was added and the vessel then placed in the reactor. 

The reactor was flushed briefly with Hj gas and then charged to a pressure of 1100 psi of 

Hj. The mixture was heated at 100 °C and stirred for 4 h, cooled to room temperature 

and the reactor was then disassembled. The mixture was filtered to remove Raney Ni and 

the filtrate was concentrated to a colorless oil (ca. 2 mL) on a rotary evaporator. 

Methanol (50 mL) was added and the solution was once more concentrated down to a 

colorless oil {ca. 2 mL) using a rotary evaporator to remove traces of water through the 



formation of an MeOH/HjO azeotrope. The residue was then dried overnight under 

vacuum on a Schlenk line resulting in 7 as a colorless oil. Yield; 2.087 g (8.6 mmol, 

57%). IR (neat/NaCl, cm '): 3372 (m), 3299 (m), 2958 (s), 2937 (s), 2920 (s), 2877 (s), 

1599 (m), 1463 (s), 1379 (m), 1297 (m), 1230 (w), 1120 (m), 1073 (m), 1031 (m), 988 

(m), 823 (s), 785 (s), 729 (m), 637 (w), 600 (w), 532 (w). NMR (CA, PPm): 2.50 (br s, 

4H (CH2)), 2.35 (s, 4H (CHj)), 1.24 (q, 8H (-CH^CHj)), 0.77 (t, 12H ( - C H 2 C H 3 ) ) .  

Crystals of Cd(7)2(N03)2*H20 suitable for X-ray diffraction were produced by reacting 7 

with Cd(N03)2*3H20 in a 2:1 ratio in ethanol and crystallizing the product from ethanol 

and water. 

Compound 7 (2.0 g, 8.2 mmol) was dissolved in 150 mL p-xylene and CSj 

(0.48 mL, 0.62 g, 8.2 mmol) and p-toluenesulfonic acid monohydrate (0.078 g, 0.41 

mmol) were added. Initially a white precipitate formed, which rapidly dissolved as the 

solution was heated to reflux under nitrogen. The solution was refluxed until all of the 

H2S evolved. While still hot, the solution was decanted away from any solid or oily 

residue in the flask and allowed to cool to room temperature under nitrogen. The solvent 

was removed under vacuum and the resulting colorless microcrystalline powder was 

washed with acetonitrile (20 mL) and hexanes (5 mL). The solid was then dried in an 

oven at 100 °C for 1 h. Yield: 0.89 g (3.6 mmol, 44%) IR (KBr, cm"'): 3272 (w), 3197 

(m), 3145 (m), 3071 (m), 3039 (m), 2965 (s), 2935 (s), 2861 (s), 2807 (s), 1650 (s), 1578 

(w), 1520 (s), 1484 (m), 1461 (s), 1447 (s), 1375 (s), 1310 (m), 1292 (m), 1265 (m), 1232 

(m), 1193 (w), 1153 (m), 1115 (w), 1069 (m), 1029 (w), 1005 (w), 941 (w), 914 (w), 804 

(w), 770 (w), 736 (w), 711 (w), 679 (w), 651 (w), 566 (w), 528 (w). NMR (C^. PPm): 
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2.89 (s, 4H (CHj)), 2.42 (s, 4H (CHj)), 1.35-1.16 (mult., 8H (-CH2CH3)), 0.69 (t, 12H (-

CH2CH3)). Elemental analysis: Calculated for CjjHjgNj C: 71.65, H: 11.65, N: 16.70; 

Found: sample in preparation. Mass Spectrum (ESr): Calculated (M+H"*^): 251.4 amu; 

Found 251.4 amu. Colorless plate crystals, suitable for X-ray diffraction, were produced 

by slow evaporation of a p-xylene solution of 8 under vacuum. 

mo2(tbo)4 

mo.ctbol eg-) 

A Schlenk flask was charged with Htbo (1) (0.689 g, 6.21 mmol) and THF (20 

mL). To the resulting suspension, BuLi (3.9 mL, 6.24 mmol) was added and the mixture 

was stirred for 30 min. A solution of Mo2(02CCF3)4, (1.00 g, 1.55 mmol) in THF (20 

mL) was then added and the mixture was stirred for 1 h. The solution rapidly darkened, 

and a red-pink precipitate was observed. The mixture was filtered and the red-pink solid 

was washed with 20 mL THF. The combined filtrate and wash were placed in a freezer 

at -20 °C for a week, during which crystals of 9*THF formed. Crystals of 9 were grown 

by layering a saturated benzene of 9 solution with hexanes. Yield: 0.778 g (1.23 mmol, 

79.4%). IR (KBr, cm '): 3367 (w), 2956 (s), 2835 (s), 1686 (s), 1655 (m), 1625 (s), 1496 

(s), 1464 (s), 1431 (s), 1339 (w), 1288 (m), 1270 (m), 1228 (m), 1198 (s), 1143 (m), 1108 

(m), 1078 (s), 1023 (s), 933 (w), 914 (w), 851 (w), 804 (m), 785 (m), 729 (w), 670 (w), 

521 (w), 485 (m). NMR: sample in preparation. Elemental analysis: Calculated for 

MO2C20H32N12 C: 37.98, H: 5.10, N: 26.58; Found: sample in preparation. UV-Vis (THF) 

Aj^ax' Jirn; (^M' L/mol*cm): 486.5 (1,800), 355.0 (4,400). 
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Photoelectron Spectroscopy 

The gas-phase photoelectron spectra reported in this work were recorded 

using an instrument that features a 36 cm radius, 8 cm gap analyzer with custom-

designed sample cells,detection system and control devices.'^ The photon source is a 

quartz lamp with the ability to produce He la (21.2 eV) or He Ila (40.8 eV) photons, 

depending on instrument operating conditions. 

Calibration. Instrument calibration was achieved for He I mode by 

referencing the ionization of argon (15.759 eV) and the ionization (9.538 eV) of 

methyl iodide. The argon ionization was also used as an internal calibrant during 

data collection between each scan. In some cases the He II self ionization was visible at 

4.99 eV, which serves as an excellent calibrant for low ionizations. The resolution of the 

data collected was determined by measuring the width at half max for the argon 

ionization. Resolution of data presented here range from 0.015-0.040 eV. 

Sample Handling. Sublimation of solid samples was achieved under 

vacuum by heating the sample cell via a cartridge heater attached directly to the cell. 

Depending on sublimation temperature, solid samples were run using either a custom 

designed aluminum cell (sublimation range up to 220°C) or stainless-steel cell 

(sublimation range up to 500°C). Temperatures were measured by a K-type 

thermocouple attached directly to the cell through a vacuum feedthrough 

Solid Samples. For compounds subliming < 220°C, before each data 

collection the aluminum cell was taken apart and thoroughly cleaned and sonicated with 
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isopropanol and dichloromethane. After cleaning the cell, a graphite based coating 

(DAG 154®, Acheson) was used to coat the cell. The cell was then baked in the 

instrument up to 200°C. 

For compounds subliming > 230°C, the stainless steel cell was used. 

Depending on the previous compound run, the cell was either dismantled, sonicated with 

isopropanol and dichloromethane and cleaned with emery paper, or the argon inlet and 

sample holder were flushed with isopropanol and dichloromethane. In both cases, the 

cell was then baked in the instrument up to 420°C. 

Loading of the sample took place upon cooling of the cell to room 

temperature. Samples which were air-sensitive were loaded into the thoroughly cleaned 

sample cell in a glove-box. Ziploc® bags (double layered) were used to transport the 

sample cell from the drybox to the instrument, where the sample cell was loaded under a 

positive pressure of nitrogen. Table 2.1 gives the sublimation temperatures for the 

molecules studied in this dissertation. 

Data Analysis. Data analysis is done using the computer program WinFp 

version 0.011 and the computer program FP. All ionization bands are fit with Gaussian*'* 

peaks in order to analytically represent the data collected. The peaks are defined by the 

Gaussian's position, amplitude (intensity) as well as width high and low measured at half 

maximum. Ionization energies corresponding to specific orbitals are defined by the 

vertical ionization. 
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Computational Methods 

Computations were performed using the ADF,'^^° and Fenske-HalP' 

computational packages. The details specific to individual compounds can be found in 

the chapters in which the compounds appear. Crystal structure geometries, when 

available, were used as the starting point to optimize the structures to full symmetry. The 

Molekel® molecular visualization program was used to plot the individual molecular 

orbital output from the theoretical calculations. Input files for select ADF calculations, 

along with the location of the output file are included in Appendix B. 
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Table 2.1. Photoelectron spectroscopic experimental details for compounds studied in 
this work 

Molecule Collection Photon Energy Filenames Collection 

Temp (°C) Source Region 

(eV) 

Dates 

Rh2(p-OMe-DPhF)4 decomposed He I 15-4.9 LovOl.f* 5/26/00 

15-5.3 Lov02.f* 

Rh2(m-CF3-DPhF)4 200-230 He I 

10-5.3 Lov02.c* 

7/11/00 

15.5-5.3 Lov03.f* 7/13/00 

H e l  

10-5.3 Lov03.c* 

7/26/00 

7/27/00 

Rh2(p-CH3-DPhF)4 285-300 

He II 

20-5.3 

10-5.3 

Lov03.x* 

Lov03.y* 

8/28/00 

15-5.3 Lov04.f* 

Rh2(cyDPhF)4 220-270 H e l  

10-5.3 Lov04.c* 

8/29/00 

15-5.3 Lov05.f* 1/24/01 

Rh2(/j-Cl-DPhF)4 375-430 H e l  

10-5.3 Lov05.c* 

1/30/01 
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Table 2.1. Photoelectron spectroscopic experimental details for compounds studied in 
this work 

Molecule Collection Photon Energy Filenames Collection 

Temp (°C) Source Region 

(eV) 

Dates 

15-5.3 Lov06.f* 1/31/01 

Rh2(;7-CF3-DPhF)4 250-300 He I 

10-5.3 Lov06.c* 

3/22/01 

15-5.3 Lov06.f* 

Rh2(5,5-F-DPhF)4 200-300 He I 

10-5.3 Lov06.c* 

4/24/01 

15-5.3 Lov09.f* 7/25/01 

He I 6.3-5.8 

10-5.3 

Lov09.b* 

Lov09.c* 

3/18/02 

Rh2(//-DPhF)4 220-270 

He II 

20-5.3 

10-5.3 

Lov09.x* 

Lov09.y* 

7/26/01 
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Table 2.1. Photoelectron spectroscopic experimental details for compounds studied in 
this work 

Molecule Collection Photon Energy Filenames Collection 

Temp (°C) Source Region 

(eV) 

Dates 

12-3.7 LovlO.f* 1/8/02 

He I 

5.25-3.22 LovlO.c* 

1/9/02 

2/25/02 

Mo2(hpp)4 #1 200-250 

He II 

20-3.7 

'5.25-3.22 

LovlO.a* 

LovlO.b* 

2/26/02 

3/4/02 

3/5/02 

3/12/02 

3/03/02 

1/17/02 

Co3(dpa)4Cl2 200-290 He I 15.5-5.3 Lovll.f* 1/18/02 

1/19/02 

4/16/02 

Cr2(hpp)4 #1 190-220 He I 15.5-5.3 Lovl2.f* 4/23/02 

10-4.96 Lovl3.f* 

M02(H-DPhF)4 220-300 He I 

6.25-4.96 Lovl3.c* 

4/30/02 
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Table 2.1. Photoelectron spectroscopic experimental details for compounds studied in 
this work 

Molecule Collection Photon Energy Filenames Collection 

Temp (°C) Source Region Dates 

(eV) 

10-5.3 Lovl4.f* 5/6/02 

Cr2(hpp)4 #2 200-230 He I 7-5.3 Lovl4.c* 5/7/02 

5/8/02 

10-5.3 Lovl5.a* 5/15/02 

Cr2(hpp)4#3 200-260 He I 7-5.3 Lovl5.b* 5/16/02 

6.5-5.3 Lovl5.c* 5/18/02 

10-5.3 Lovl7.f* 8/18/02 

6/19/02 

M02(p-CH3-DPhF)4 240-320 He I 11.5-4.75 Lovl6.f* 6/20/02 

Cr2(hpp)4 #3 220-270 He I 5.5-4.51 Lovl7.c* 8/18/02 

7-3.2 Lovl8.f* 

W2(hpp)4#l 250-280 He I 5-3.2 LovlS.h* 7/13/02 

4.5-2.66 LovlB.d* 7/14/02 

5.3-3.2 LovlS.v* 

10-3.96 Lovl9.f* 

Cr2(hpp)4#4 220-250 He I 8/2/02 

5.5-4.5 Lovl9.c* 

Mo2(o-ClDPhF)4 300-400 He I 12-4.9 Lov20.g* 9/18/02 
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Table 2.1. Photoelectron spectroscopic experimental details for compounds studied in 
this work 

Molecule Collection Photon Energy Filenames Collection 

Temp (°C) Source Region 

(eV) 

Dates 

Mo2(p-Cl-DPhF)4 310-390 He I 10-4.76 Lov21.f* 9/19/02 

Mo2(m-Cl-DPhF)4 310-410 He I 10-4.76 Lov22.f* 10/3/02 

Cu3(dpa)4Cl2 decomposed He I 15-4.84 Lov23.f* 10/10/02 

Cr3(dpa)4Cl2 decomposed He I 15-4.84 Lov24.f* 10/11/02 

Mo2(p-CF3-DPhF)4 220-250 He I 15.5-5.35 Lov25.f* 12/13/02 

15-5.39 Lov26.f* 1/15/03 

Hel 10-5.39 Lov26.d* 1/16/03 

M02(m-CF3-DPhF)4 210-280 10-5.39 Lov26.c* 1/15/03 

1/16/03 

He II 7.5-4.43 Lov26.e* 1/16/03 

15-4.26 Lov27.f* 

H e l  

10-4.47 Lov27.i* 

Cr2(hpp)4 #5 220-250 

He II 

10-4.48 

18-3-6 

lov27.x* 

lov27.y* 

2/6/03 
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Table 2.1. Photoelectron spectroscopic experimental details for compounds studied in 
this work 

Molecule Collection Photon Energy Filenames Collection 

Temp (°C) Source Region 

(eV) 

Dates 

Lov28.f* 2/11/03 

Mo2(hpp)4 #2 decomposed He I 15-3.35 

Lov28.g* 

2/12/03 

15-3.23 Lov29.f* 

Mo2(hpp)4 #2 160-200 He I 

10-3.26 Lov29.c* 

2/13/03 

10-2.34 Lov30.1* 3/3/03 

W2(hpp)4#2 ligand 30- He I 10-2.34 Lov30.i* 3/4/03 

230 15-2.43 Lov30.f* 3/5/03 

250-300 8-2.48 Lov30.c* 3/5/03 

Hhpp 24-334 He i 15-4.9 Lov31.11 3/14/03 

Cr2(hpp)4 #4 200-280 He I 15-3.34 Lov32.f* 6/30/03 

Mo2(OT-CF3-DPhF)4 220-280 He I 15-4.9 Lov33.f* 7/1/03 

Mo2(p-OMe-DPhF)4 310-430 He I 15-4.9 Lov34.f* 7/2/03 

Cr3(dpa)4Cl2 decomposed He I 15-4.9 Lov35.f* 7/4/03 

Ni2(hpp)4 

decomposed He I 

15-4.8 

10-3.21 

Lov36.f* 

Lov36.c* 

8/2/03 

W2(hpp)4 decomposed He II 19-3 Lov37.1* 9/9/03 
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Table 2.1. Photoelectron spectroscopic experimental details for compounds studied in 
this work 

Molecule Collection Photon Energy Filenames Collection 

Temp (°C) Source Region Dates 

(eV) 

80-160 (lig) Lov38.1* 

Mo2(tbo)4 

230-280 

He I 15-2.3 

Lov38.f* 

9/4/03 

HEt4hpp 80-150 He I 15-4.88 Lov39.f* 10/28/03 

HMe4hpp 25-140 He I 15-4.88 Lov40.f* 10/29/03 

Htbn 30-40 He I 15-4.88 Lov41.f* 10/30/03 

Htbo 25-100 He I 15-4.88 Lov42.f* 10/30/03 

15.5-4.3 Lov43.f* 

Rh2(m-Cl-DPhF)4 290-310 He I 

10-4.77 Lov43.c* 

4/17/04 
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Table 2.2. Synthetic origin of studied molecules 

Molecule Synthetic Origin 

Rh2(p-OCH3-DPhF)4 

Rh2(m-CF3-DPhF)4 

Rh2(p-CH3-DPhF)4 

Rh2(cyDPhF)4 

Rh2(/7-Cl-DPhF)4 

Rh2(p-CF3-DPhF)4 

Rh2(i,5-F-DPhF)4 

Rh2(//-DPhF)4 

Mo2(hpp)4#l 

Co3(dpa)4Cl2 

Cr2(hpp)4 #1 

Mo2(H-DPhF)4 

Cr2(hpp)4 #2 

Mo2(p-CH3-DPhF)4 

Cr2(hpp)4 #3 

W2(hpp)4#l 

Cr2(hpp)4 #4 

Mo2(hpp)4 #2 

W2(hpp)4 #2 

Hhpp 

Cr2(hpp)4 #5 

M02(m-CF3-DPhF)4 

Tong Ren, Florida Institute of Technology, 
University of Miami 

Laura Van Dom, University of Arizona 

Laura Van Dom, University of Arizona 

Laura Van Dom, University of Arizona 

Laura Van Dom, University of Arizona 

Laura Van Dom, University of Arizona 

Tong Ren, Florida Institute of Technology, 
University of Miami 

Laura Van Dom, University of Arizona 

Chad Wilkinson, Texas A&M 

John Berry, Texas A&M 

Chad Wilkinson, Texas A&M 

Laura Van Dom, University of Arizona 

Chad Wilkinson, Texas A&M 

Laura Van Dom, University of Arizona 

Aaron Reichers, University of Arizona 

Penglin Huang, Texas A&M 

Chad Wilkinson, Texas A&M 

Chad Wilkinson, Texas A&M 

Penglin Huang, Texas A&M 

Aldrich 

Chad Wilkinson, Texas A&M 

Laura Van Dom, University of Arizona 



Mo2(p-OMe-DPhF)4 

Cr3(dpa)4Cl2 

Ni2(hpp)4 

W2(hpp)4. 

Mo2(tbo)4 

HEt4hpp 

HMe4hpp 

Htbn 

Htbo 

Rh2(m-Cl-DPhF)4 

Laura Van Dom, University of Arizona 

John Berry, Texas A&M 

Daren Timmons, VMI 

Dino Villagran, Texas A&M 

Chad Wilkinson, Texas A&M 

Chad Wilkinson, Texas A&M 

Chad Wilkinson, Texas A&M 

Chad Wilkinson, Texas A&M 

Chad Wilkinson, Texas A&M 

Laura Van Dom, University of Arizona 
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CHAPTER 3 

CORRELATIONS OF ELECTRON REMOVAL BY GAS-PHASE PHOTOELECTRON 
SPECTROSCOPY WITH SOLUTION-PHASE ELECTROCHEMISTRY. 

PART I: THE SUBSTITUTED Mo2(DPhF)4 MOLECULES 

Many molecules containing multiple metal-metal bonds have been synthesized 

and characterized.' Some of the most widely studied types of these molecules contain the 

M2(L"L)4 backbone, where the four ligands adopt a paddlewheel shape around the two 

bonded metals. Of the molecules with this form, the M2(DPhF)4 (where DPhF is the notation 

for diphenylformamidinate) systems have been prepared with more metals than any other 

ligand set. The diphenylformamidinate ligand and Mo2(DPhF)4 are pictured in Figure 3.1 

. These diphenylformamidinate ligands have been used in many areas of chemistry, ranging 

from anti-cancer applications in biology to light emitting diode research in material 

science^'^. Additional areas that have been heavily investigated are the use of these types of 

molecules for carbene activation. Depending on the choice of ligands and their substituents, 

the reactions of carbenes can be made extremely selective for either insertion into C-H 

bonds^ or cyclopropanations with olefins.' The selectivity is electronic rather than steric.^ 

In addition to being easily combined with a variety of metals, the formamidinate 

ligands have an additional advantage that makes them useful for studying the electronic 

effects of ligand modification. The M2(DPhF)4 molecules contains four bridging ligands, 

and each ligand has two phenyl rings that can be easily substituted with electron 

withdrawing or electron donating groups simply by changing the aniline in the synthetic 

procedure. This is a simple way in which the effect of substitution on the electronic 
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Figure 3.1. The diphenylformamidinate 
ligand (DPhF) and the paddlewheel structure 
ofM2(L"L)4 
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manifold, or in this case the first ionization energy, is changed by chemical substitution. 

Substituents added to the phenyl rings in this study include p-CHj, -H, m-Cl, p-C\, m-CFj, 

and p-CPy 

Different methods that are commonly employed to study the removal of an 

electron from the HOMO include electrochemistry and photoelectron spectroscopy. The 

two methods of electron removal differ in several ways. As discussed in Chapter 1, one of 

the most fundamental is that photoelectron spectroscopy (PES) is done in the gas phase 

whereas electrochemistry is done in solution. It has been shown through many crystal 

structures that the M2(DPhF)4 molecules tend to coordinate solvent molecules along their z-

axis.''^ The solvent effect is also present in molecules without the ability to coordinate 

solvent axially through stabilization of the resulting cation. This allows for variables such 

as solvation effects in the electrochemistry. The relative rigidity of these molecules and the 

unlikelihood of significant reorganization upon the removal of an electron, renders them 

ideal candidates to quantify this solvent influence. 

Another difference lies in how the two methods measure the energy 

corresponding to electron removal. Photoelectron spectroscopy measures the vertical 

ionization, whereas electrochemistry the adiabatic. Timescales of the experiments also vary 

considerably, making the certainty of the geometry difficult. A visual representation of their 

relationships can be found in Figure 1.5. It is also useful to recognize that electrochemistry 

is a thermodynamic equilibrium process, 

AG° =AH"-TAS" =-RT\nk =-nFE" 
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The metal-metal systems studied in this research are dimetal paddlewheel 

compounds. The dimolybdenumtetraformamidinates are quadruply bonded species. The 

position of the highest occupied molecular orbital (HOMO) for each dimetal molecule will 

be determined. The 6 orbital is the HOMO for Mo2(DPhF)4 as shown in the idealized 

representation of Figure 3.2 . 

study the effect of the various ligand substitutions on the electronic manifolds. Of 

particular interest is a comparison of the 6 ionization energies with the corresponding 

oxidation potentials, which have been reported by Ren and coworkers."' The ionization 

energies and oxidation potentials of the substituted Mo2(DPhF)4 molecules will be plotted 

to determine if a relationship exists between the two methods of electron removal. 

energy is plotted against oxidation potential, the slope is a direct indication of the level of 

solvent interaction. Highly delocalized systems are least affected by solvent interaction, 

retaining a slope closest to unity, while metal containing molecules with steric availability 

for axial coordination are most affected with typical slopes below 0.7. Comparison of the 

slope obtained from Mo2(DPhF)4 molecules to the literature values will be used to quantify 

the amount of solvent interaction present in the electrochemical measurements of the 

Mo2(DPhF)4 systems. 

The photoelectron spectra of these molecules have been collected in order to 

From equation 3 in chapter 1, repeated below, it was shown that when ionization 

(3) 
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Figure 3.2. The idealized representation of the quadruply bonded Mo-Mo 
system with the 6 HOMO. The dx^-y^ orbitals are used in ligand bonding and 
are not in the relative energy ranges pictured. 
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EXPERIMENTAL SECTION 

Synthesis. Samples were prepared according to published procedures."''^ The 

unsubstituted ligand (N,N-diphenylformamidine) was used as obtained from Aldrich. N,'N 

di-p-tolylformamidine was prepared according to the published synthesis. N,N 

dicyclohexylformamidine was prepared according to the published synthesis with the 

modification that the reagents were refluxed for two days before the ethanol was removed. 

Photoelectron Spectra. The photoelectron spectra were recorded using an 

instrument that features a 36 cm radius, 8 cm gap hemispherical analyzer'® and custom 

designed sample cells and detection and control electronics.'^ The excitation source was a 

quartz lamp that produced both He I and He II radiation, depending on the operating 

conditions. The argon ionization at 15.759 eV was used as an internal calibration lock 

of the absolute ionization energy. The difference between the argon and the methyl 

iodide ionization at 9.538 eV was used to calibrate the ionization energy scale. During 

data collection the instrument resolution, measured using the full width at half-maximum of 

the argon ionization, was 0.020-0.030 eV. All data are intensity corrected with an 

experimentally determined instrument analyzer sensitivity function that assumes a linear 

dependence of analyzer transmission (intensity) to the kinetic energy of the electrons within 

the energy range of these experiments. Ionizations measured have experimental error of ± 

0.02 eV. The sublimation temperature was monitored using a "K" type thermocouple passed 

through a vacuum feedthrough and attached directly to the cell. 

Specific sublimation temperatures for these substituted Mo2(DPhF)4 systems 

are: p-CHj 240°, -H 220°, m-Cl 310°, p-Cl 310°, m-CFj 210°, and p-CV^ 220°. The ligand 
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HDPhF sublimed at 210°, the low ionization energy peak positions, relative areas and half-

widths are provided in Table 3.1. The first ionization peak positions for the He I spectra of 

the substituted Mo 2(DPhF)4 are given in Table 3.2. The low ionization energy peak 

positions, relative areas and half-widths and assignments are provided in Table 3.3 for the 

He I photoelectron spectra of Mo2(DPhF)4. 

Data Analysis. The ionization bands in the photoelectron spectra are 

represented analytically with asymmetric Gaussian peaks.The minimum number of peaks 

was used to represent the contours of the data. The experimental variance of the 

photoelectron data are represented in the Figures by the vertical length of each data mark.'^ 

The fitting procedures used to fit the data use the Windows-based program 

WinFp 0.011. A more detailed discussion of the fitting procedures has been discussed in 

more detail elsewhere.'^ 

Electrochemistry. Electrochemical experiments were done at Florida Institute 

of Technology and the University of Miami under the direction of Professor Tong Ren. 

Cyclic voltammetry was performed in dichloromethane solutions on the variously substituted 

M2(DPhF)4 (10 mM) over a potential range of 1.0 to 2.0 V v^. Ag/Ag* with 0.1 M tetra-n-

butylammonium hexafluorophosphate, [ n-Bu4N][PFg], as the supporting electrolyte. 

Dichloromethane was dried and distilled over NaH. Background scans of deoxygenated 

CH2CI2 with 0.1 M [ «-Bu4N][PFJ exhibited no impurities or solvent degradation. The 

electrochemical cell consisted of a platinum disc (1.6 mm) working electrode (Bioanalytical 

Systems, BAS), platinum wire counter electrode (BAS), and KCl saturated Ag/Ag 

reference electrode (BAS). The platinum disc electrode was polished using alumina (BAS). 
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Prior to each experiment, the electrode was cleaned by performing bulk electrolysis at 900 

mV and -900 mV in 6 M HNO3. All scans were performed with a BAS CV-50W 

potentiostat under the control of BAS software and found to be quasireversible. Ferrocene 

was used as an internal standard and all potentials were referenced to the Fc/Fc"^ couple at 

625 mV. 

RESULTS 

By adding electron donating or withdrawing groups, it is possible to perturb the 

electronic structure. Using photoelectron spectroscopy, we measured the change in 

ionization energy, which is related to the energy of the highest occupied molecular orbital 

(HOMO). It is expected that the addition of an electron withdrawing group (such as the 

halogenated species) to the system will make it more difficult to remove an electron from 

the HOMO. This is confirmed by the results in Figure 3.3 , which displays the spectra of the 

substituted Mo2(DPhF)4 molecules, including P-CH3, -H, m-Cl, p-C\, m-CF3, and p-CFj. 

Information from Ionization Characteristics. The He I valence photoelectron 

spectra of HDPhF and Mo2(DPhF)4 are presented in Figure 3.4. HDPhF has a broad single 

ionization at 7.70 eV, followed by overlapping features from 8 to 10 eV. The Mo2(DPhF)4 

spectra has a broad intense ionization band spanning from 8 to 9.5 eV, characteristic of 

phenyl 7t ionizations. This spectrum of Mo2(DPhF)4 shows a single ionization band 

appearing at 5.81 eV followed by features at 6.63, 7.00, 7.50 and 8.03 eV. 

Assignment of Spectral Features: HDPhF. Electronic structure calculations 

performed on the neutral diphenylformamidinate indicate a strong amount of nitrogen-carbon 
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pi character in the HOMO, as well as a large contribution from the two phenyl pi systems. 

The character of the HOMO-1 contains a smaller amount of pi delocalization, with nitrogen 

lone pair density on the non-protonated nitrogen. The ionizations features of the spectrum 

from the ligand are therefore very likely delocalized, and unlikely to be individually 

separated and assigned. 

Assignment of Spectral Features: The Mo-Based a, k, and 6 and Ligand-

Based aj^ and eg Ionizations. The ionization energy assignments of the spectra of 

M2(DPhF)4 have been discussed in detail and assigned using; (a) intensity changes from 

Hel, Hell, and Nell (b) splitting patterns in the W2(DPhF)4 spectrum, and (c) energy shifts 

in Cr, Mo, and W series.'® The spectra of Mo2(DPhF)4 with Mo2(OAc)4 are illustrated in 

Figure 3.5. At the top of the figure, ionizations from the metal 6, o and tc orbitals of 

Mo2(OAc)4 are seen. The first feature is a single ionization band at 6.96 eV from the 6 

orbital, the following feature at 8.68 eV is wider and greater in amplitude, and encompasses 

the o and n ionizations.'®'^^ The ligand ionizations are at a higher energy and are not seen 

in this energy region of the spectrum. The spectrum of Mo2(DPhF)4shows a 6 energy shift 

of 1.15 eV from Mo2(OAc)4 at 5.81. The wider feature at 7.50 is assigned to the o and tt: 

orbitals. It is interesting to note that the energy gap between the 6 and o/n bands for 

Mo2(form)4 is nearly the same as for Mo2(OAc)4: 1.69 and 1.72, respectively. 

The ratio of the areas of the peaks in the Mo2(DPhF)4 spectrum at 5.81 eV and 

6.63 eV is approximately 1:2, suggesting that the former ionization is from a singly 

degenerate orbital and the latter is from a set of doubly degenerate orbitals. These features 

have also been thoroughly investigated using the methods mentioned previously, and have 



Table 3.1. Experimental ionization energies of HDPhF 

Position (eV) Width-high (eV) Width-low (eV) Area 

7.70 0.68 0.39 100 

8.62 0.48 0.48 81 

9.05 0.37 0.37 78 

9.37 0.60 0.30 113 

9.44 0.60 0.30 31 



Table 3.2. Experimental first ionization energies of 
substituted Mo2(DPhF)4 molecules 

Mo2(DPhF)4 Substitution 

p-cn, 

-H 

p-Cl 

m-C\ 

m-CF^ 

P-CF, 

First Ionization Energy" (eV) 

5.60 

5.81 

6.28 

6.32 

6.59 

6.77 



Table 3.3. Experimental ionization features of Mo2(DPhF)4 

Position (eV) Width-high (eV) Width-low (eV) Area Label 

5.81 .39 .25 100 6 

6.63 ,40 .24 144 ^lu 

7.00 .40 .33 234 

7.50 .57 .29 206 O-t-K 

8.03 .76 .38 290 b l u  
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w-CF 

10 

Ionization Energy (eV) 

Figure 3.3. Photoelectron spectra of substituted Mo2(DPhF)4 



HDPhF 

M02(DPhF) 

Ionization Energy (eV) 

Figure 3.4. Photoelectron spectra of HDPhF and 

M02(DPhF)4 
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Mo2(OAC)4 

Mo2(DPhF), 

10 9 8 7 6 

Ionization Energy (eV) 

Figure 3.5. Photoelectron spectra of Mo2(OAc)4 and 

Mo2(DPhF)4 
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been assigned as the ligand-based a,„ and eg, valence orbitals". Such an assumption requires 

strict D4h symmetry, and that the orbitals in question are purely ligand based. Fenske-Hall 

electronic calculations have shown that these orbitals are in fact nearly purely ligand based." 

The D4h terminology is used for convenience in labeling and for symmetry arguments 

throughout this work. A subsequent chapter details the composition of these orbitals and are 

discussed thoroughly. 

Relationships 

The values of the ionization energies of the substituted Mo2(DPhF)4 molecules 

are compared to electrochemical oxidation potentials reported by Tong Ren'° to determine 

if a linear correlation exists between the two types of electron removal. Quantifying the 

effect of substituents on electronic transitions, redox potentials, and chemical shifts of 

molecular systems have been recognized as being very useful. An empirical set of values, 

known as Hammett parameters,^'' are commonly used in organic chemistry to predict various 

electronic and physical behaviors of systems that contain substituted phenyl rings. These 

parameters are defined according to the aqueous acid dissociation constants of meta- and 

para-substituted benzoic acids, relative to unsubstituted benzoic acid. Hammett parameters 

for the substitutions used in this work are listed in Table 3.4. 

A linear correlation exists between these Hammett parameters and the oxidation 

potentials, as shown in Figure 3.6. A linear correlation is also found between the Hammett 

parameters and the ionization energies in Figure 3.7. Since both the solution-phase 

measurements and the gas-phase measurements correlate linearly with the Hammett 
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parameters, it would be expected that the ionization energies and oxidation potential plots 

would yield the same results. There indeed exists a linear correlation in the Mo2(DPhF)4 

systems, as shown in Figure 3.8. Table 3.5 lists the numerical values of the oxidation 

potentials and ionization energies. Samples plotted varied in ionization energy more than 

one electron volt and oxidation potentials over six hundred millivolts. 

The value for the plot of oxidation potentials against Hammett parameters in 

Figure 3.8 is 0.99. The value is used to give an indication of the linearity, with no 

deviation giving a value of 1. The value of 0.99 indicates an excellent agreement between 

the two solution-derived parameters. The R^ value of the ionization energies and the 

Hammett parameters is 0.97, not as close to unity as the previous value. Part of this 

discrepancy may be that the Hammett parameters were derived in solution and ionization 

energies are obtained in the gas phase. Figure 3.8 is central to this study of ionization 

energies vs oxidation potentials. This plot gives an R^ value of 0.98. This value is between 

the values obtained when the Hammett parameters were involved, suggesting the difference 

is in the phase of measurement. 

The next important value that can be derived from the Figure 8 involves the 

slope. As discussed in Chapter 1, the slope is a direct measure of solvent effect (when there 

is no significant reorganization energy). The systems that had slopes closer to unity (and 

were therefore affected very little by solvent) tended to be highly delocalized systems, often 

large conjugated ring molecules. All the purely organic examples had slopes higher than 0.7 

(excluding the exceptional case of geometry reorganization of the hydrazines with slopes at 

0.09 and 0.21, also discussed in chapter 1). 



Table 3.4. Substitution Hammett parameters 

Substitution Hammett Parameter 

p-cu, -0.17 

-H 0 

p-Cl 0.23 

m-Cl 0.37 

m-CFj 0.43 

P-CF3 0.54 
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Figure 3.6. Plot of Mo2(DPhF)4 oxidation potentials vs. Hammett 
parameters 
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Table 3.5. Ionization energies and oxidation potentials of the substituted Mo2(DPhF)4 

Mo2(DPhF)4 Substitution First Ionization Energy (eV) Oxidation Potential (V) 

p-cn. 5.60 0.333 

-H 5.80 0.418 

p-Cl 6.28 0.601 

m-Cl 6.32 0.683 

m-CFj 6.59 0.762 

p-CF, 6.77 0.795 
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Metal-containing molecules, on the other hand, were at the low end of the spectrum, ranging 

from 0.44 to 0.68 (again, with one anomaly, the sterically bulky MoTp* Diolato/Alkoxides 

discussed in chapter 1). No comparisons have been able to be made with metal-metal 

bonded systems, as they are not present in the literature. 

The paddlewheel M2(L'"L)4 molecules are very likely to have fairly low slope 

values, due to their axial susceptibility. The portion of the value obtained from the slope 

attributed to geometry reorganization can be assumed to be negligible due to the rigidity of 

the structure and the improbability of structural reorganization upon removal of an electron. 

From Figure 3.8, it can be seen that the slope for the Mo2(DPhF)4 molecules is 0.41 ± 0.03, 

a very low value. This slope shows a definite solvent effect in the solution phase, most 

likely due to axial coordination. 
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Table 3.6. Literature slope values for IE vs data 

Slope Molecules a slope 
deviation 

± 

y intercept 
and 

deviation 

#data 
points 

Ref. 

1.23 Mo Tp* 
Diolato/Alkoxides 

0.068 -7.61 ±2.03 0.845 5 25 

0.86 Anthracenes 0.057 -4.91 ± .86 0.968 14 26 

0.86 Aromatics 0.060 -4.92 ± 86 0.931 7 27 

0.83 Aromatics 0.064 -4.97 ± .30 0.961 21 28 

0.79 Alkyls and 
Aromatics 

0.247 -5.12 ±.33 0.859 68 29 

0.75 Aromatics 0.090 -4.70 ±.91 0.904 23 30 

0.71 Aromatics 0.056 -3.68 ± .27 0.951 27 31 

0.70 Alkyls 0.060 -4.30 ± .27 0.950 13 29 

0.68 Ferrocenes 0.040 -4.16 ± .XX 0.942 20 32 

0.67 Cr Arenes 0.045 -4.38 ± .27 0.979 6 33 

0.66 Ferrocenes (AN) 0.053 -4.14+ .56 0.879 11 34 

0.61 Ferrocenes (DMF) 0.058 -3.71 ±.91 0.837 11 34 

0.61 Fe Cp 0.078 -4.30 ± .80 0.851 4 35 

0.60 Ferrocenes 
(Acetone) 

0.055 -3.69 ±.62 0.850 11 34 

0.44 Mo Tp* 
Phenoxides 

0.047 -2.51 ±.44 0.944 5 36 

0,41 Mo2(DPhF)4 0.030 -1.97 ±.18 0.98 6 this 
work 

0.21 Tetrazines 0.008 -1.20±.13 0.974 6 37 

0.09 Hydrazines 0.006 -0.47 ± .07 0.880 16 38 
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DISCUSSION 

Substituted Mo2(DPhF)4 molecules (where DPhF is N, N'-

diphenylformamidinate; substitutions include p-CHj, -H, p-C\, m-Cl, p-CFj, and m-CF^ 

DPhF) have been used to relate the removal of an electron from the HOMO by 

electrochemistry and photoelectron spectroscopy. A linear correlation of 0.98 was found, 

with a slope of 0.41. This slope is the lowest present in literature that is not due to 

reorganization energy. Table 3.6 lists all known correlations in the literature, and includes 

the Mo2(DPhF)4 systems. 

The changes in bond distances that occur in Mo2(DPhF)4 with oxidation are well-

defined and systematic, and therefore the different time scales and thermodyamics of the 

photoelectron arid electrochemical measurements do not alter the linearity of the 

relationship. This is fortunate, because many properties of electronic materials depend on 

relatively small changes in structures of the donor and acceptor molecules with electron 

transfer, and small reorganization energies. The physical nature of the structures of these 

dimetal molecules contributes in part to the extremely low slope value. The overall 

paddlewheel structures of the molecules generally do not change appreciably with oxidation, 

ensuring that the energy difference between the phases is due almost entirely to solution 

interference. The slope of the substituted Mo2(DPhF)4 molecules indicates the solvent 

effect in the solution phase increases with electron withdrawing substituents. This is 

attributed to the electron withdrawing substituents ability to removal electron density from 

the metal centers, making axial coordination of an electron donating solvent favorable at the 

metal center. 
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Understanding what properties molecules possess which change the energy required to 

remove electrons in gas and solution phases is invaluable in terms of being able to 

understand what is occurring in these measurements at a microscopic scale. It is also a 

starting point for the prediction of electrochemical values of insoluble molecules, or the 

ionization energies of molecules that do not effectively sublime, both of which may be 

heavily relied on in the future. 
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CHAPTER 4 

CORRELATIONS OF ELECTRON REMOVAL BY GAS-PHASE PHOTOELECTRON 
SPECTROSCOPY WITH SOLUTION-PHASE ELECTROCHEMISTRY. 

PART II: THE SUBSTITUTED Rh2(DPhF)4 MOLECULES 

As discussed in the previous chapter, the M2(DPhF)4 systems have been 

prepared with more metals than any other ligand set. One of the most widely applicable 

type of these molecules is the substituted Rh2(DPhF)4 pictured in figure 4.1. These 

Rli2(DPhF)4 molecules have been used in many areas of chemistry,including insertion 

and cyclopropanation reactions,''^ catalysts for carbene activation,^ anti-tumor activity,'*'^ 

and as electron donors or acceptors in the material and optical sciences^ 

In addition to being easily combined with a variety of metals, the 

diphenylformamidinate ligands have an additional advantage that makes them useful for 

study. The phenyl rings at each end of the ligand can be easily substituted with electron 

withdrawing or electron donating groups in order to see the effect of substitution on the 

electronic manifold, or in this case, the first ionization energy. Substitutions in this study 

include P-CH3, -H, m-Cl, p-Cl, W-CF3, and P-CF3, the same substitutions used for the 

Mo2(DPhF)4 molecules. This will allow for a direct comparison of the electronic effects 

and, most significantly to this study, a direct comparison of the solvent effect on the 

rhodium and molybdenum dimetal centers. 
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Figure 4.1. The diphenylformamidinate and Rh2(DPhF)4 structure 
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Different methods that are commonly employed to study the removal of an 

electron from the HOMO include electrochemistry and photoelectron spectroscopy. The 

two methods of electron removal differ in several ways. As discussed in Chapter 1, one 

of the most fundamental is that photoelectron spectroscopy (PES) is done in the gas 

phase whereas electrochemistry is done in solution. It has been shown through many 

crystal stnictures that the M2(DPhF)4 molecules tend to coordinate solvent molecules 

along their z-axis, and the effect of solvent was clearly seen on the Mo2(DPhF)4 

molecules.^'' The solvent effect is also present in other types of molecules without the 

ability to coordinate solvent axially, through stabilization of the resulting cation. The 

relative rigidity of these Rh2(DPhF)4 molecules and the unlikelihood of significant 

reorganization upon the removal of an electron, renders them ideal candidates to quantify 

this solvent influence. The only variable in this chapter from the Mo2(DPhF)4molecules 

will be the dimetal centers, which should allow the comparison of solution effect on the 

dirhodium and dimolybdenum cores. 

The dirhodiumtetraformamidinates are formally a singly bonded species. The 

6* orbital is the highest occupied molecular orbital (HOMO) for Rh2(DPhF)4 as shown in 

figure 4.2."^ " The photoelectron spectra of these molecules have been collected in order 

to study the effect of the various ligand substitutions on the electronic 

manifolds. Of particular interest is a comparison of the 6* ionization energies with the 

corresponding oxidation potentials, which have been reported by Ren and coworkers.'^ 

The ionization energies and oxidation potentials of the substituted Rh2(DPhF)4 molecules 

will be plotted to determine if a relationship exists between the two methods of electron 
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Figure 4.2. The idealized representation of the Rh-Rh formally single bonded 
system with the 6* HOMO. The dx^-y^ orbitals are used in ligand bonding and 
are not in the relative energy ranges pictured 
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removal as it exists in Mo2(DPhF)4. From equation 3, shown in both chapter 1 and 3, it 

was shown that when ionization energy is plotted against oxidation potential, the slope is 

a direct indication of the level of solvent interaction. Highly delocalized systems are 

least affected by solvent interaction, retaining a slope closest to unity, while metal 

containing molecules with steric availability for axial coordination are most affected with 

typical slopes below 0.7. The previous chapter showed the Mo2(DPhF)4 molecules to 

have a slope of 0.41. Comparison of the slope obtained from the Rh2(DPhF)4 molecules 

to the slopes in literature values and the Mo2(DPhF)4 molecules will be used to quantify 

the amount of solvent interaction present in the electrochemical measurements of 

Rh2(DPhF)4. 

EXPERIMENTAL 

Synthesis. Most samples were prepared according to published procedures. 

The unsubstituted ligand (N,N'-diphenylformamidine) was used as obtained from 

Aldrich. Chlorinated Rh2(DPhF)4 were prepared using a soxhlet extraction technique, a 

mo^dification of the synthesis used in the laboratories of Michael Doyle. Daren Timmons 

unpublished procedure involves the use of eight times as much of the substitiuted 

diphenyl formamidine added to dirhodiumtetracarboxylate with degassed 

dichlorobenzene in a round bottom flask with a side arm. A thimble filled with 1:2 sand 

and sodium carbonate is dropped into the cavity of the soxhlet glassware. A condenser 

with a needle in the rubber stopper at the top of the apparatus is added to the soxhlet 

extractor, which is then put on the round bottom flask. All joints were sealed with teflon 
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tape around the male joint and no grease is used. The mixture is heated for five hours at 

140 °C under argon. After cooling, hot toluene is used for recrystalization and cold 

hexanes are used to wash the product. 

Photoelectron Spectra. The photoelectron spectra were recorded using an 

instrument that features a 36 cm radius, 8 cm gap hemispherical analyzer''* and custom 

designed sample cells and detection and control electronics.'^ The excitation source was 

a quartz lamp that produced both He I and He II radiation, depending on the operating 

conditions. The argon ^P3/2 ionization at 15.759 eV was used as an internal calibration 

lock of the absolute ionization energy. The difference between the argon and the 

methyl iodide ^Ei/2 ionization at 9.538 eV was used to calibrate the ionization energy 

scale. During data collection the instrument resolution, measured using the full width at 

half-maximum of the argon ionization, was 0.020-0.030 eV. All data are intensity 

corrected with an experimentally determined instrument analyzer sensitivity function that 

assumes a linear dependence of analyzer transmission (intensity) to the kinetic energy of 

the electrons within the energy range of these experiments. Ionizations measured have 

experimental error of ± 0.02 eV. The sublimation temperature was monitored using a 

"K" type thermocouple passed through a vacuum feedthrough and attached directly to the 

cell. 

The samples sublimed cleanly with no evidence of decomposition products in 

the gas phase or as a solid residue. Ligand from the samples, if present, sublimed well 

below the ionization of the metallated molecules. The rhodium samples sublimed 

between 200 and 430°C (lO "^ Torr). H-form sublimed at 220-270 °C, m-CFj at 200-
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230°C, P-CF3 at 250-300 °C, p-CR^ at 280-300 °C, m-Cl at 290-330 °C and p-CI at 375-

430 °C. The ligand HDPhF sublimed at 210°. 

Data Analysis. The ionization bands in the photoelectron spectra are 

represented analytically with asymmetric Gaussian peaks.'" The minimum number of 

peaks was used to represent the contours of the data. The experimental variance of the 

photoelectron data are represented in the figures by the vertical length of each data 

mark.'^ 

The fitting procedures used to fit the data use the Windows-based program 

WinFp 0.011. A more detailed discussion of the fitting procedures has been discussed in 

more detail elsewhere.'^ 

Electrochemistry. Electrochemical experiments were done at Florida 

Institute of Technology and the University of Miami under the direction of Professor 

Tong Ren. Cyclic voltammetry was performed in dichloromethane solutions on the 

variously substituted N,N'-diphenylformamidines (10 mM) over a potential range of 1.0 

to 2.0 V vs. Ag/Ag" with 0.1 M tetra-n-butylammonium hexafluorophosphate, [n-

Bu4N][PF6], as the supporting electrolyte. Dichloromethane was dried and distilled over 

NaH. Background scans of deoxygenated CH2CI2 with 0.1 M [n-Bu4N][PFg] exhibited no 

impurities or solvent degradation. The electrochemical cell consisted of a platinum disc 

(1.6 mm) working electrode (Bioanalytical Systems, BAS), platinum wire counter 

electrode (BAS), and KCl saturated Ag/Ag"^ reference electrode (BAS). The platinum 

disc electrode was polished using alumina (BAS). Prior to each experiment, the 
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electrode was cleaned by perforining bulk electrolysis at 900 mV and -900 mV in 6 M 

HNO3. All scans were performed with a BAS CV-50W potentiostat under the control of 

BAS software and found to be quasireversible. Ferrocene was used as an internal 

standard and all potentials were referenced to the Fc/Fc"" couple at 625 mV. 

RESULTS 

Just as with the Mo2(DPhF)4 molecules, by adding electron donating or 

withdrawing groups, it is possible to observe the change that results in the electronic 

structure. Using photoelectron spectroscopy, the change in the ionization energy of the 

highest occupied molecular orbital (HOMO) can be seen. The figure shown below was 

collected for substituted Rh2(form)4. It is again expected that the addition of an electron 

withdrawing group (such as the halogenated species) to the system will make it more 

difficult to remove an electron from the HOMO. This is confirmed by the results in 

figure 4.3. The first ionization peak positions for the He I spectra of the substituted 

Rh2(DPhF)4 are given in Table 4.1. 

Information from Ionization Characteristics, The He I valence 

photoelectron spectra of HDPhF and Rh2(DPhF)4 are presented in Figure 4.4. HDPhF 

has a broad single ionization at 7.70 eV, followed by overlapping features from 8 to 10 

eV. The Rh2(DPhF)4 spectrum has a broad intense ionization band spanning from 8 to 

9.5 eV, characteristic of phenyl n ionizations. This spectrum of Rh2(DPhF)4 shows a 

single ionization band appearing at 5.90 eV followed by features at 6.82, 7.59, 8.05, 8.76 

and 9.81 eV. 



Ionization Energy (eV) 

Figure 4.3. Photoelectron spectra of substituted Rh2(DPhF)4 



Table 4.1. Experimental first ionization energies of 
substituted Rh2(DPhF)4 molecules 

Rh2(DPhF)4 Substitution 

p-cn, 

-H 

p-Cl 

m-Cl 

ffi-CFj 

P-CF, 

First Ionization Energy (eV) 

5.65 

5.90 

6.29 

6.35 

6.67 

6.71 



HDPhF 

rh2(dphf)4 

10 8 6 9 7 

Ionization Energy (eV) 

Figure 4.4. The photoelectron spectra of HDPhF and 
Rh2(DPhF)4 
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Assignment of Spectral Features: HDPhF. As discussed in chapter 3, electronic 

structure calculations performed on the neutral diphenylformamidinate indicate a strong 

amount of nitrogen-carbon pi character in the HOMO, as well as a large contribution 

from the twp phenyl pi systems. The character of the HOMO-1 contains a smaller 

amount of pi delocalization, with nitrogen lone pair density on the non-protonated 

nitrogen. The ionizations features of the spectrum from the ligand are therefore very 

likely delocalized, and unlikely to be individually separated and assigned. 

Assignment of Spectral Features: The Rh-Based a, n, and 6 Ionizations. 

The ionization energy assignments of the spectra of M2(DPhF)4 have been discussed in 

detail and assigned using: (a) intensity changes from Hel, Hell, and Nell (b) splitting 

patterns in the W2(DPhF)4 spectrum, and (c) energy shifts in Cr, Mo, and W series..'^ 

The spectrum of RhjQ^-CHj DphF)4 has been previously assigned,'^ Table 4.2 displays 

the ionization energies of Rh2(p-CH3 DphF)4 and Rh2(DPhF)4, along with their shifts. As 

seen in the Table, the shifts in the 6*, n* and 6 are within 0.01 eV between the two 

species. The low ionization energy peak positions, relative areas and half-widths and 

assignments are provided in Table 4.3 for the He I photoelectron spectrum of 

Rh2(DPhF)4. 



Table 4.2 . Shifts in metal-based ionization energies of Rh2(/?-CH3 
DPhF)4 and RhjCDPhF)^ 

Rh2(p-CH3 DPhF)4 
Ionization Energy 

(eV) 
Assignment 

Rh2(DPhF)4 
Ionization Energy 

(eV) 
A(eV) 

5.67 6* 5.90 .23 

6.58 TC* 6.82 .24 

7.38 6 7.59 .24 



Table 4.3. Experimental ionization features of Rh2(DPhF)4 

Position (eV) Width-high (eV) Width-low (eV) Area Label 

5.90 .28 .27 100 5* 

6.82 .76 .42 412 TT* 

7.59 .57 .22 74 6 

8.05 .73 .35 362 

8.76 1.08 0.69 1641 

9.81 .81 .72 396 
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Relationships 

In the previous chapter, a linear correlation was found between Hammett 

parameters and oxidation potentials of Mo2(DPhF)4 with an value of 0.99. A linear 

correlation was also found between the Hammett parameters and ionization energies, 

with an value of 0.97 . A slope of 0.41 ± 0.03 was obtained with an R^ value of 0.98 

when ionization energy and oxidation potentials of Mo2(DPhF)4 were plotted. 

Figure 4.5 is the Hammett parameters plotted against the oxidation potentials 

of Rh2(DPhF)4, the R^ value is the same as the corresponding graph of Mo2(DPhF)4 at 

0.99. Figure 4.6 contains the Hammett parameters plotted against the ionization energies 

of Rh2(DPhF)4, the R^ value for this plot is also the same as with Mo2(DPhF)4 at 0.97. In 

both cases the deviation from linearity is much greater when the phases are not the same. 

Since both the solution-phase measurements and the gas-phase measurements 

correlate linearly with the Hammett parameters, and the ionization energies and oxidation 

potential plots were linear in the Mo2(DPhF)4 systems, it would be assumed Rh2(DPhF)4 

would yield the same results. A linear correlation is indeed present in the Rh2(DPhF)4 

systems, as shown in figure 4.7. The R^ value for the plot of the Rh2(DPhF)4 substituted 

molecules is 0.98. This is again the same R^ value as the analogous molybdenum plot. 

Table 4.4 lists the numerical values of the oxidation potentials and ionization energies. 

The slope of the ionization energy vs oxidation potential for Rh2(DPhF)4, 

however, is different than the slope obtained for Mo2(DPhF)4. The slope in the case of 

Rh2(DPhF)4 is 0.53 ± 0.03. When compared to the slope of the molybdenum molecules it 

is evident that the Rh2(DPhF)4 molecules are less affected by solvent interactions. 
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Figure 4.5. Oxidation potentials of Rh2(DPhF)4 vs. Hammett parameters 
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Figure 4.6. Ionization energies of Rh2(DPhF)4 vs. Hammett parameters 
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Figure 4.7. Plot of Rh2(DPhF)4 ionization energies and oxidation 

potentials 
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Table 4.4. Ionization energies and oxidation potentials of the substituted Rh2(DPhF)4 

Rh2(DPhF)4 Substitution First Ionization Energy (eV) Oxidation Potential (V) 

p-CHj 5.65 .341 

-H 5.90 .471 

p-Cl 6.29 .667 

m-Cl 6.35 .774 

m-CFj 6.67 .878 

P-CF3 6^71 .m 
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DISCUSSION 

Substituted Rh2(DPhF)4 molecules (where DPhF is N, N'-

diphenylformamidinate; substitutions include p-CHj, -H, p-Cl, m-Cl, p-CF^, and m-CFj 

DPhF) have been used to relate the removal of an electron from the HOMO by 

electrochemistry and photoelectron spectroscopy. A linear correlation of 0.98 was found, 

with a slope of 0.53 ± 0.03. This slope is in the expected region for a metallated system 

and the value is in the middle of the range found for solvent effects. Table 4.5 lists all 

known correlations in the literature, and includes the Rh2(DPhF)4 systems. 

The changes in bond distances that occur in Rh2(DPhF)4 with oxidation are 

well-defined and systematic, and therefore the different time scales and thermodyamics 

of the photoelectron and electrochemical measurements do not alter the linearity of the 

relationship. This is fortunate, because many properties of electronic materials depend 

on relatively small changes in structures of the donor and acceptor molecules with 

electron transfer, and small reorganization energies. The physical nature of the structures 

of these dimetal molecules contributes in part to the low slope value. The overall 

paddlewheel structures of the molecules generally do not change appreciably with 

oxidation, ensuring that the energy difference between the phases is due almost entirely 

to solution interference. 

The cation of the rhodium species is evidently not being stabilized as much as 

is the cation of the molybdenum species. This result is somewhat counterintuitive, since 

neutral rhodium is known to strongly coordinate axial ligands. Atomic molybdenum is 

more electronegative, but the ionization energies and oxidation potentials both agree that 
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the dirhodium molecule takes more energy to remove an electron. Several studies on 

neutral carboxylates have suggested that the electronic configuration of 

renders dirhodium less labile in comparison to the dimolybdenum.'^'^*^ One study 

showed that increasing the electronegativity of the neutral carboxylate groups on 

Rh2(L'^L)4 had little effect on the lewis acidity at the metal centers.^' This may be 

significant, if the Lewis acidity of Rh2(DPhF)4 is not increased by electron withdrawing 

groups, there is unlikely to be a need for large amounts of cation stabilization by the 

solvent. There is not much information in literature about axial coordination of oxidized 

species, so at this point, only tentative hypotheses can be made. 

The most likely probability is the ability of the Mo2(DPhF)4systems to accept 

electron density from the solvent through chlorine back-bonding into the empty Tt* 

orbitals. This would increase the level of solvent interaction and stabilize the cation. 

The Rh2(DPhF)4 n* orbitals are already filled, and no back-bonding would be possible, 

repulsion would be more likely. At this point, more information needs to be collected to 

understand why the solvent is interacting more strongly with the molybdenum systems. 

Understanding what properties molecules possess which change the energy 

required to remove electrons in gas and solution phases is invaluable in terms of being 

able to understand what is occurring in these measurements at a microscopic scale. 

Being able to predict the solvation of different metal centers will also prove useful when 

the purpose of the experiment is to ascertain the electronic effects of metal substitution. 



124 

Table 4.5. Literature slope values for IE vs E,/2 data 

Slope Molecules o slope 
deviation 

+ 

y intercept and 
deviation 

R' #data 
points 

Ref. 

1.23 Mo Tp* 
Diolato/Alkoxides 

0.068 -7.61 ± 2.03 0.845 5 22 

0.86 Anthracenes 0.057 -4.91 ± .86 0.968 14 23 

0.86 Aromatic s 0.060 -4.92 ± 86 0.931 7 24 

0.83 Aromatics 0.064 -4.97 ± .30 0.961 21 25 

0.79 Alkyls and 
Aromatics 

0.247 -5.12 ±.33 0.859 68 26 

0.75 Aromatics 0.090 -4.70 ±.91 0.904 23 27 

0.71 Aromatics 0.056 -3.68 ± .27 0.951 27 28 

0.70 Alkyls 0.060 -4.30 ± .27 0.950 13 26 

0.68 Ferrocenes 0.040 -4.16 ± .XX 0.942 20 29 

0.67 Cr Arenes 0.045 -4.38 ± .27 0.979 6 30 

0.66 Ferrocenes (AN) 0.053 -4.14 ±.56 0.879 11 31 

0.61 Ferrocenes (DMF) 0.058 -3.71 ±.91 0.837 11 31 

0.61 Fe Cp 0.078 -4.30 ± .80 0.851 4 32 

0.60 Ferrocenes 
(Acetone) 

0.055 -3.69 ± .62 0.850 11 31 

0.53 Rh2(DPhF)4 0.032 -2.65 ±.21 0.98 6 this 
work 

0.44 Mo Tp* 
Phenoxides 

0.047 -2.51 ±.44 0.944 5 33 

0.41 Mo2(DPhF)4 0.030 -1.97 ±.18 0.98 6 this 
work 

0.21 Tetrazines 0.008 -1.20 ±.13 0.974 6 34 

0.09 Hydrazines 0.006 -0.47 ± .07 0.880 16 35 
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CHAPTER 5 

DEVELOPMENTS TOWARD LOW IONIZATION ENERGIES. PART I: 
PHOTOELECTRON SPECTROSCOPIC AND DENSITY FUNCTIONAL 

CALCULATIONS OF MjChpp)^ (WHERE M=Cr, Mo OR W AND hpp IS THE 
ANION OF l,3,4,6,7,8-hexahydro-2//-pyramido[I,2-a]pyrimidine) 

Dimetal molecules containing "paddlewheel-type" bridging ligands have a rich 

and extensive chemistry, with real and potential applications ranging from biological to 

materials science.'"^ One of the primary reasons for this versatility is their ability to be 

electronically tuned. Depending on the ligands and the metal centers, very different 

behaviors are found in ionization energies, reactivities and redox activities. Recently we 

discovered that the ionization energy (IE) of W2(hpp)4 is significantly lower than that of 

atomic cesium (the atom with the lowest ionization energy in the periodic table, with an 

ionization energy of 3.89 eV^), as well as any known chemically prepared molecule. 

W2(hpp)4 has vertical and adiabatic ionization energies of 3.77 eV and 3.51 eV, respectively. 

The first vertical ionization energies of the Cr2(hpp)4 and Mo2(hpp)4 analogues also are 

below 5 eV, at 4.99 and 4.34, respectively.^ Until the discovery of these molecules, the 

lowest ionization energy for a closed shell molecule that could be prepared in gram 

quantities was 4.87 eV for W(dmpe)3 (dmpe = l,2-Z7/5(dimethylphosphino)ethane)^ 

Other molecules or atoms with ionization energies below 5 eV generally have 

an unpaired electron in a frontier or valence orbital, often one electron beyond a "magic 

number" electron count. The simplest examples are the alkalai metal atoms in the first row 

of the periodic table which have one electron beyond the closed shell configuration, (rj®-



C6Etg)(ri'-C5Me5)Fe is an example of a chemically prepared molecule with a low vertical 

ionization energy of 3.95 eV; this molecule has 19 electrons, one electron beyond the "magic 

number" of 18. A few transient neutral molecules with ionization energies comparable to 

those reported here have been produced in molecular beams and detected by mass 

spectrometry. Of these, the lowest reported ionization energy for a closed-shell neutral 

species is 3.7 ± 0.1 eV for CS2', which is still considerably higher than observed here for 

W2(hpp)4. The lowest ionization energy we have found reported for any species is for CsjCl, 

again produced only as a transient in molecular beams, with a measured ionization energy 

onset of 3.4 ± 0.2 eV.'° This energy is the same within experimental uncertainty to the 

ionization onset of W2(hpp)4 at 3.51 ± 0.05 eV. CsjCl again has one electron beyond the 

filled shell. 

It is also interesting that the M2(hpp)4 molecules are thermally stable to over 250 

°C. The individual interatomic bonds throughout the molecule are relatively strong. Within 

the free Hhpp ligand itself, the guanidinate NC(N)N core (shown in figure 1) is stabilized 

by delocalized tc bonding, and the hydrocarbon portion of the fused-ring system is saturated. 

Each hpp ligand binds to the dimetal core in a bridging, chelating fashion with strong 

nitrogen o donor electron pairs. In the dimetal core, there is a formal quadruple bond 

between the metal atoms, and themetal-metal distances are exceptionally short" (and thus, 

presumably, strong). For example, the distance between the molybdenum atoms in 

Mo2(hpp)4 is 2.067 A. All electrons in M2(hpp)4 are paired, and yet it has an extremely low 

first ionization energy. The Hhpp ligand itself is unremarkable, with an ionization energy 

of 7.63 eV. Dimetal molecules with other ligands do not approach these low ionization 
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energies, but the dimetal units with the hpp ligands yield low ionization energies without 

precedent. Calculations predict the low ionization energies with varying degrees of 

accuracy,^ '^ but the reason for the remarkably low ionization energy of M2(hpp)4 has not 

been investigated in detail. 

This work focuses on the gas-phase ultraviolet photoelectron spectroscopy 

spectra of M2(hpp)4 in the full valence region. The metal and ligand based orbitals are 

assigned and compared to the spectra of the well known M2(OAc)4 (OAc = acetate) and 

M2(DPhF)4 (DPhF = N, N'-diphenylformamidiante) species shown in figure 5.1 . By using 

the Crj, M02, and Wj dimetal cores in combination with the three ligands, it is possible to 

determine the relative importance of different contributions to the ionization energies. 

Several factors contributing to the low ionization energies can be suggested. 

These factors may be grouped into the charge effect of the ligand, and orbital overlap 

interactions. Figure 5.2 demonstrates one way relative charge can be regarded. Resonance 

structures of core atoms of the ligands that influence the formal charge on the donor atoms 

of each of the three ligands are shown. The two OAc ligand core structures, pictured on the 

top, have a negative charge delocalized between two oxygen atoms. The second ligand, the 

DPhF core, has a similar delocalization but with nitrogen atoms. The nitrogen atoms, being 

less electronegative than the oxygen atoms, will be better electron donors. On the bottom 

is the hpp ligand core, which also has a negative charge delocalized between two nitrogen 

atoms. A major difference between DPhF and hpp is that the latter has three resonance 

structures, one of which has a negative charge on each of the two nitrogen atoms. This 

structure may contribute to the greater charge on the donor atoms of hpp than OAc or DPhF. 
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Figure 5.1. The M2(L'"L)4 paddlewheel structure, 
where L'^L is acetate (OAc), diphenylformamidinate 
(DPhF) or hpp 
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From figure 5.2 which demonstrates the charge effects of the ligands using 

resonance structures, another difference between OAc, DPhF, and hpp is apparent. Both 

the OAc and DPhF ligands contain a three-atom, four electron n core, whereas the hpp 

ligand has a four-atom, six electron k core. In addition to being one of the rationales for the 

different abilities of the ligands, this difference is significant because it means hpp will also 

have different molecular orbitals. These differences are discussed in detail in this work. 

An example of orbital overlap and energy matching can be seen in the M2(OAc)4 

and M2(DPhF)4 systems. Both OAc and DPhF have orbitals with the correct symmetry to 

interact with the metal 6 orbital. The DPhF ligand is less electronegative than OAc, and 

therefore higher in energy and closer to the metal orbitals. This proximity allows for 

stronger interactions of the occupied DPhF ligand orbital with the occupied 6 orbital, 

resulting in increased bonding and anti-bonding interactions. Consequently, the HOMO of 

M2(DPhF)4 is destabilized. The closer proximity of these orbitals also allows more n 

donation from the ligand into the LUMO of the metal, adding electron density to the 

M2(DPhF)4 molecule. These have been shown to be the primary reasons M2(DPhF)4 has a 

lower ionization energy than its M2(OAc)4 counterpart.'^ 

The hpp ligand, with the additional nitrogen atom and additional pn orbital, has 

more orbitals with correct symmetry to interact with metal orbitals, increasing the effective 

orbital interaction as well as the charge on the nitrogen atoms of the anion. In the current 

study we find the importance of charge effect and orbital overlap interactions are both 

important factors in these M2(hpp)4 molecules. Photoelectron spectroscopy, supported with 

computational analysis, allow the effects of each factor to be quantified. 
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EXPERIMENTAL 

The synthetic preparations have been described elsewhere.The gas-phase 

He I photoelectron spectra of Cr2(hpp)4, Mo2(hpp)4, and W2(hpp)4 were recorded using an 

instrument that features a 36-cm radius, 8-cm gap hemispherical analyzer'® and custom 

designed excitation source, sample cells, and detection and control electronics that have been 

described in detail previously.'^ 

Samples were handled and spectra were obtained using rigorous air sensitive 

techniques® (though the samples were not exceptionally air sensitive, with half-lives of the 

solid powders in air (Arizona) observed to be roughly on the order of a minute and longer). 

Cr2(hpp)4 sublimed at 215-240°C (10"^ Torr), Mo2(hpp)4 sublimed at 230-250°C (10"'' Torr) 

and W2(hpp)4 sublimes at 250-280°C (10"'^ Torr). All samples were subjected to controlled 

temperature ramping while monitoring the spectra for final purification from other volatile 

components before data collection of the M2(hpp)4 molecules. The temperature was 

monitored using a "K" type thermocouple passed through a vacuum feedthrough and 

attached directly to the sample cell. The argon ionization at 15.759 eV was used as an 

internal calibration lock of the absolute ionization energy. The difference between the argon 

•P3/2 ionization and the methyl iodide ionization at 9.538 eV was used to calibrate the 

energy scale. In the Mo2(hpp)4 spectrum the He II self ionization was visible at 4.99 eV, 

which serves as an excellent calibrant for these low ionizations. During data collection the 

instrument resolution (measured using fwhm of the argon peak) was 0.020-0.040 eV. 

All data are intensity corrected using an experimentally determined analyzer 

sensitivity function. The He I spectrum also was corrected for He Ip resonance line emission 
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from the source, which is about 3% the intensity of the He la line emission and at 1.869 eV 

higher photon energy. As shown in results, the first ionization peak is accompanied by a 

weaker peak on the high ionization energy side. These peaks were fit using two asymmetric 

Gaussians with equal shapes.'® The peaks used to fit higher ionization energy data 

analytically represent the data as a whole, and are not meant to represent individual 

ionization bands. Based on experience with this spectroscopic technique and the shapes of 

the ionization bands, ionization peak positions are reproducible to ±0.02 eV (~3a level). 

The first ionization energies reported here are an average of two determinations. 

Density functional theory calculations were carried out on Hhpp, Cr2(hpp)4, 

Mo2(hpp)4and W2(hpp)4using the Amsterdam density functional (ADF)'® package. We have 

reported density functional calculations with the Gaussian^" package previously. A recent 

article by Chisholm et al. investigating M2(hpp)4 and M2(hpp)4Cl2 using the B3LYP 

functional and 6-3IG* basis set.'^ Here, we use the ADF approach to compare the results 

obtained with Slater-type basis functions and to evaluate the mixing of the ligand orbitals 

with the metal orbitals. ADF is a convenient method that allows for the determination of 

orbital characters, as well as a fragment analysis of the individual components. The PW91 

GGA^'-^^ functional was employed with triple-C Slater-type basis sets augmented with one 

polarization function on the ligand atoms (TZP) and two polarization functions on the metals 

(TZ2P). All stmctures were geometry optimized. The first vertical ionization energies of 

the dimetal molecules were determined by the difference in total energies of the optimized 

neutral molecule and the positive ion at the neutral molecule geometry (AEscf )• Kohn-Sham 

orbitals were plotted in Molekel with a cutoff value of ±0.05. 
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Fenske-HalP^ calculations were carried out on the idealized core structures with 

alkyl groups replaced by hydrogen atoms. The Fenske-Hall method is used to illustrate the 

fundamental principles governing the correlation of the ligands, dimetal complexes and 

trends in ionization energies in a minimal basis set calculation that includes charge and 

overlap effect. The Fenske-Hall calculations were run under strict 04̂  symmetry. The D41, 

conditions were met by taking crystal structure data of the metallated ligands and averaging 

all bond lengths and all angles. Planarity of the ligands was necessary for D41, 

symmetry, so dihedral angles of 0 or 180 were used. These model calculations also serve 

as a comparison to show what changes occur when idealized symmetry is lifted, such as in 

the ADF calculations. As will be shown in the electronic structure discussion, the reduction 

in symmetry is not of significant consequence. 

RESULTS 

Photoelectron Spectra. Figure 5.3 shows the low energy region of the spectrum 

of the neutral free HDPhF and Hhpp ligands for comparison. The ionization features are 

consistent with the previously published spectrum.^^ Above 10.5 eV the ionization features 

are extremely broad due to the overlapping of many ionization bands and are not shown. 

Expected in the low energy region of this spectrum are ionizations derived from one in-plane 

nitrogen lone pair ionization, two NCN TC ionizations, and two n ionizations from each of 

the phenyl rings for HDPhF, Hhpp would be expected to have one in-plane nitrogen lone 

pair ionization, and two 71: ionizations from the NC(N)N core in this region. The third 

NC(N)N TT ionization is at higher energy. Assignments of the Hhpp spectra are discussed 
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8 7 9 10 

Ionization Energy (eV) 

Figure 5.3. The photoelectron spectra of HDPhF 
(top) and Hhpp (bottom) 
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in the electronic structure section. The first ionization energy of 7.63 is not indicative of the 

unusual behavior found in M2(hpp)4, as it is not much lower than the first ionization energy 

ofHDPhF at 7.70 eV. 

Figure 5.4 displays the He I full valence region of M2(hpp)4 tol5 eV. Spectra 

for the CXj, Moj, and Wj molecules are generally similar, especially above 10 eV where C-C, 

C-N and C-H a ionizations occur. The poor signal-to noise in the full spectrum of the Wj 

molecules is due to slow sublimation of the sample which decreased the number of data 

points collected. There are discemable differences below 10 eV, where ionizations from 

occupied M-M orbitals and ligand n orbitals are expected. Our focus for the study will be 

on this region. Analytical ionization representations of M2(hpp)4 molecules are presented 

in Table 5.1. 

The correlation of ionization energies and assignments of the spectra of 

Mo2(hpp)4 with Mo2(DPhF)4 and Mo2(OAc)4 are illustrated in Figure 5.5. The Mo2(OAc)4 

spectrum, featured at the top of the figure, shows ionizations from the metal 6, a and iz 

orbitals. The first feature is a single ionization band from the 6 orbital ionization. The 

following feature is wider and greater in amplitude, and encompasses the a and u orbital 

ionizations.The ionizations from the ligand, such as the oxygen p and pi system, are at 

a higher energy and are not seen in this energy region of the spectrum. 

In the middle of the figure, the spectrum of Mo2(DPhF)4 is pictured. The 6 

ionization shifts down in energy 1.16 eV from that of Mo2(OAc)4. This spectrum has been 

discussed in detail and assigned using: (a) intensity changes from Hel, Hell, and Nell 

excitation (b) splitting patterns in the W spectrum, and (c) energy shifts in the Cr, Mo, and 
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Ionization Energy (eV) 

Figure 5.4 The photoelectron spectra of 
the full valence region of M2(hpp)4, with 
M given above 
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Table 5.1. Analytical representations of the ionization features of M2(hpp)4 

Position (eV) Width-high (eV) Width-low (eV) Rel Area Label 

Cr 

4.99 .43 .43 100 6 

5.15 .45 .23 16 (shoulder) 

5.76 .44 .38 460 
aiu+eg 

6.21 .62 .61 1622 

6.77 .47 .39 1543 

7.07 .34 .32 930 

Mo 

4.34 .42 .31 100 6 

4.76 .42 .31 22 (shoulder) 

5.87 .27 .23 84 aiu 

6.41 .55 .53 366 eg 

7.17 .56 .57 429 

W 

3.77 .38 .32 100 6 

4.12 .38 .32 20 (shoulder) 

5.87 .41 .40 148 ^lu 

6.29 .54 .54 283 eg 

6.67 .37 .37 216 
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6 5 4 8 10 9 7 

Ionization Energy (eV) 

Figure 5.5 The photoelectron spectra of 
(A) Mo2(OAc)4, (B) Mo2(DPhF)4, and 
(C) Mo2(hpp)4 



W series around 7 eV and the metal o and n ionization around 7.5.'^ This will be discussed 

in more detail shortly. In the bottom figure, the 6 orbital of Mo2(hpp)4 shifts an additional 

1.47 eV down from Mo2(DPhF)4. The ionizations from the nitrogen p and tc are also in the 

same energy region as the metal o and ti, but are not easily separable. Many features are 

present in the energy range where the o and n would be expected to ionize, from 6.5 to 8 eV, 

and the exact feature that corresponds to the a and to the n: ionization band is unclear. 

The He I valence photoelectron spectra of M2(hpp)4 (M=Cr, Mo, W) up to 10 eV 

are presented in Figure 5.6. In these spectra containing different metals, the ionizations 

around 5.5 eV to 6.5 eV are all similar, which indicates their primary ligand character. The 

ionizations above these change with the various metals and therefore would be expected to 

contain metal character. All spectra reveal metal-based ionizations below 5 eV. The first 

ionization feature moves progressively lower in energy in the order Cr > Mo > W. In region 

I, the first ionization feature of each molecule has a shoulder on the high IE side and was fit 

with two Gaussian bands. Explanations for the shoulder include the possibility that more 

than one conformation of M2(hpp)4 may be present in the gas-phase or that a partially 

unresolved vibrational progression is visible. The first ionization of chromium is 

approximately one third the intensity of the other metal's first ionization energies, however, 

chromium has a cross-section of approximately one third that of Mo and W so the intensity 

is not remarkable. The bandwidths for all ionizations are normal compared to those of other 

M2(L'"L)4 systems. 
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Figure 5.6. Photoelectron spectra of M2(hpp)4 
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Electronic Structure. Before discussing the ionizations in more detail, it is 

helpful to review the basis orbital structure. The two metals in the M2(L"L)4 system have 

an electronic manifold of corresponding to a formal quadruple M-M bond. Each of 

these orbitals has its own symmetry properties within the idealized 04^ point group, as shown 

in Figure 5.7. Although the molecules do not have strict 04^ symmetry, these symmetry 

labels are used for convenience in comparing the character of orbitals and ionization 

assignments. 

The individual hpp ligand has nitrogen lone pairs that become M-N bonds, and 

delocalized TT: orbitals that are available for interaction with the metal orbitals. The next two 

figures illustrate the significance of the differences between the three-atom, four electron pi 

system of the OAc and DPhF ligands (Figure 5.8) and the four-atom, six electron pi system 

of hpp (Figure 5.9). Under the symmetry operations of the idealized 04^ point group, the 

HOMO of all these ligands transforms as aj^ + bi^ + Cg. Note that none of these irreducible 

representations have the correct symmetry to interact with the occupied metal orbitals, and 

therefore the ionization bands that arise from this combination will be nearly pure ligand in 

character. The bj^is of the correct syrrunetry to interact with the metal b|„ lowest unoccupied 

molecular orbital (LUMO) 6* orbital, and would be expected to destabilize the LUMO. The 

significance of this will be discussed in more detail later on. 
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Figure 5.7. Metal-metal orbitals as they transform under 
idealized 04^ symmetry 



OAc, DPhF (OAC)4, (DPhF)4 

h i *  ( 6 )  +  e /  +  a 2 g *  

k (S*) + eg + a,, 

I b z g  ( 6 ) +  l e ^ +  l a 2 g  

Figure 5.8. The three-atom, four electron pi system of OAc 
and DPhF as it transforms under idealized 04^ symmetry 



hpp (hpp). 

bzg* (S) + e„* + ajj* 

D 4h 

biu (6*) + + a,„ 

# 
2b2g (6) + 2e^ + 2a •2g 

I b s g  ( 6 ) +  l e ^ +  l a .  28 

Figure 5.9. The four-atom, six electron pi system of hpp as it 
transforms under idealized 04^ symmetry 



149 

The Ligand Based (ai^ and Cg and bi^) Ionizations. The three M2(hpp)4 spectra 

each contain one distinct ionization as their first feature. In region II, the next feature in the 

spectra is a set of two peaks in an approximate intensity ratio of 1:2. For example, the areas 

of the ionization features of Mo2(hpp)4 at 5.87 eV and 6.41eV exhibit a ratio of 

approximately 1:2. The smaller ionization at 5.87 is likely from a singly degenerate orbital, 

while the larger at 6.41, a doubly degenerate orbital. Region II for the spectrum of W2(hpp)4 

was fit with three Gaussian bands, the third feature likely containing metal character. 

The three ligand orbitals whose transformations include bjg have the correct 

symmetry to overlap with the metal 6 orbital. For OAc and DPhF this is in one occupied 

orbital and one unoccupied orbital. For hpp, this occurs in two of the three occupied orbitals 

and one unoccupied orbital. The other feature of importance in Figure 5.9 is the node in the 

second occupied pi orbital. This node will cause a destabilization in energy of the resulting 

orbital. Although the Cg and e^ orbitals in the ligand pi orbitals are present in the 

transformed metal orbitals, the nodal characteristics do not allow for overlap. 

In contrast, the acetates and formamidinate ligands shown in figure 5.8 have only 

one 71 symmetry combination containing bjg in the two occupied orbitals and the node in the 

second occupied pi orbital of hpp is not present in the OAc or DPhF systems. This lesser 

amount of orbital overlap interaction would not be expected to destabilize the HOMO as 

significantly as in the case of the hpp system, resulting in higher ionization energies of the 

OAc and DPhF systems. The LUMOs of all three ligand types contain b2g*, the antibonding 

counterpart of bjg, which also has the correct symmetry to interact with the 6. These 

observations will be used later to help explain the trend in the first ionization energies of the 
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three M2(L'"L)4 molecules. 

Electronic Structure Models 

Model calculations of the dimolybdenum center with four guanidinate core 

ligands (NC(N)N) were performed by the Fenske-Hall method under D4h symmetry. Fenske-

Hall utilizes basic symmetry principles as well as charge effects treated by one-center and 

two-center approximations. This allows the molecular orbitals and energies of the Mo-Mo 

center and (L"L)4 ligands to be first calculated separately, and then as the entire M2(L'^L)4 

molecule. Figure 5.10 shows the molecular orbital (MO) diagram obtained from Fenske-

Hall calculations. The destabilization of the metal 6 and 6* orbitals, after mixing with the 

bjg and b2g* orbitals, respectively, is clearly seen. The relative energies and orbital 

composition of Mo2(hpp)4 are shown in Table 5.2. 

By symmetry, the interactions of the a,u or Cg are not allowed with any of the 

bonding metal orbitals. The percent characters from the Fenske-Hall calculations shown in 

Table 5.2 are in agreement, and indicate that the singly degenerate a,u is entirely ligand-

based and the doubly degenerate Cg is 99.95% ligand based. This, coupled with the 

comparison of the two ionizations in region II with the approximate ratio of 1:2 following 

the 6 ionization in M2(hpp)4, with the previous assignments of M2(OAc)4 and M2(DPhF)4 

allow the assignments to be made as eg and a,u, respectively. The MO diagram places the 

metal o and n above the aj^ and Cg. In the real chemical system, addition of the remaining 

alkyl groups of hpp to the guanidinate core would destabilize the (L"L)4 orbitals, correcting 

this problem. The b,^, ionization feature is not distinguishable among the remaining mix of 



Figure 5.10. Molecular orbital diagram of Mo2(L"^L)4 in 04^ 
symmetry, where L'"L is the guanidinate core (NC(N)N) 
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Table 5.2. Fenske-Hall calculated relative energies and orbital 
compositions of Mo2(hpp)4 

Orbital Description Energy (eV) Orbital Composition % 

5 -6.59 6 85 

b2gl 2 

v 13 

^lu -9.53 ^lu 100 

Ce -10.13 e. 100 
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ligand 2q^, 2^2^, a, and n features found in region III. The ionization features present 

in region IV are likely to contain a mix of Ibjg, le^ and lajg character. Table 5.3 contains 

a summary of the regions and their contents. 

Hhpp. The first three Kohn-Sham orbitals and relative energies of Hhpp, starting 

from the HOMO, are shown in Figure 5.11. The delocalization of the nitrogen lone pairs and 

nitrogen pi orbitals is evident, and demonstrate the necessity of thinking of the protonated 

Hhpp ligand as having non-localized electron density. This is consistent with the 

experimental results, which show the second and third ionizations close in energy and 

overlapping. 

The left half of Figure 5.12 shows the Kohn-Sham energies and HOMO orbitals 

of the DPhF and hpp ligands with the H atoms bound to the nitrogen atoms removed. These 

electronic structure calculations were run as neutral fragments in a restricted calculation 

from geometry optimized anion structures. The importance lies in the very similar energies 

of the DPhF and hpp HOMO. These results are similar to the experimental results obtained 

from the neutral ligands. 

The right half of Figure 5.12 shows the Kohn-Sham energies and HOMO 

orbitals of the charged anions of DPhF and hpp. There is a drastic difference in the HOMO 

energies of DPhF and hpp, as compared to the neutral restricted HOMO energies on the left. 

This is a key factor in understanding the behaviors in the M2(L"L)4 molecules. As can be 

seen in the figure, the neutral DPhF ligand is capable of stabilizing the negative charge of 

the anion by distributing the density thi'oughout the orbital, which is significantly delocalized 

on the phenyl rings. The neutral hpp ligand, however, shows very localized density on the 



Table 5.3. Ionization regions of M2(hpp)4 

Region Labels" 

I 6 

II aiu + eg 

III o+Ti+2e„+2a2g+2b2g+bi„ 

IV lb22+lSu 

a. Labels are for idealized 04^ symmetry 
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HOMO 

-4.374 eV 

HOMO-1 

-5.197 eV 

HOMO-2 

-5.264 eV 

Figure 5.11. Kohn-Sham orbitals and 
relative energies of Hhpp 



156 

-4.85 eV 

-4.84 eV 

Neutral Anion 

Figure 5.12. Kohn-Sham HOMO orbitals and relative energies of DPhF and 
hpp, as neutral restricted fragments (left) and charged anions (right) 
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nitrogen atoms of the anion and does not stabilize the charge. This results in a HOMO 

energy for the hpp anion that is 1.75 eV above that of the DPhF anion. This is significant 

and is consistent with the experimental results of the M2(DPhF)4 and M2(hpp)4 species. 

Calculation of Valence Ionization Energies for Cr2(hpp)4, Mo2(hpp)4, 

W2(hpp)4. In order to determine the best geometry for M2(hpp)4, several geometries 

optimizations were performed on Mo2(hpp)4. The relative energy was first calculated for the 

hpp ligand with no symmetry starting from crystal structure coordinates. The energies were 

then calculated for hpp with a symmetry of C2 and C3, respectively. Out of the three, the 

conformation was the most stable. This information was then used for the MjChpp)^ 

molecules. It was found that an overall €4^ symmetry containing symmetry ligands was 

most favorable. This geometry was 0.078 eV more stable than with ligands, and 

0.103 eV more stable than the overall 04^ conformation with Cj ligands. Geometries of the 

other M2(L'^L)4 were done in the same manner. 

M2(L"L)4 molecules were constructed by geometry optimizing the charged 

ligand structures, adding the optimized ligands to the metal core and optimizing the dimetal 

structure. Calculated ADF ionization energies for M2(hpp)4 (M= Cr, Mo, W) at the PW91 

GGA level are presented in Table 5.4. In each case the ionization energy predicted by the 

theoretical calculations is lower than the experimental value. The table also includes the 

experimental and calculated ionizations for the corresponding acetates and formamidinates 

and gives the difference between the two methods. Upon close inspection of the three types 

of M2(L"L)4 molecules, a pattern is evident. In each case the difference between the two 

methods is greatest for Cr, followed by Mo, with the closest agreement for the W systems. 
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Table 5.4. Experimental and theoretical (ADF) ionization energies for 
M3(L"L)4 

Species PES (eV) ^^SCF Error (eV) 

Cr2(OAc)4 8.65 7.13 1.52 

MO2(OAC)4 6.96 6.55 0.41 

W2(OAC)4 6.10 6.07 0.03 

Cr2(DPhF)4 6.44 5.83 0.61 

Mo2(DPhF)4 5.81 5.53 0.28 

W2(DPhF)4 5.23 • 5.13 0.10 

Cr2(hpp)4 4.99 4.31 0.68 

Mo2(hpp)4 4.34 4.03 0.31 

W2(hpp)4 3.77 3.66 0.11 
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Table 5.5 contains the calculated ADF Voronoi charges of the oxygen or nitrogen 

atoms in the three n systems of the isolated anion ligands. The strict 04^ symmetry has been 

removed for the ADF calculations and the symmetry is idealized D41,. Comparing the charge 

on the DPhF nitrogen atoms to those of hpp confirms the expected trend of the inductive 

contributions. The charge on oxygen is the most negative, however, oxygen is more 

electronegative and cannot be compared directly with nitrogen. The charges on the two 

equivalent nitrogens in hpp, primarily responsible for donating the electron density to the 

metal, exceed in magnitude the corresponding charges in DPhF. In addition, hpp has a third, 

charged nitrogen. The proximity of these charge-localized electron-rich nitrogen atoms of 

hpp to the metal center is likely to make the removal of an electron from M2(hpp)4 easier. 

In Table 5.6, ADF Voronoi charges on each molybdenum atom of the Mo2(L"L)4 

molecules is given. The Voronoi charges show the positive charge on the metal-centers 

decreasing from OAc to DPhF to hpp. This is in agreement with the experimental results 

and the Voronoi charges on the oxygen and nitrogen atoms. The molybdenum atoms of the 

Mo2(hpp)4 molecule have the least positive charge and are more easily oxidized. While the 

charges on the molybdenum atoms of Mo2(DPhF)4 are greater than those of Mo2(hpp)4, the 

difference is fairly small, showing that the charge potentials of the ligands are not 

transferred in a significant amount to the metal centers. When compared to the Fenske-Hall 

ionization energies and percent characters, the composition and trends in ionization energy 

are in agreement. 



Table 5.5. Voronoi charges 

Ligand Atom Charge 

OAc O -0.494 
O -0.500 

DPhF N -0.270 
N -0.270 

hpp N -0.369 
N -0.369 
N -0.131 



Table 5.6. Voronoi charges on the molybdenum atoms 

Species Charge 

Mo2(OAC)4 +0.270 

+0.270 

Mo2(DPhF)4 +0.244 

+0.244 

Mo2(hpp)4 +0.234 

+0.234 
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Energies and Kohn-Sham orbitals of the OAc, Form, DPhF, and hpp ligands, as 

calculated by ADF, are shown in Figure 5.13. Formate (Form) is included as an 

intermediate step between the OAc and DPhF ligands. The geometry optimized ligands, in 

idealized symmetry, were run as neutral fragments in a restricted calculation to best 

approximate the spin state of the ligands in the M2(L'"L)4 molecules. 

Two key observations are evident from this figure. First is the symmetry 

character of the ligand orbitals, identifying the orbitals of proper symmetry to interact with 

the M-M 6 orbital. Also visible are the relative energies of the orbitals, which are an 

indication of which ligand orbitals are the best energy matches for the M-M 6 orbital. 

The hpp molecule has an extra bjg type orbital with the proper symmetry to 

interact with and destabilize the metal-metal 6 orbital. This orbital is higher in energy 

and closer to the metal-metal 5 orbital, allowing for greater destabilizing interaction. 

Another factor contributing to the low ionization energy of hpp can be discerned 

by examining the energy positions and symmetries of the ligand LUMOs. The phenyl 

contribution of electron density to the DPhF LUMO is evident. In contrast, the LUMO of 

hpp is destabilized significantly compared to that of DPhF or OAc, making backbonding of 

electron density from the metal into the empty ligand orbital less effective. This 

consideration is in agreement with the experimental results, since backbonding decreases 

electron density at the metal, and therefore raises ionization energy. 

What Figure 5.13 does not show is the effect that the negative charge has on the 

HOMO of the ligands. In this figure it appears that the HOMO energies of DPhF and hpp 

are nearly identical. This does support the experimental ionization energies for the free 
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OAc Form DPhF hpp 

0 —  

eV 

u 

Figure 5.13. Correlation diagram showing Kohn-Sham orbital energies 
and symmetries of the ligand tc orbitals 



164 

ligands, but not the M2(L"L)4 molecules. It is this transition that holds the key to the great 

ability of hpp to facilitate such low ionization energies in the M2(hpp)4 molecules. From 

Figure 5.12 we saw that when a negative charge is added to the guanidinate core, it does not 

delocalize and stabilize the charge like DPhF does. The relative HOMO energies on the 

charged ligands are definitely nowhere near identical anymore. The end result is quite 

remarkable when combined with the dimetal centers. 

DISCUSSION 

Now that the mystery has been solved, the shift of the a.^ orbitals (from the 

HOMO of the ligands) from Mo2(DPhF)4 to Mo2(hpp)4 can be used to evaluate the 

contributions from the charge of the ligand. Experimental ionization energies corresponding 

to the 6, aiu and e^ orbitals of Mo2(hpp)4 and Mo2(DPhF)4 are presented in Table 5.7. The 

shift of the orbital is a direct measure of the charge effect of the ligand because, by 

definition, the ai^ orbital is purely ligand in character. This was confirmed by the Fenske-

Hall orbital analysis. The shift of the 6 orbital is due to both charge and overlap effects. The 

6 orbital shifts by 1.47 eV from Mo2(DPhF)4 to Mo2(hpp)4. The a,u orbital shifts by 0.76 eV 

from Mo2(DPhF)4 to Mo2(hpp)4, which is about half of the 5 shift, leaving the other half for 

orbital overlap. Equal contributions of the charge and overlap effects account for the 

unusually low ionization energy of M2(hpp)4. 

Thus, while the resonance structures in Figure 5.2 show hpp has the 

possibility of additional nitrogen charge through resonance, they fail to show the 

significance of orbital overlap and energy matching, and most importantly, the inability of 



Table 5.7. Experimental ionization features of Mo2(DPhF)4 and 
Mo2(hpp)4 

Species 6 (eV) aju (eV) 

Mo2(DPhF)4 5.81 6.63 

M02(hpp)4 4.34 5.87 

A(eV) 1.47 0.76 
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the hpp anion to stabilize negative charge. From the resonance structures, Voronoi 

charges and orbital energy diagram, it is evident the shift of the ionization energies requires 

both factors: the localized charge on the nitrogen atoms (and the inability to stabilize the 

charge), and the overlap (or energy matching) of the ligand bjg with the metal 6 orbital. 

We have shown that hpp has stronger charge retention properties and better 

energy matching compared to formamidinate and acetate. These two factors have 

approximately equal contribution in hpp, and overall make hpp more effective in assisting 

the removal of an electron from the metal systems. 

Unraveling the factors contributing to the electronic properties of ligands is 

important for understanding the fundamental aspects of chemical interactions between 

metals and ligands. Furthermore, this knowledge is beneficial for systematic design of 

other ligand molecules for the purpose of exploring molecules with even lower ionization 

energies. If the electronic properties of ligands are able to be anticipated before their 

synthesis, it will be possible to control reactivities, redox potentials, and electron donor 

or acceptor properties. 
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CHAPTER 6 

DEVELOPMENTS TOWARD LOW IONIZATION ENERGIES. PART II: GAS-
PHASE PHOTOELECTRON SPECTROSCOPIC AND DENSITY FUNCTIONAL 

CALCULATIONS OF GUANIDINATE CORE LIGAND DERIVATIVES 

In the previous chapter, hpp was studied using photoeiectron spectroscopy and 

electronic structure calculations to determine what specific properties allowed the M2(hpp)4 

molecules to have such unusually low ionization energies. It was shown that the ability of 

the hpp anion to retain its large charge potential, destabilizing the energy of the orbital when 

combined with the metal centers, as well as the orbital overlap interactions with the metal 

centers, significantly contributed to the low ionization energies of M2(hpp)4. 

The question remains, now that the electronic properties of the hpp ligand are 

known, can the charge potential retention or orbital overlap interactions be altered slightly 

to control ionization energies? Ligand tunability, the ability to modify electronic structure 

to achieve a desired property of the molecular system, has valuable applications in many 

areas of science. Specifically, the ability to control the ease in which an electron can be 

removed is crucial for electron transfer reactions, catalysis and materials applications. The 

research in this chapter is aimed at answering this question. 

Variations of the hpp ligand, which retain the guanidinate core, have been probed 

to ascertain the effect that changing the geometry constraints of the fused-ring ligand system 

and/or adding electron donating substituents have on the ability of the anion to stabilize 

charge. Structures of the five anions studied in this chapter are shown in Figure 6.1. 



• • • • 
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Figure 6.1. Structures of hpp, tbo, tbn, TMhpp and TEhpp 
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The ligand at the top of Figure 6.1 is hpp, the benchmark for comparison of the 

modified ligands. Hpp has a 6,6 ring system with twelve hydrogen atoms on the six 

ancillary carbon atoms. In the middle of the figure are tbo and tbn. Tbo (where tbo is the 

anion ofl,4,6-triazabicyclo(3.3.0)oct-4-ene ), has a 5,5 ring system containing eight 

hydrogen atoms on the four ancillary carbon atoms. Tbn (where tbn is the anion of 1,4,6-

triazabicyclo(3.4.0)-non-4-ene) has a 5,6 ring system with ten hydrogen atoms on the five 

ancillary carbon atoms. The bottom of the figure shows TMhpp and TEhpp. TMhpp, (where 

TMhpp is the anion of 3,3,9,9-tetramethyl-l,5,7-triazabicyclo[4.4.0]dec-4-ene) has a 6,6 

ring system with the four hydrogen atoms on the carbons closest to the sp^ nitrogen replaced 

with methyl groups. TEhpp, (where TEhpp is the anion of 3,3,9,9-tetraethyl-l,5,7-

triazabicyclo[4.4.0]dec-4-ene) has a 6,6 ring system with the four hydrogen atoms on the 

carbons closest to the sp' nitrogen replaced with ethyl groups. The sp^ and sp^ notations are 

used for convenience in distinguishing the two types of nitrogens, the two planar nitrogens 

with the delocalized charge (sp^), and the single non-planar nitrogen attached to three 

carbons (sp^). 

Using photoelectron spectroscopy, the ionization energies of Hhpp, Htbo, Htbn, 

HTMhpp and HTEhpp ligands are compared to give an analysis of their relative abilities for 

the fabrication of dimetal molecules with low ionization energies. Electronic structure 

calculations on the protonated forms are used to verify experimental results of relative 

energies. As seen in the previous chapter, a very significant portion of the success of the hpp 

ligand was attributed to its inability to stabilize negative charge. Electronic structure 

calculations on the anions of the modified ligands are used to determine characteristics that 
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contribute to the stabilization or destabilization of a negative charge. A related question is 

whether the protonated ligand ionization energies and/or the electronic structure calculations 

on the relative energies of the anions can be used to predict the ionization energies of the 

dimetal complexes. 

An important question is how the different structures and electronic properties 

of these two ligands effect the ionization energies of the metal-metal bonded molecules. The 

Mo2(tbo)4full spectrum is compared to the Mo2(hpp)4 spectrum to examine the relative shifts 

between the first ionizations of the free ligands and the first ionizations of the dimetal 

molecules. 

EXPERIMENTAL 

General Methods 

Htbo, Htbn, HTMhpp, HTEhpp and Mo2(tbo)4 were prepared by Chad 

Wilkinson at Texas A&M University, the summaries of synthetic procedures and physical 

measurements are given in Chapter 2. 

Photoelectron Spectroscopy 

The photoelectron spectra were recorded using an instrument that features a 36 

cm radius, 8 cm gap hemispherical analyzer® and custom designed sample cells and detection 

and control electronics.^ The excitation source was a quartz lamp that produced both He I 

and He II radiation, depending on the operating conditions. The argon "P3/2 ionization at 

15.759 eV was used as an internal calibration lock of the absolute ionization energy. The 

difference between the argon ^P3/2 and the methyl iodide ^Ei/2 ionization at 9.538 eV was 
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used to calibrate the ionization energy scale. During data collection the instrument 

resolution, measured using the full width at half-maximum of the argon ionization, was 

0.020-0.030 eV. All data are intensity corrected with an experimentally determined 

instrument analyzer sensitivity function that assumes a linear dependence of analyzer 

transmission to the kinetic energy of the electrons within the energy range of these 

experiments. Ionizations measured have experimental error of ± 0.02 eV. The sublimation 

temperature was monitored using a "K" type thermocouple passed through a vacuum 

feedthrough and attached directly to the cell. 

Specific sublimation temperatures for these guanidinate systems are: Hhpp 25°, 

Htbo 25°, Htbn 30°, HTMhpp 25°, HTEhpp 80°, and Mo2(tbo)4 230°. Additional collection 

details for the specific molecules studied in this chapter can be found in Chapter 2. 

Data Analysis. The ionization bands in the photoelectron spectra are 

represented analytically with asymmetric Gaussian peaks.® The minimum number of peaks 

was used to represent the contours of the data. The experimental variance of the 

photoelectron data are represented in the figures by the vertical length of each data mark.^ 

The fitting procedures used to fit the data use the Windows-based program 

WinFp 0.011. A more detailed discussion of the fitting procedures has been discussed in 

more detail elsewhere.^ 

Computational Studies. 

ADF2002.02 The PW91 method was used for all calculations.'^''^ The atomic 

orbitals on all centers were described by an uncontracted triple-C STO basis set with one 

polarization function (TZP) that is readily available with the ADF package. Relativistic 
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effects were included in all calculations by the scalar ZORA formalism implemented as a 

part of the ADF2002 program. 

RESULTS 

By changing the geometry constraints of the fused-ring or the substituents on the 

guanidinate core, it is possible to observe the change that results in the electronic structure 

of the protonated ligand. Using photoelectron spectroscopy, the change in the energy of the 

highest occupied molecular orbital (HOMO) can be seen. The first ionization energy from 

each of the protonated ligands from Figure 6.1 will be compared to determine the factors 

influencing ionization energy. 

Information from Ionization Characteristics. The He I valence photoelectron 

spectra of HEt4hpp, HMe4hpp, Hhpp, Htbn and Htbo are presented in Figure 6.2. All 

ligands have a broad single peak as their first feature, and were able to be fit with one 

Gaussian. The following feature arises from two overlapping ionizations. The low 

ionization energy peak positions, relative areas and half-widths for the ligands are given in 

Table 6.1. The He I spectra Mo2(tbo)4 will be discussed in detail shortly. 

From Figure 6.2 it can be seen that two of the related structures (HTEhpp and 

HTMhpp) have first ionization energies lower than Hhpp, and two have higher energies 

(Htbn and Htbo). The ligands that were modified with the addition of electron donating 

substituents fall below Hhpp, while the changes in the ring constraints of the system have 

higher ionization energies. In general, the more alkyl groups on a system the lower the 

ionization energies. 
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Electronic Structure. Table 6.2 illustrates the experimental and electronic 

structure ionization energies for the five protonated ligands. The electronic structure 

calculated energies are consistently lower than the experimental data, but in all cases the 

trend is in the correct order. When the electronic structure energy value is subtracted from 

the experimental energy, the shift of the five ligands have a collective deviation ranging only 

0.05 eV, indicating a very good correlation. 

From chapter 5, it was seen that the experimental first ionization energy of the 

protonated DPhF and hpp ligands were very close in energy and did not predict the behavior 

of the metallated complexes. The electronic structure calculations on the charged anions did 

indicate the inability of hpp to stabilize charge, and correctly predicted the experimental 

metallated results. Table 6.3 gives the Voronoi charges of the guanidinate anion ligand 

nitrogens and the relative HOMO energies. There is an increasing trend in charges of the 

nitrogen atoms from TEhpp to tbn, which is counterintuitive to the protonated spectrum. 

Even more interesting are the relative HOMO energies. According to these numbers, hpp 

is the only ligand significantly destabilized in energy. Both TEhpp and TMhpp, with lower 

ionization energies of their protonated ligands, are more stable in energy. This predicts that 

all of the metallated molecules of the guanidinate derivatives will have higher first ionization 

energies than M2(hpp)4. 
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Figure 6.2. Photoelectron spectra of the guanidinate derivatives 
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Table 6.1. Experimental ionization features of the guanidinate ligand derivatives 

Ligand Peak position (eV) Width-high (eV) Width-low (eV) Rel.Area 

Htbo 8.08 0.73 0.51 100 

9.08 0.90 0.43 121 

9.64 0.82 0.49 60 

Htbn 7.83 0.77 0.53 100 

8.91 0.44 0.53 95 

9.36 0.81 0.37 55 

Hhpp 7.63 0.80 0.54 100 

8.47 0.70 0.32 111 

9.05 0.78 0.44 74 

HTMhpp 7.45 1.13 0.52 100 

8.31 0.98 0.32 123 

8.85 0.99 0.42 41 

HTEhpp 7.35 0.78 0.50 100 

8.20 0.60 0.33 103 

8.68 0.67 0.47 81 
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Table 6.2. Photoelectron spectroscopic and electronic structure determined first 
ionization energies of the guanidinate ligand derivatives 

Ligand Experimental (eV) AEjcf (eV) Experimental-AEscp 

Htbo 8.08 7.77 0.31 

Htbn 7.83 7.53 0.30 

Hhpp 7.63 7.37 0.26 

HTMhpp 7.45 7.19 0.26 

HTEhpp 735 7^8 0.27 
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Table 6.3. Voronoi charges on the nitrogen atoms of charged guanidinate ligand anions 
and relative HOMO energies 

Ligand HOMO (eV) sp^ N Charges sp^ N charge 

tbo 1.08 -0.391 -0.157 

tbn 1.06 -0.381 -0.145 

hpp 1.22 -0.369 -0.131 

TMhpp 1.01 -0.368 -0.124 

TEhpp 0.88 -0.367 -0.123 
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Factors Determining Low Ionization Energies. The predominant factors in 

determining ionization energy in M2(L"L)4 molecules are orbital overlap interactions and 

the ability of the anion of the ligand to stabilize charge. The relative stabilities of the 

HOMO anion energies have been discussed and predictions of the relative energies of the 

remaining metallated ligand molecules have been made. To address the orbital overlap 

interaction, studies were conducted on the geometry of the Hhpp and Htbo ligands as well 

as Mo2(hpp)4 and Mo2(tbo)4. 

To ascertain why Htbo has a higher first ionization energy than Hhpp, the 

protonated ligands were rigorously compared using electronic structure calculations. Figure 

6.3 shows the geometry optimized structures of Hhpp and Htbo. Two significant differences 

are readily identified that are consequences of the constraints imposed by the smaller ring 

sizes in Htbo. First, the direction of the N-H bond of Hhpp is angled toward the other 

nitrogen atom that will be bound to the Moj unit, whereas the N-H bond of Htbo is angled 

away from the other nitrogen atom. The same can be assumed for the lone pairs in the hpp" 

and tbo" anions and is confirmed in Figure 6.4. Second, the distance between these two 

nitrogen atoms of Hhpp is smaller than the distance between the two nitrogen atoms of Htbo. 

o 

The distance between these two nitrogen atoms in Hhpp is calculated to be 2.29 A compared 

to 2.45 A for Htbo. Thus the Hhpp ligand can accommodate shorter Mo-Mo distances 

without distortion of the ligand. The spectra of Htbo and Hhpp are shown in Figure 6.5. 

Table 6.4 shows experimental and AEjcf differences in first ionization energies of Hhpp and 

Htbo. The error of the two methods is only 0.05 eV, an indication that electronic structure 

calculations may be valuable in predicting relative experimental energies. 
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6 
Figure 6.3. Geometry optimized structures of Htbo 
and Hhpp 



Figure 6.4. Kohn-Sham orbitals of the tbo 
and hpp anions 
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Figure 6.5. Photoelectron spectra of Htbo and Hhpp 
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Table 6.4. Experimental and electronic structure energy difference between the first 
ionization energies of Hhpp and Htbo 

Method Hhpp Htbo A 

Photoelectron 7.63 8.08 0.45 
Spectroscopy 

Electronic 7.37 7.77 0.40 
Structure 
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Molybdenum Analogues 

Shown in Figure 6.6 is the He I photoelectron spectra of Mo2(hpp)4 and 

Mo2(tbo)4. The experimental first ionization energy of Mo2(tbo)4 corresponding to the 

removal of the electron from the 6 is 4.82 eV. As with the M2(hpp)4 molecules detailed in 

chapter 5, the first ionization feature was fit with a small shoulder. Experimental ionization 

features of Mo2(tbo)4 are listed in Table 6.5. 

Figure 6.7 shows two geometry optimized structures of Mo2(tbo)4 from 

electronic structure calculations, Djh and €4^ configurations. The structure corresponding 

to the C4h configuration was most stable in energy, and used in this study. The Mo2(hpp)4 

geometry was determined in a similar manner, discussed in chapter 5, and the €4^, 

configuration was used. Table 6.6 summarizes the experimental and electronic structure 

ionization energies. Table 6.7 shows the experimental difference in the first ionization 

energy of Mo2(hpp)4 and Mo2(tbo)4 compared to the electronic structure energy change. The 

experimental difference in ionization energy between Mo2(hpp)4 and Mo2(tbo)4 is 0.44 e V 

and the AEjcp energies are different by 0.31 eV. 

The Mo-Mo distance for Mo2(tbo)4 is calculated to be 2.18 A. This is 0.10 A 

longer than the Mo-Mo distance calculated for Mo2(hpp)4. The Mo-N distances are 2.16 A 

and essentially unchanged from the calculated distances for Mo2(hpp)4. The Mo-Mo-N 

angles are 92.5° and also essentially unchanged from the calculated angles for Mo2(hpp)4. 

The distances between the metal-bound nitrogens of the tbo ligand have shortened to 2.38 

A from the distances calculated for Htbo molecules, while the distances between the metal-

bound nitrogens of the hpp ligand are 2.30 A, essentially the same distance calculated for the 
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Hhpp molecule. It appears that the Mo-N bonds are optimized by adjusting the geometries 

of the tbo ligands and lengthening the Mo-Mo distance in Mo2(tbo)4 compared to Mo2(hpp)4. 

The geometries of the hpp ligands appear to be ideal for both the Mo-Mo bonding and the 

Mo-N bonding. 

As shown in Tables 6.4 and 6.7, the first experimental ionization energy of Htbo 

is 0.45 eV greater than the first ionization energy of Hhpp, and the corresponding shift 

between the ionization energies of Mo2(tbo)4 and Mo2(hpp)4 is 0.44 eV. The two values are 

assumed to be a coincidence since no other data exists for comparison. 



mo2(tbo), 

Mo2(hppX 

Ionization Energy (eV) 

Figure 6.6. Photoelectron spectra of Mo2(tbo)4 and Mo2(hpp)4 
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Table 6.5. Experimental ionization energy features of Mo2(tbo)4 

Peak position (eV) Width-high (eV) Width-low (eV) Area 

4.82 0.39 0.39 100 

5.11 0.42 0.10 8 

6.43 0.46 0.28 146 

6.89 0.34 0.32 196 

7.16 0.55 0.28 273 

7.96 1.13 0.72 756 

9.57 0.76 0.76 640 

9.79 0.56 0.26 76 



J 0 u 

Figure 6.7. Structures of Mo2(tbo)4 from 
theoretical calculations: C4h (top) and 
(bottom) 
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Table 6.6. Photoelectron spectroscopic and electronic structure determined first 
ionization energies of Mo2(hpp)4 and Mo2(tbo)4 

Molecule Experimental (eV) (eV) Experimental-AEscF 

Mo2(hpp)4 4.34 4.03 0.31 

Mo2(tbo)4 4.78 4.39 0.39 
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Table 6.7. Experimental and electronic structure energy difference between the first 
ionization energies of Mo2(hpp)4 and Mo2(tbo)4 

Method Mo2(hpp)4 Mo2(tbo)4 A 

Photoelectron 
Spectroscopy 

4.34 4.78 0.44 

^Escf 4.08 4.39 0.31 
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DISCUSSION 

Ligands retaining the guanidinate core of the hpp ligand have been studied 

using photoelectron spectroscopy and electronic structure calculations to determine (1) the 

ionization energy of the protonated ligands and (2) to see if there is a correlation with the 

protonated ligands with the ability of the anion to stabilize charge. Eventually this leads to 

attempting to predict the ionization energies of the metallated complexes. 

It was found that while increasing the extent of alkylation of the ligand system 

lowered the first ionization energy, these energies were likely unrelated to the ionization 

energies of the metallated systems. Two factors are critical in determining the ionization 

energies of the M2(L'"L)4 molecules, orbital overlap interactions and the ability of the anion 

to stabilize charge; While the different geometries of the ligands alter the relevant n orbitals 

in the guanidinate core (N-C(N)-N) and change the overlap of these orbitals with the metal-

metal 6 orbital, which in turn may either strengthen or weaken metal-metal 6 overlap and 

bonding, in none of these geometries did the anion destabilize with charge. The prediction 

is that none of the metallated species of these ligands will have lower ionization energies 

than M2(hpp)4. 

In order to develop species with lower ionization energies than M2(hpp)4 

emphasis will need to be placed on finding a ligand that is capable of good orbital overlap 

interactions, requiring an energy close to the metal for increased interaction and possessing 

the proper geometry to accommodate the metal in both metal-metal bond length and the 

symmetry for good overlap. In addition, the deprotonated ligand carrying a negative charge 

must destabilize significantly in energy, retaining the charge in a localized manner which 
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also facilitates the interaction between ligands and the metal-metal bond. 

More research needs to be done to determine what causes certain ligands to 

destabilize negative charges, while other structurally related ligands stabilize the charge. 

Once these factors are better understood, the tunability of ligands will become much more 

of a reality and allow their use to be applied to the many facets of science that would benefit 

from such electronic control. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

The main purpose of this work was to understand what effects changing simple 

properties of a ligand could have on a M2(L'^L)4 system. At least, that is what the intention 

was when this research was begun. As it progressed, it became clear that this basic question 

opened up possibilities to new questions we never knew we could ask. We started by 

wondering if there was a correlation between electron removal in the gas phase and electron 

removal in the solution phase. What we ended up with was not just a linear correlation, but 

a compilation of slopes from the literature whose meanings had never been explored. It 

turned out that from the slope it was possible to determine how much the solvent was 

stabilizing the cation in solution. 

The results were surprising, every system was affected by solvent stabilization. 

There was a trend in the slopes that turned out to be logical and intuitive. The more 

delocalized the system, the less the system will be perturbed when an electron is removed. 

There has been a general concept for atoms that the larger the atomic cation, the smaller the 

solvation energy, but this concept has not been generally extended to large and delocalized 

molecular systems. Large conjugated ring derivatives, for example, had very little solvent 

effect. Our molecules, the Mo2(DPhF)4 and Rh2(DPhF)4 were found to be very affected by 

solvent, even for the relatively weakly coordinating solvent CHjClj. The more electron 

witndrawing the substituent on the molecule, the more the cation was stabilized. This also 
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made sense, because when a substituent is pulling electron density away from the metal 

center, the metal center is going to try to compensate, and it has the ability to accomplish this 

with solvent, probably coordinating axially. 

Once we determined the two different metals were interacting with the solvent, 

we looked at the slopes to see which system was more effected by the stabilization. The 

results were counterintuitive to what is typically known about rhodium and molybdenum. 

The Rh2(DPhF)4 was quite a bit less stabilized than the molybdenum. Rh2(L~L)4 systems 

are known to strongly coordinate axially, so this was a surprise. The most likely possibility 

is that there may be pi back-bonding occurring from the CH2CI2 solvent into the empty TC* 

M02 orbitals. These orbitals are filled in the rhodium analogues. 

There are many unanswered questions remaining, and many possibilities for 

future research in this project. It would be helpful to have control of both the 

electrochemical side of the experiment as well as the photoelectron spectroscopic aspect. 

There are several ligands remaining to be explored, and particular attention should be paid 

to the difference between the meta and para substitutions. More data points would help 

determine if the behavior of points not directly on the line of the slope are actually an 

anomaly, or if they fit on a slope whose points have yet to be determined. If the plot of 

ionization energy vs. E,/2 that yielded a slope greater than one is able to be reproduced, it 

may yield additional information as well. 

With a compilation of relative solvent effects at hand, chemists will have a 

valuable tool that did not exist before. The field of electrochemistry could open up in an 

attempt to find the cause for this solvent effect and, hopefully, eventually be able to quantify 
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it. The linear relationships by themselves are useful and may provide estimates of 

electrochemical information for molecules that are insoluble or out of the range of the 

experiments, or ionization energies for molecules that do not sublime. 

The second project started off in a similarly innocuous manner. An odd and very 

low oxidation potential had been found and the sample was sent to us to see if the results 

were also reflected in the gas-phase ionization energy. This led to unprecedented ionization 

energies, a stable closed-shell molecule that had an ionization energy even lower than atomic 

cesium. Various theories about the amazing ability of the hpp ligand were discussed, 

comparisons with other molecules were made and calculations were run, and we thought we 

had the answer. It appeared that the donor ability of hpp was simply outstanding and that 

it happened to have excellent orbital overlap interactions. Other ionizations of ligands that 

were similar to hpp were determined, and it looked like our theory was correct; add electron 

donors to the system and you get a lower ionization energy. 

And then came the problem. If the donor ability was so excellent, why was the 

charge on the nitrogen atoms of the M2(hpp)4 still so negative? If it was such a good donor, 

shouldn't it be giving the electron density to the metal? So calculations were run on the 

ligands that were similar to hpp. The protonated ligands predicted exactly what our 

experiments did. So the theory was still intact, until calculations were run on the anions of 

the ligands. 

The charges on the nitrogen atoms of the ligands were even higher for tbo than 

hpp, and we had run the ligand and we knew it had a higher ionization energy. The answer 

finally became clear when we looked at the relative energies of the HOMO orbitals of the 
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protonated ligands and then the HOMO orbital energies of the anions. Hpp was the only 

ligand that was unable to stabilize the negative charge. All other ligands were stabilizing 

the negative charge, and in doing so, the factors that were crucial to the success of hpp did 

not exist. The inability of hpp to stabilize the charge brings the orbitals closer to the metal 

orbitals, and increases the orbital overlap interactions. 

This project is also in its infancy, having just discovered what factors contribute 

to the determination of the ionization energy of these metallated molecules, no efforts have 

been made to explore what it is about hpp that renders it unable to stabilize charge. Many 

more calculations need to be run, with variations on the hpp core, but also with systems that 

should have localized charge and no where to put additional electron density. Additional 

dimetal molecules would also be interesting to run with the hpp ligands. Rhenium would 

be an interesting start, since the filled 6* of the metal would be able to interact with the filled 

b,u ligand orbital. 

Hopefully, the questions raised in this work will eventually lead to more insight 

in the subtle nuances that electronic structures have, and the delicate balance of electron 

density. 
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APPENDIX A 

THE MOST EASILY-IONIZED, CLOSED-SHELL MOLECULES KNOWN; EASIER 

THAN THE CESIUM ATOM 

Science, 2002, 298, 121612002, 1971-1974. 

F. Albert Cotton/* Nadine E. Gruhn,^ Jiande Gu,^* Penglin Huang,^ Dennis L. 

Lichtenberger,^* Carlos A. Murillo,^''** Laura O. Van Dorn,^ Chad C. Wilkinson' 

We report a class of molecules with extremely low ionization enthalpies, one member of 

which has been determined to have a gas-phase ionization energy lower than that of the 

cesium atom (the lowest of the elements), lower than any other closed shell molecule, 

and as low as transient species that have been produced in molecular beams. The 

molecules are dimetal complexes with the general formula M2(hpp)4 where M is Cr, Mo, 

or W and hpp is the anion of l,3,4,6,7,8-hexahydro-2^^-pyrimido[l,2-a]pyrimidine. 

These molecules have been chemically prepared in bulk in the laboratory, structurally 

characterized in the solid state, spectroscopically characterized in the gas phase, and 

modeled with theoretical computations. The low-energy ionization of each molecule 

corresponds to removal of an electron from the delta bonding orbital of the quadruple 

metal-metal bond, and a strong interaction of this orbital with a filled orbital on the hpp 

ligands largely accounts for the low ionization energies. The unusual properties of these 

molecules suggest novel chemical behavior. Preliminary studies of their reactivity have 

been carried out. 
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The phenomena of oxidation (electron loss) and reduction (electron gain) are 

fundamental to chemistry. Even when these processes do not occur as such, more 

complex chemical processes and properties, such as ionic and covalent bond formation 

and acid-base behavior, can be understood by analyzing them into a sum of oxidation and 

reduction steps. Tables of oxidation enthalpies, electron affinities, and electrode (redox) 

potentials are essential to understanding - and teaching - chemistry. 

Molecules that are thermodynamically stable under normal conditions 

typically have closed shells of valence electrons and ionization enthalpies of at least 7 

electron volts. The closed shell molecule with the lowest ionization enthalpy (5.17 eV, 

vertical) is [(•r|^-C5H4'Pr)MoSe]4 (7). In general, values below 5 electron volts are 

observed only for molecules or atoms with at least one electron alone in an outer orbital, 

and even then additional conditions must apply. Typical examples are the alkali metal 

atoms, well known as powerful reducing agents (2). Lithium and sodium atoms have 

ionization enthalpies above 5 electron volts (5.39 eV and 5.14 eV respectively), and only 

the heavier alkali metals have ionization enthalpies less than 5 electron volts, with the 

cesium atom lowest of all elements at 3.89 eV (3). We report here measurements and 

modeling of a class of closed shell molecules with extremely low ionization energies. 

One member of this class is found to ionize significantly lower in energy than cesium 

atoms and far lower than any other molecules that have been chemically prepared to this 

time. 
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Fig. 1. A thermal ellipsoid drawing of the M2(hpp)4 

molecules (M = Mo, W) based on X-ray crystallography, 

(2, 5). The nonplanarity of the ligands is clearly shown. 

Distance Mo^Mo = 2.067(1) A; W^W = 2.162(1) A; 

Mo-N(av) = 2.157(6) A; W-N(av) = 2.128(4) A. 

We are currently studying the remarkable ability of the hpp ligand (the anion 

of l,3,4,6,7,8-hexahydro-2//-pyrimido[l,2-a]pyrimidine) to cause large negative shifts in 

the oxidation potentials of paddlewheel complexes of the M2(hpp)4X„ (n = 0, 1,2) type. 

Recently we reported {4) that the Mo2(hpp)4 molecule (Fig. 1) is so easily oxidized that a 

chlorinated solvent such as CH2CI2 oxidizes it essentially quantitatively to Mo2(hpp)4Cl. 

In order to take the Mo2(hpp)4Cl molecule to Mo2(hpp)4Cl2 or others containing the 

[Mo2(hpp)4]^'^ unit an additional (and stronger) oxidizing agent, such as O2 or Ag'^ is 

required, but even this oxidation is remarkably easy and the product remarkably stable as 

compared to the behavior of all other paddlewheel complexes of the core (5). 

There are a number of other cases in which M2(hpp)4Cl2 molecules have 

been found to be much more accessible than analogous paddlewheel molecules in which 

other bridging ligands form the blades of the paddlewheel. In the case where M = Os, we 

have recently isolated (6) [Os2(hpp)4Cl2]PF6, the first structurally characterized 

compound among several thousand 1^12""^ compounds (7) to contain an core. 
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In view of the well established fact (7) that W2"'^ compounds are always 

considerably easier to oxidize than their Moj"^ analogs, we have already investigated the 

series of compounds W2(hpp)4, W2(hpp)4Cl and W2(hpp)4Cl2 (8). In this work W2(hpp)4 

was obtained only in the form of W2(hpp)4-2NaHBEt3, NaHBEt3 having been employed 

as a reducing agent. In order to obtain the simple crystalline compound, W2(hpp)4, we 

have used potassium metal in THF and obtained the crystalline substance by benzene 

extraction. W2(hpp)4 is so easy to oxidize that it can be taken directly by chloroalkanes 

to W2(hpp)4Cl2. 

The Mo and W compounds are crystallographically isomorphous and the 

molecular structures are very similar, both being well represented by Fig. 1. The most 

o 

pronounced difference is in the M-M distances, which are 2.067(1) A for the Mo 

o o 

compound and 2.162(1) A for the W compound. The difference, 0.095 A, is typical for 

such MoAV homologous pairs, and both are within experimental error of being the 

shortest known (9) for compounds containing Mo2'^^ or quadruple bonds, 

respectively. 

Gas-phase ionization energies. The photoelectron spectra of three 

h omologous M2(hpp)4 molecules, with M = Cr (JO), Mo (4), and W (S), have been 

measured, and are shown in Fig. 2. The He I gas-phase photoelectron spectra of the three 

M2(hpp)4 molecules were recorded using an instrument and experimental methods that 

have been described previously (ii). Samples were handled and spectra were obtained 

using rigorous air sensitive techniques (72), although the samples were not exceptionally 

air sensitive, with half-lives of the solid powders in air (Arizona) observed to be roughly 
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on the order of a minute and longer. Cr2(hpp)4 sublimed at 200-230 °C in the instrument 

(=10"'' Torr), Mo2(hpp)4 sublimed at 220-250 °C, and W2(hpp)4 sublimed at 

250-280 °C(/5). Any free Hhpp in the samples was observed at temperatures from 100 

to 200 °C prior to observation of the dimetal complexes. All free Hhpp ionizations occur 

above 7 eV. During data collection the instrument resolution (measured using fwhm of 

the argon peak) was 0.020-0.035 eV. Satellite intensity in the He I spectra due to the 

He ip resonance line emission from the source was removed. This satellite intensity is 

about 3% the intensity of the He la line emission and at 1.869 eV higher photon energy. 

Fig. 2. He I photoelectron spectra of the first 

peak marked * is the He self ionization. 

ionization bands of M2(hpp)4 molecules. The 

5.5 5.0 4.5 4.0 3.5 

Ionization Energy (eV) 
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The spectrum of the W2(hpp)4 molecule was also obtained with the He II photon 

source, showing that the first ionization band is not produced indirectly by any 

absorptive or other resonance process dependent on the energy of the excitation source. 

The first ionization peak of each molecule was modeled analytically with an asymmetric 

Gaussian peak as described elsewhere {14). The results of the PES measurements are 

presented numerically in Table 1. 

Table 1. First Ionization Bands^ of M2(hpp)4 Molecules, M = 

Cr, Mo, W 

Vertical Width to Width to Onset 

Molecule High I.E." Low I.E.'' I.E.' 

Cr2(hpp)4 5.00 0.46 0.27 4.76 

M02(hpp)4 4.33 0.48 0.36 4.01 

W,(hpp)4 3.76 0.47 0.28 3.51 

"All energies are in eV. 
''The intensity of the ionization band at energy E is given 
by the skewed Gaussian form C(E) = Axexp[-(41n2)x({E-
P}AV)^] where P is defined as the vertical ionization 
energy and W is the halfwidth of the band on the high I.E. 
side if E > P or W is the halfwidth of the band on the low 
I . E .  s i d e  i f E < P .  
The ionization peak positions are reproducible to ±0.02 eV 
{~3a level). 
The widths are reproducible to ± 0.04 eV (=3o level). 
® The low-energy onset of the band is defined as the 
vertical ionization energy minus 0.9 times the width to low 
ionization energy. The accuracy of the ionization onset 
energy is estimated to be ± 0.05 eV. 
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Table 2. Comparison of First Vertical Ionization Energies" of 

M2(DPhF)4 and M2(hpp)4 Molecules, M = Cr, Mo, W 

M2(DPhF)4 M2(hpp)4 shift 

M = Cr 6.44 5.00 1.44 

0
 

II 5.80 4.33 1.47 

II 5.23 3.76 1.47 

"Vertical ionization energies are in eV ± 0.02 eV, shifts are ± 0.03 eV. 

The ionizations do not show any particularly unusual features except for their 

extremely low ionization energies. The He self-ionization, which appears as the sharp 

band at 4.99 eV on the He I ionization energy scale as shown in the spectrum of the 

M o 2 ( h p p ) 4  m o l e c u l e ,  i s  a  c o n v e n i e n t  r e f e r e n c e  p o i n t  f o r  t h e  l o w  i o n i z a t i o n  e n e r g i e s  ( 1 5 ) .  

The trend in the ionization energies from the dichromium to the dimolybdenum to the 

ditungsten molecule is exactly as expected based on previous studies of quadruple-

bonded dimetal molecules with strong donor ligands (16). For example. Table 2 shows a 

comparison of the first ionization energies of these molecules with the first ionization 

energies of the related M2(DPhF)4 molecules (DPhF is MA^'-diphenylformamidinate). 

The ionization energy shift from M2(DPhF)4 to M2(hpp)4 is the same 1.46 eV 

(experimental certainty of ± 0.03 eV) in each case of Cr, Mo, and W. It is interesting that 

the shift does not diminish as the ionizations move from the ionization energy of the Cr2 

complex to the very low ionization energy of the W2 complex, a range of 1.24 eV. This 

indicates that saturation has not occurred and an asymptotic limit has not been 

approached, suggesting that appropriate chemical modifications of the ligand could 

produce even lower ionization energies for the molecules. 



208 

The first ionization energies of these molecules are compared with the first 

ionizations of atoms and other known and characterized molecules with ionizations 

below 5 eV in Table 3 {17,18,19,20,21). Cesium has the lowest ionization energy of any 

atom at 3.8939 eV. The onset of the ionization of W2(hpp)4 is nearly 0.4 eV lower in 

energy. It is also notable from Table 3 that low ionization energies are in every other 

case associated with electron configurations that have unpaired spin. Most often, the 

Table 3. First ionizations of atoms and molecules" below 5 eV. 

Molecule or atom spin state'' I.E. (eV) type Ref. 

W2(hpp)4 3.50 onset this work 

W2(hpp)4 3.76 vertical this work 

Cs doublet 3.89 atomic 3,17,18 

ir]'-C,Et,) (Ti^-C5Me5)Fe doublet 3.95 onset 19 

Mo2(hpp)4 4.01 onset this work 

Fr doublet 4.07 atomic 17,18 

Rb doublet 4.18 atomic 3,17,18 

(Ti^-C,Et,)(Ti^-QMe5)Fe doublet 4.21 vertical 19 

Mo2(hpp)4 4.33 vertical this work 

K doublet 4.34 atomic 3,17,18 

Cp(r|'-C6Et6)Fe doublet 4.54 vertical 19 

Cp(Ti^-C6Me6)Fe doublet 4.68 vertical 19 

(ri^-C5Me5)2Co doublet 4.71 vertical 20 

Cp(Ti^-QH3(CMe3)3)Fe doublet 4.74 vertical 19 

Cr2(hpp)4 4.75 onset this work 

(ri^-C9Me7)2Co doublet 4.89 vertical 21 

(r|^-C5Me5)2Cr triplet 4.93 vertical 20 

Cr2(hpp)4 4.97 vertical this work 
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atoms and molecules with lowest ionization energies have just one electron beyond filled 

shells. The (r|^-C6Etg)(r|^-C5Me5)Fe and (ri^-C5Me3)2Co molecules each have a single 

electron beyond the favored 18-electron valence configurations, and the electron is in an 

orbital that is net antibonding between the metal and the ligands. In the M2(hpp)4 

molecules the first ionizations correspond to electrons in orbitals that are bonding 

between the metals. 

A few transient neutral molecules with ionization energies comparable to 

those reported here have been produced in molecular beams and detected by mass 

spectrometry. Of these, the lowest reported ionization energy for a closed-shell neutral 

species is 3.7 ± 0.1 eV for Cs2 (22), which is still considerably higher than observed here 

for W2(hpp)4. The lowest ionization energy we have found reported for any species is for 

CsiCl, again produced only as a transient in molecular beams, with a measured ionization 

energy onset of 3.4 ± 0.2 (25) This energy is the same within experimental uncertainty to 

the ionization onset of W2(hpp)4 at 3.51 ± 0.05 eV. CS2CI again has one electron beyond 

the filled shell. 

Calculated ionization energies. To obtain insight into why this class of 

molecules has unprecedentedly low ionization potentials while at the same time they 

have exceptionally short (and thus, presumably, strong) M-M bonds, electronic structure 

calculations have been carried out. The geometry of the M2(hpp)4 molecules for M = Mo 

and W was fully optimized (24) both at the HF and the DPT (B3LYP) (25,26,27,28,29) 

levels of theory. The resulting geometric parameters are in excellent agreement with the 

experimental measurements. Specifically, the Mo-Mo bond length of 2.090 A at the 
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DFT level is only 0.023 A longer than the crystal data. The Mo-N distance of 2.187 A 

agrees well with the experimental value of 2.157 A. Theoretical predictions of 2.180 A 

o 

and 2.200 A for the W-W and W-N atomic distances are close to the crystal values of 

2.162 A and 2.128 A, respectively. Moreover, the bond length difference of 0.090 A for 

Wj and M02 compounds consists well with the experimental observation of 0.095 A. 

The calculated vertical ionization energies of 3.50 eV for W2(hpp)4 and 

3.85 eV for Mo2(hpp)4 are about 10% smaller than the corresponding experimental 

values. The difference of the vertical ionization energies of the M2(hpp)4 molecules, (Mo 

vs W), is 0.35 eV, only 60% of the experimental result (0.57 eV). Orbital analysis 

shows that both Mo2(hpp)4 and W2(hpp)4 molecules have the electronic configuration of 

The HOMO of these two molecules displays 6-bond character. A detailed 

analysis of the molecular orbitals reveals that the 6 orbitals of the metal cores strongly 

interact with the bj orbitals of the (hpp)4''" ligand groups, and the 6* orbitals of the metal 

cores strongly interact with the bi orbitals of the ligand groups. Four resulting delta-style 

orbitals are shown in Fig. 3, denoted as 6-Lb2' and 6*-Lbi' respectively. In 

contrast to the M2(DPhF)4 molecules, where the linear combination of the 6 orbital from 

the metal core with both the occupied bjg orbital and the unoccupied b*2g orbital from the 

formamidinate ligands leads to only a slight energy destabilization for the delta-like 

HOMO (30), the strong anti-bonding interaction between the 6 orbital of the metal core 

and the bj orbital of the hpp ligands causes a marked energy destabilization for the delta-

style HOMO (6-Lb2) M2(hpp)4 compounds. 
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(hpp)/" ligands (b, and bj). 
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To understand the extent to which the slightly lower ionization energy of 

W2(hpp)4 as compared to Mo2(hpp)4 is intrinsic to the Mj cores or due to the coordinating 

effects of the ligands, the ionization energies of the M2'*^ cores also have been calculated 

at the DFT level of theory. The ionization energy difference between W and Mo for the 

core is evaluated to be 0.29 eV, implying that the lower ionization energy of the W 

compound is intrinsic. However, since the ionization energy difference for M2(hpp)4 is 

0.06 eV larger, the interactions between the ligands and the metals may be slightly 

stronger for W. This can be further understood by an analysis of the orbital energies for 



the 6+Lb2 and 6-Lb2 orbitals. The energy splitting for 6+1^2 is 3.46 eV for the 

W complex, 0.18 eV larger than that of 3.28 eV for Mo. Also the splitting for the 

6*+L^,, and 6*-Lb, amounts to 6.12 eV and 5.98 eV for W and Mo, respectively. A 

relatively stronger mixing between the ligands and the W core compared to the Mo core 

can be seen in the n type orbitals (Fig. 4). Due to their interaction with the e orbitals of 

the ligands (hpp)/", the degenerate n bonding orbitals of the W core split into two sets 

which are close in energ y. On the other hand, the ti bonding orbitals of the Mo2(hpp)4 

are clearly Mo dominated and are less influenced by the ligands in these calculations. 

Additional Observations. Because of the ease with which the M2(hpp)4 

molecules can lose an electron - much more easily than the sodium atom for example -

the question could be asked: will these substances dissolve in liquid ammonia to give 

blue solutions containing solvated electrons? They do not. The reason sodium dissolves 

is that a major contribution to its behavior with liquid ammonia is the solvation energy of 

the Na^ ion, presumably by six NH3 molecules in the primary coordination sphere of a 

small ion with a high charge-to-radius ratio. This more than compensates for the heat of 

atomization of sodium metal. The M2(hpp)4 molecules, although they surrender the 

electron more easily than the sodium atom and have much lower heats of vaporization, 

have much smaller solvation energies. The positive charge is spread over two larger 

metal atoms, each of which can bind only one ammonia molecule. In solvents with little 

or no polarity, however, where the neutral molecules themselves are already soluble and 

in the presence of an electron acceptor (such as an electrode) the M2(hpp)4 molecules are 

better reductants than alkali metal atoms. 
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• V 

Fig. 4: The Mo-dominated n bonding 

orbitals of the Mo2(hpp)4 (top) and the two 

U W2(hpp)4 (bottom). 

sets of the n bonding orbitals of the 

The special properties of these molecules offer a new class of reductants and 

electron reservoirs for known chemical and materials processes, and open the possibility 

of novel chemical transformations and behavior. The chemical behavior of molecules 

that lose an electron as easily as found for these M2(hpp)4 molecules is expected to be 

unprecedented in certain respects. As already reported (4) they react immediately with 

chlorocarbons. They also react with electron acceptors such as 7,7',8,8'-

tetracyanoquinodomethide (TCNQ) and buckminsterfullerene. Other forms of reactivity 

are currently under investigation (31). 
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APPENDIX B 

SELECT ADF ELECTRONIC STRUCTURE INPUT FILES AND OUTPUT 
LOCATIONS 

Hhpp 
Hhppcs.in 
Hhppcs.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Hhppcs.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

! charge 

basis 
type TZP 
end 

atoms cartesian 
H 1.15 0.0 1.15714 



N 4.287045155586214 
C 2.812853500077506 
N 2.150000000000000 
N 2.150000000000000 
C 2.854973927501869 
C 2.854973927501869 
C 4.304165981680778 
C 4.304165981680778 
C 5.004703191664136 
C 5.004703191664136 
H 2.292107007973837 
H 2.292107007973837 
H 2.886224434679666 
H 2.886224434679666 
H 4.325743266986397 
H 4.325743266986397 
H 4.822011852750123 
H 4.822011852750123 
H 5.091716778627555 
H 5.091716778627555 
H 6.042033428743070 
H 6.042033428743070 

end 

-0.110987342262503 0.000000000000000 
0.000000000000000 0.000000000000000 
0.0 -1.157141000000000 
0.000000000000000 
0.141610404799891 
0.141610404799891 
-0.358868116359325 
-0.358868116359325 

0.242578530772182 

0.242578530772182 
-0.380163776630183 
-0.380163776630183 

1.213080502359841 

1.213080502359841 
-1.456937269134249 
-1.456937269134249 

-0.070670239619347 

-0.070670239619347 
1.350048197354866 
1.350048197354866 

-0.134921349342717 

-0.134921349342717 

1.157141000000000 
-2.399455000000000 
2.399455000000000 
-2.413106000000000 

2.413106000000000 
-1.206388000000000 
1.206388000000000 
-3.199113000000001 
3.199113000000000 

-2.734517000000000 
2.734516999999999 
-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 

!scf 
.'iterations 200 
.'converge le-6 le-6 
lend 

endinput 
eor 

Hhpp cation Cs 
Hhppcscat.in 
Hhppcscat.out 

#! /bin/ksh 

$ADFBIN/adf -nl «eor 
title Hhppcscat.in 



Purpose 
end 

xc 
Ida vwn 
gga pw91 
end 

unrestricted 

relativistic scalar Zora 

charge 1 1 

basis 
type TZP 
end 

atoms cartesian 

l.H 1.243219 
2.N 4.289724 
3.C 2.894203 
4.N 2.169406 
5.N 2.225099 
6.C 2.827075 
7.C 2.819596 
8.C 4.256843 
9.C 4.260487 
lO.C 5.008678 
l l .C  4.995979 
12.H 2.214724 
13.H 2.236444 
14.H 2.828011 
15.H 2.799919 
16.H 4.239449 
17.H 4.272911 
18.H 4.774258 
19.H 4.760103 
20.H 5.130494 
21.H 5.121713 
22.H 6.017263 

0.005392 1.024389 
-0.120904 -0.000237 
-0.029041 -0.058853 
0.113832 -1.119274 
-0.226253 1.154094 
0.186585 -2.416082 
0.208444 2.412804 
-0.357574 -2.424652 
-0.280566 2.458044 
0.206625 -1.228718 
0.235052 1.229622 
-0.365720 -3.144489 
-0.224768. 3.235344 
1.235681 -2.760210 
1.309514 2.535596 

-1.453720 -2.347536 
-1,378831 2.463624 
-0.094761 -3.357932 
0.076767 3.367742 
1.302863 -1.336284 
1.335120 1.306290 

-0.225182 -1.149736 
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23.H 6.005766 -0.197206 1.171244 
end 

endinput 
eor 

hpp anion Cs 
hppcsa.in 
hppcsa.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title hppcsa.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

charge -1 

basis 
type TZP 
end 

atoms cartesian 



N 4.250307 -0.093896 0.000000 
C 2.840073 0.017640 0.000000 
N 2.136662 0.013564 -1.153601 
N 2.136662 0.013564 1.153601 
C 2.822465 0.166679 -2.432990 
C 2.822465 0.166679 2.432990 
c 4.249098 -0.368854 -2.429974 
c 4.249098 -0.368854 2.429974 
c 4.971710 0.226182 -1.227729 
c 4.971710 0.226182 1.227729 
H 2.231638 -0.347532 -3.207232 
H 2.231638 -0.347532 3.207232 
H 2.845846 1.235889 -2.719340 
H 2.845846 1.235889 2.719340 
H 4.242753 -1.465623 -2.344735 
H 4.242753 -1.465623 2.344735 
H 4.767676 -0.095117 -3.360317 
H 4.767676 -0.095117 3.360317 
H 5.081327 1.326586 -1.363803 
H 5.081327 1.326586 1.363803 
H 5.988964 -0.189006 -1.132161 

H 5.988964 -0.189006 1.132161 
end 

!scf 
! iterations 200 
Iconverge le-6 le-6 
lend 

endinput 
eor 

hpp anion restricted Cs 
lippcsaR.in 
hppcsaR.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title hppcsaR.in 
comment 
end 



xc 
Ida vwn 
gga pw91 
end 

! Geometry 
!optim all 
Iconverge E=0.0001 grad=0.001 
!step rad=0.005 

!end 

integration=4.5 

relativistic scalar Zora 

restricted 

charge 0 

basis 
type TZP 
end 

atoms cartesian 
N 4.255566 -0.114183 0.000000 
C 2.784580 0.019870 0.000000 
N 2.121547 0.032185 -1.156865 
N 2.121547 0.032185 1.156865 
C 2.827292 0.150550 -2.401580 
C 2.827292 0.150550 2.401580 
c 4.270401 -0.367225 -2.412277 
c 4.270401 -0.367225 2.412277 
c 4.977373 0.229619 -1.207364 
c 4.977373 0.229619 1.207364 
H 2.258005 -0.374448 -3.194346 
H 2.258005 -0.374448 3.194346 
H 2.869835 1.216869 -2.748865 
H 2.869835 1.216869 2.748865 
H 4.278676 -1.464671 -2.320760 
H 4.278676 -1.464671 2.320760 
H 4.790888 -0.088307 -3.346801 
H 4.790888 -0.088307 3.346801 
H 5.075936 1.335356 -1.350224 
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H 4.790888 -0.088307 3.346801 
H 5.075936 1.335356 -1.350224 
H 5.075936 1.335356 1.350224 
H 6.010176 -0.158943 -1.111581 
H 6.010176 -0.158943 1.111581 
end 

endinput 
eor 

Cr2(hpp)4 C4h Cs 
Cr2hpp4c4hcs.in 
Cr2hpp4c4hcs. out 

#! /bin/ksh 

$ADFBIN/adf « eor 
title Cr2hpp4 with Cs hpp groups, total atom symmetry C4h must be lowered to C2h 

symmetry C(2H) 

XC 
LDA VWN 
GGAPW91 

End 

charge 0 0 

restricted 

relativistic ZORA 

basis 
type TZP 

Cr $ADFRESOURCES/ZORA/TZ2P/Cr.2p 
end 

occupations keeporbitals=40 

geovar 
zero 0.0 F 



geometry 
end 
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atoms 
Cr zero zero metal 
Cr zero zero -metal 
N 4.287045155586214 
C 2.812853500077506 
N 2.150000000000000 
N 2.150000000000000 
C 2.854973927501869 
C 2.854973927501869 
C 4.304165981680778 
C 4.304165981680778 
C 5.004703191664136 
C 5.004703191664136 
H 2.292107007973837 
H 2.292107007973837 
H 2.886224434679666 
H 2.886224434679666 
H 4.325743266986397 
H 4.325743266986397 
H 4.822011852750123 
H 4.822011852750123 
H 5.091716778627555 
H 5.091716778627555 
H 6.042033428743070 
H 6.042033428743070 
N -4.287045155586214 
C -2.812853500077506 
N -2.150000000000000 
N -2.150000000000000 
C -2.854973927501869 
C -2.854973927501869 
C -4.304165981680778 
C -4.304165981680778 
C -5.004703191664136 
C -5.004703191664136 
H -2.292107007973837 
H -2.292107007973837 
H -2.886224434679666 
H -2.886224434679666 
H -4.325743266986397 

-0.110987342262503 0.000000000000000 
0.000000000000000 0.000000000000000 
zero -1.157141000000000 
0.000000000000000 
0.141610404799891 
0.141610404799891 
-0.358868116359325 
-0.358868116359325 
0.242578530772182 
0.242578530772182 
-0.380163776630183 
-0.380163776630183 
1.213080502359841 
1.213080502359841 
-1.456937269134249 
-1.456937269134249 
-0.070670239619347 
-0.070670239619347 
1.350048197354866 
1.350048197354866 

-0.134921349342717 
-0.134921349342717 
0.110987342262503 
0.000000000000000 
0.000000000000000 
0.000000000000000 

-0.141610404799891 
-0.141610404799891 
0.358868116359325 
0.358868116359325 
-0.242578530772182 
-0.242578530772182 
0.380163776630183 
0.380163776630183 
-1.213080502359841 
-1.213080502359841 

1.456937269134249 

1.157141000000000 
-2.399455000000000 
2.399455000000000 
-2.413106000000000 
2.413106000000000 

-1.206388000000000 
1.206388000000000 
-3.199113000000001 
3.199113000000000 

-2.734517000000000 
2.734516999999999 
-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 
0.000000000000000 
0.000000000000000 
-1.157141000000000 
1.157141000000000 
-2.399455000000000 
2.399455000000000 

-2.413106000000000 
2.413106000000000 
-1.206388000000000 
1.206388000000000 

-3.199113000000001 
3.199113000000000 
-2.734517000000000 
2.734516999999999 

-2.324986000000000 



H -4.325743266986397 1.456937269134249 2.324986000000000 
H -4.822011852750123 0.070670239619347 -3.346851000000000 
H -4.822011852750123 0.070670239619347 3.346851000000000 
H -5.091716778627555 -1.350048197354866 -1.346127000000000 
H -5.091716778627555 -1.350048197354866 1.346127000000000 
H -6.042033428743070 0.134921349342717 -1.111757000000000 
H -6.042033428743070 0.134921349342717 1.111757000000000 

N 0.110987342262503 4.287045155586220 0.000000000000000 
C 0.000000000000000 2.812853500077510 0.000000000000000 
N 0.000000000000000 2.150000000000000-1.157141000000000 
N 0.000000000000000 2.150000000000000 1.157141000000000 
C -0.141610404799891 2.854973927501870 -2.399455000000000 
C-0.141610404799891 2.854973927501870 2.399455000000000 
C 0.358868116359325 4.304165981680780-2.413106000000000 
C 0.358868116359325 4.304165981680780 2.413106000000000 
C -0.242578530772182 5.004703191664140 -1.206388000000000 
C-0.242578530772182 5.004703191664140 1.206388000000000 
H 0.380163776630183 2.292107007973840-3.199113000000000 
H 0.380163776630183 2.292107007973840 3.199113000000000 
H -1.213080502359840 2.886224434679670 -2.734517000000000 
H-1.213080502359840 2.886224434679670 2.734517000000000 
H 1.456937269134250 4.325743266986400-2.324986000000000 
H 1.456937269134250 4.325743266986400 2.324986000000000 
H 0.070670239619347 4.822011852750120-3.346851000000000 
H 0.070670239619347 4.822011852750120 3.346851000000000 
H -1.350048197354870 5.091716778627560 -1.346127000000000 
H-1.350048197354870 5.091716778627560 1.346127000000000 
H 0.134921349342717 6.042033428743070-1.111757000000000 
H 0.134921349342717 6.042033428743070 1.111757000000000 
N -0.110987342262503 -4.287045155586220 0.000000000000000 
C -0.000000000000000 -2.812853500077510 0.000000000000000 
N 0.000000000000000 -2.150000000000000-1.157141000000000 
N 0.000000000000000 -2.150000000000000 1.157141000000000 
C 0.141610404799891 -2.854973927501870-2.399455000000000 
C 0.141610404799891 -2.854973927501870 2.399455000000000 
C -0.358868116359325 -4.304165981680780-2.413106000000000 
C -0.358868116359325 -4.304165981680780 2.413106000000000 
C 0.242578530772182 -5.004703191664140-1.206388000000000 
C 0.242578530772182 -5.004703191664140 1.206388000000000 
H -0.380163776630183 -2.292107007973840-3.199113000000000 
H -0.380163776630183 -2.292107007973840 3.199113000000000 
H 1.213080502359840 -2.886224434679670-2.734517000000000 
H 1.213080502359840 -2.886224434679670 2.734517000000000 



H -1.456937269134250 
H -1.456937269134250 
H -0.070670239619347 
H -0.070670239619347 
H 1.350048197354870 
H 1.350048197354870 
H -0.134921349342717 
H -0.134921349342717 
end 

end input 
eor 

-4.325743266986400 
-4.325743266986400 
-4.822011852750120 
-4.822011852750120 
-5.091716778627560 
-5.091716778627560 
-6.042033428743070 
-6.042033428743070 

-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 

Cr2(hpp)4 cation 
cr2hpp4cat.in 
cr2hpp4cat.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Cr2(hpp) 

xc 
Ida vwn 
gga pw91 
end 

! Geometry 
!optim all 
.'converge E=0.0001 grad=0.001 
!step rad=0.005 

lend 

integration=4.5 

relativistic scalar Zora 

charge 1 1 

unrestricted 
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basis 

type TZP 
Cr $ADFRESOURCES/ZORA/TZ2P/Cr.2p 
end 

atoms cartesian 
l.Cr 0.000000 
2.Cr 0.000000 
3.N 4.132848 
4.C 2.728435 
5.N 2.017786 
6.N 2.017786 
7.C 2.665204 
8.C 2.665204 
9.C 4.102373 
lO.C 4.102373 
l l .C  4.843689 
12.C 4.843689 
13.H 2.072596 
14.H 2.072596 
15.H 2.670273 
16.H 2.670273 
17.H 4.103885 
18.H 4.103885 
19.H 4.612362 
20.H 4.612362 
21.H 4.964422 
22.H 4.964422 
23.H 5.858041 
24.H 5.858041 
25.N -4.132848 
26.C -2.728435 
27.N -2.017786 
28.N -2.017786 
29.C -2.665204 
30.C -2.665204 
31.C -4.102373 
32.C -4.102373 
33.C -4.843689 
34.C -4.843689 
35.H -2.072596 
36.H -2.072596 
37.H -2.670273 

0.000000 0.876551 
0.000000 -0.876551 

-0.077846 0.000000 
-0.000399 0.000000 
-0.004842 -1.136006 
-0.004842 1.136006 
0.166431 -2.421489 
0.166431 2.421489 
-0.354250 -2.436073 
-0.354250 2.436073 
0.233391 -1.235875 
0.233391 1.235875 
-0.353496 -3.190600 
-0.353496 3.190600 
1.237020 -2.707851 
1.237020 2.707851 

-1.453746 -2.360973 
-1.453746 2.360973 
-0.069998 -3.370229 
-0.069998 3.370229 
1.331476 -1.371764 
1.331476 1.371764 

-0.193249 -1.155148 
-0.193249 1.155148 
0.077846 0.000000 
0.000399 0.000000 
0.004842 -1.136006 
0.004842 1.136006 

-0.166431 -2.421489 
-0.166431 2.421489 
0.354250 -2.436073 
0.354250 2.436073 
-0.233391 -1.235875 
-0.233391 1.235875 
0.353496 -3.190600 
0.353496 3.190600 
-1.237020 -2.707851 



227 

38.H -2.670273 
39.H -4.103885 
40.H -4.103885 
41.H -4.612362 
42.H -4.612362 
43.H -4.964422 
44.H -4.964422 
45.H -5.858041 
46.H -5.858041 
47.N 0.086882 
48.C 0.009064 
49.N 0.012380 
50.N 0.012380 
51.C -0.162687 
52.C -0.162687 
53.C 0.358511 
54.C 0.358511 
55.C -0.225437 
56.C -0.225437 
57.H 0.353557 
58.H 0.353557 
59.H -1.234370 
60.H -1.234370 
61.H 1.458257 
62.H 1.458257 
63.H 0.071168 
64.H 0.071168 
65.H -1.323680 
66.H -1.323680 
67.H 0.202322 
68.H 0.202322 
69.N -0.086882 
70.C -0.009064 
71.N -0.012380 
72.N -0.012380 
73.C 0.162687 
74.C 0.162687 
75.C -0.358511 
76.C -0.358511 
77,C 0.225437 
78.C 0.225437 
79.H -0.353557 
80.H -0.353557 

-1.237020 
1.453746 
1.453746 
0.069998 
0.069998 

-1.331476 
-1.331476 
0.193249 
0.193249 
4.133353 
2.728885 
2.018273 
2.018273 
2.665966 
2.665966 
4.102862 
4.102862 
4.844486 
4.844486 
2.073124 
2.073124 
2.672239 

2.672239 
4.104262 
4.104262 
4.612909 
4.612909 

4.966280 
4.966280 
5.858382 
5.858382 
-4.133353 
-2.728885 
-2.018273 
-2.018273 
-2.665966 
-2.665966 

-4.102862 

-4.102862 
-4.844486 
-4.844486 
-2.073124 
-2.073124 

2.707851 
-2.360973 
2.360973 

-3.370229 
3.370229 
-1.371764 
1.371764 

-1.155148 
1.155148 
0.000000 
0.000000 
-1.136133 
1.136133 
-2.420921 
2.420921 

-2.437235 
2.437235 
-1.235571 
1.235571 

-3.192297 
3.192297 
-2.703061 
2.703061 

-2.365959 
2.365959 

-3.370448 
3.370448 
-1.368988 
1.368988 

-1.155561 
1.155561 
0.000000 
0.000000 
-1.136133 
1.136133 

-2.420921 
2.420921 
-2.437235 
2.437235 

-1.235571 
1.235571 
-3.192297 
3.192297 



81.H 1.234370 
82.H 1.234370 
83.H -1.458257 
84.H -1.458257 
85.H -0.071168 
86.H -0.071168 
87.H 1.323680 
88.H 1.323680 
89.H -0.202322 
90.H -0.202322 

end 

!scf 
! iterations 200 
!converge le-6 le-6 
lend 

endinput 
eor 

-2.672239 -2.703061 
-2.672239 2.703061 
-4.104262 -2.365959 
-4.104262 2.365959 
-4.612909 -3.370448 
-4.612909 3.370448 
-4.966280 -1.368988 
-4.966280 1.368988 
-5.858382 -1.155561 
-5.858382 1.155561 

Mo2(hpp)4 D4h 
mo2hpp4d4h.in 
mo2hpp4d4h.out (Not lowest in energy) 

#! /bin/ksh 

$ADFBIN/adf -nl «eor 
title Mo2(hpp)4d2h 

xc 

Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
'.step rad=0.005 
end 

integration=4.5 



relativistic scalar Zora 

! charge 

basis 
type TZP 
Mo $ADFRESOURCES/ZORA/TZ2P/Mo.3d 
end 

atoms cartesian 
Mo 0.0 0.0 1.04 
Mo 0.0 0.0-1.04 
N -4.287045155586214 
C -2.812853500077506 
N -2.150000000000000 
N -2.150000000000000 
C -2.854973927501869 
C -2.854973927501869 
C -4.304165981680778 
C -4.304165981680778 
C -5.004703191664136 
C -5.004703191664136 
H -2.292107007973837 
H -2.292107007973837 
H -2.886224434679666 
H -2.886224434679666 
H -4.325743266986397 
H -4.325743266986397 
H -4.822011852750123 
H -4.822011852750123 
H -5.091716778627555 
H -5.091716778627555 
H -6.042033428743070 
H -6.042033428743070 

N 4.287045155586214 
C 2.812853500077506 
N 2.150000000000000 
N 2.150000000000000 
C 2.854973927501869 
C 2.854973927501869 
C 4.304165981680778 
C 4.304165981680778 
C 5.004703191664136 

-0.110987342262503 
-0.000000000000000 
-0.000000000000000 
-0.000000000000000 

0.141610404799891 
0.141610404799891 
-0.358868116359325 
-0.358868116359325 

0.242578530772182 
0.242578530772182 
-0.380163776630183 
-0.380163776630183 
1.213080502359841 
1.213080502359841 
-1.456937269134249 
-1.456937269134249 
-0.070670239619347 
-0.070670239619347 
1.350048197354866 
1.350048197354866 
-0.134921349342717 
-0.134921349342717 

0.110987342262503 
-0.000000000000000 

0.000000000000000 
0.000000000000000 
-1.157141000000000 
1.157141000000000 

-2.399455000000000 
2.399455000000000 
-2.413106000000000 
2.413106000000000 

-1.206388000000000 
1.206388000000000 
-3.199113000000001 
3.199113000000000 

-2.734517000000000 
2.734516999999999 
-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 

0.000000000000000 
0.000000000000000 

-0.0 -1.157141000000000 
-0.000000000000000 1.157141000000000 

-2.399455000000000 
2.399455000000000 

-2.413106000000000 
2.413106000000000 
-1.206388000000000 

-0.141610404799891 
-0.141610404799891 

0.358868116359325 
0.358868116359325 
-0.242578530772182 



C 5.004703191664136 -0.242578530772182 1.206388000000000 
H 2.292107007973837 0.380163776630183 -3.199113000000001 
H 2.292107007973837 0.380163776630183 3.199113000000000 
H 2.886224434679666 -1.213080502359841 -2.734517000000000 
H 2.886224434679666 -1.213080502359841 2.734516999999999 
H 4.325743266986397 1.456937269134249 -2.324986000000000 
H 4.325743266986397 1.456937269134249 2.324986000000000 
H 4.822011852750123 0.070670239619347 -3.346851000000000 
H 4.822011852750123 0.070670239619347 3.346851000000000 
H 5.091716778627555 -1.350048197354866 -1.346127000000000 
H 5.091716778627555 -1.350048197354866 1.346127000000000 
H 6.042033428743070 0.134921349342717 -1.111757000000000 
H 6.042033428743070 0.134921349342717 1.111757000000000 

N 0.110987342262503 4.287045155586220 0.000000000000000 
C 0.000000000000000 2.812853500077510 0.000000000000000 
N 0.000000000000000 2.150000000000000-1.157141000000000 
N 0.000000000000000 2.150000000000000 1.157141000000000 
C -0.141610404799891 2.854973927501870 -2.399455000000000 
C-0.141610404799891 2.854973927501870 2.399455000000000 
C 0.358868116359325 4.304165981680780-2.413106000000000 
C 0.358868116359325 4.304165981680780 2.413106000000000 
C -0.242578530772182 5.004703191664140 -1.206388000000000 
C-0.242578530772182 5.004703191664140 1.206388000000000 
H 0.380163776630183 2.292107007973840-3.199113000000000 
H 0.380163776630183 2.292107007973840 3.199113000000000 
H -1.213080502359840 2.886224434679670 -2.734517000000000 
H-1.213080502359840 2.886224434679670 2.734517000000000 
H 1.456937269134250 4.325743266986400-2.324986000000000 
H 1.456937269134250 4.325743266986400 2.324986000000000 
H 0.070670239619347 4.822011852750120-3.346851000000000 
H 0.070670239619347 4.822011852750120 3.346851000000000 
H -1.350048197354870 5.091716778627560 -1.346127000000000 
H-1.350048197354870 5.091716778627560 1.346127000000000 
H 0.134921349342717 6.042033428743070-1.111757000000000 
H 0.134921349342717 6.042033428743070 1.111757000000000 
N -0.110987342262503 -4.287045155586220 0.000000000000000 
C -0.000000000000000 -2.812853500077510 0.000000000000000 
N 0.000000000000000 -2.150000000000000-1.157141000000000 
N 0.000000000000000 -2.150000000000000 1.157141000000000 
C 0.141610404799891 -2.854973927501870-2.399455000000000 
C 0.141610404799891 -2.854973927501870 2.399455000000000 
C -0.358868116359325 -4.304165981680780-2.413106000000000 
C -0.358868116359325 -4.304165981680780 2.413106000000000 



C 0.242578530772182 
C 0.242578530772182 
H -0.380163776630183 
H -0.380163776630183 
H 1.213080502359840 
H 1.213080502359840 
H -1.456937269134250 
H -1.456937269134250 
H -0.070670239619347 
H -0.070670239619347 
H 1.350048197354870 
H 1.350048197354870 
H -0.134921349342717 
H -0.134921349342717 
end 

-5.004703191664140 
-5.004703191664140 
-2.292107007973840 
-2.292107007973840 
-2.886224434679670 
-2.886224434679670 
-4.325743266986400 
-4.325743266986400 

-4.822011852750120 
-4.822011852750120 
-5.091716778627560 
-5.091716778627560 
-6.042033428743070 
-6.042033428743070 

-1.206388000000000 
1.206388000000000 
-3.199113000000000 
3.199113000000000 

-2.734517000000000 
2.734517000000000 
-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 

!scf 
! iterations 200 
Iconverge le-6 le-6 
!end 

endinput 
eor 

Mo2(hpp)4 D4h cation 
mo2hpp4d4hcat.in 
mo2hpp4d4hcat.out (Not lowest in energy) 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Mo2(hpp)4d2h 

xc 
Ida vwn 
gga pw91 
end 

! Geometry 
loptim all 
[converge E=0.0001 grad=0.001 
'.step rad=0.005 



!end 

integration=4.5 

relativistic scalar Zora 

charge 1 1 

unrestricted 

basis 
type TZP 
Mo $ADFRESOURCES/ZORA/rZ2P/Mo.3d 
end 

atoms cartesian 
Mo 0.0 0.0 1.04 
Mo 0.0 0.0-1.04 
N -4.287045155586214 
C -2.812853500077506 
N -2.150000000000000 
N -2.150000000000000 
C -2.854973927501869 
C -2.854973927501869 
C -4.304165981680778 
C -4.304165981680778 
C -5.004703191664136 
C -5.004703191664136 
H -2.292107007973837 
H -2.292107007973837 
H -2.886224434679666 
H -2.886224434679666 
H -4.325743266986397 
H -4.325743266986397 
H -4.822011852750123 
H -4.822011852750123 
H -5.091716778627555 
H -5.091716778627555 
H -6.042033428743070 
H -6.042033428743070 
N 4.287045155586214 
C 2.812853500077506 

-0.110987342262503 
-0.000000000000000 
-0.000000000000000 
-0.000000000000000 

0.141610404799891 

0.141610404799891 
-0.358868116359325 
-0.358868116359325 

0.242578530772182 
0.242578530772182 
-0.380163776630183 
-0.380163776630183 
1.213080502359841 
1.213080502359841 
-1.456937269134249 
-1.456937269134249 
-0.070670239619347 
-0.070670239619347 
1.350048197354866 
1.350048197354866 
-0.134921349342717 
-0.134921349342717 

0.110987342262503 
-0.000000000000000 

0.000000000000000 
0.000000000000000 
-1.157141000000000 
1.157141000000000 

-2.399455000000000 
2.399455000000000 
-2.413106000000000 
2.413106000000000 

-1.206388000000000 
1.206388000000000 
-3.199113000000001 
3.199113000000000 

-2.734517000000000 
2.734516999999999 
-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 

0.000000000000000 
0.000000000000000 



N 2.150000000000000 
N 2.150000000000000 
C 2.854973927501869 
C 2.854973927501869 
C 4.304165981680778 
C 4.304165981680778 
C 5.004703191664136 
C 5.004703191664136 
H 2.292107007973837 
H 2.292107007973837 
H 2.886224434679666 
H 2.886224434679666 
H 4.325743266986397 
H 4.325743266986397 
H 4.822011852750123 
H 4.822011852750123 
H 5.091716778627555 
H 5.091716778627555 
H 6.042033428743070 
H 6.042033428743070 

N 0.110987342262503 
C 0.000000000000000 
N 0.000000000000000 
N 0.000000000000000 
C-0.141610404799891 
C -0.141610404799891 
C 0.358868116359325 
C 0.358868116359325 
C-0.242578530772182 
C-0.242578530772182 
H 0.380163776630183 
H 0.380163776630183 
H-1.213080502359840 
H-1.213080502359840 
H 1.456937269134250 
H 1.456937269134250 
H 0.070670239619347 
H 0.070670239619347 
H-1.350048197354870 
H-1.350048197354870 
H 0.134921349342717 
H 0.134921349342717 
N -0.110987342262503 

-0.0 -1.157141000000000 
-0.000000000000000 1.157141000000000 
-0.141610404799891 
-0.141610404799891 

0.358868116359325 
0.358868116359325 
-0.242578530772182 
-0.242578530772182 
0.380163776630183 
0.380163776630183 
-1.213080502359841 
-1.213080502359841 

1.456937269134249 
1.456937269134249 
0.070670239619347 
0.070670239619347 

-1.350048197354866 
-1.350048197354866 

0.134921349342717 
0.134921349342717 

4.287045155586220 
2.812853500077510 

-2.399455000000000 
2.399455000000000 

-2.413106000000000 
2.413106000000000 
-1.206388000000000 
1.206388000000000 

-3.199113000000001 
3.199113000000000 
-2.734517000000000 
2.734516999999999 

-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 
-1.346127000000000 
1.346127000000000 

-1.111757000000000 
1.111757000000000 

0.000000000000000 
0.000000000000000 

2.150000000000000 -1.157141000000000 
2.150000000000000 1.157141000000000 
2.854973927501870 -2.399455000000000 
2.854973927501870 2.399455000000000 
4.304165981680780 -2.413106000000000 
4.304165981680780 2.413106000000000 
5.004703191664140-1.206388000000000 
5.004703191664140 1.206388000000000 
2.292107007973840 -3.199113000000000 
2.292107007973840 3.199113000000000 
2.886224434679670 -2.734517000000000 
2.886224434679670 2.734517000000000 
4.325743266986400-2.324986000000000 
4.325743266986400 2.324986000000000 
4.822011852750120 -3.346851000000000 
4.822011852750120 3.346851000000000 
5.091716778627560 -1.346127000000000 
5.091716778627560 1.346127000000000 
6.042033428743070 -1.111757000000000 
6.042033428743070 1.111757000000000 
-4.287045155586220 0.000000000000000 



234 

C -0.000000000000000 -2.812853500077510 0.000000000000000 
N 0.000000000000000 -2.150000000000000-1.157141000000000 
N 0.000000000000000 -2.150000000000000 1.157141000000000 
C 0.141610404799891 -2.854973927501870-2.399455000000000 
C 0.141610404799891 -2.854973927501870 2.399455000000000 
C -0.358868116359325 -4.304165981680780-2.413106000000000 
C -0.358868116359325 -4.304165981680780 2.413106000000000 
C 0.242578530772182 -5.004703191664140-1.206388000000000 
C 0.242578530772182 -5.004703191664140 1.206388000000000 

H -0.380163776630183 -2.292107007973840-3.199113000000000 
H -0.380163776630183 -2.292107007973840 3.199113000000000 
H 1.213080502359840 -2.886224434679670-2.734517000000000 
H 1.213080502359840 -2.886224434679670 2.734517000000000 
H -1.456937269134250 -4.325743266986400-2.324986000000000 
H -1.456937269134250 -4.325743266986400 2.324986000000000 
H -0.070670239619347 -4.822011852750120-3.346851000000000 
H -0.070670239619347 -4.822011852750120 3.346851000000000 
H 1.350048197354870 -5.091716778627560-1.346127000000000 
H 1.350048197354870 -5.091716778627560 1.346127000000000 
H -0.134921349342717 -6.042033428743070-1.111757000000000 
H -0.134921349342717 -6.042033428743070 1.111757000000000 
end 

!scf 
iterations 200 
! converge le-6 le-6 
!end 

endinput 
eor 

M02(hpp)4 C4h Cs 
Mo2hpp4 C4h.in 
Mo2hpp4 C4h.out 

#! /bin/ksh 

$ADFBIN/adf « eor 
title Mo2hpp4 with Cs hpp groups, total atom symmetry C4h must be lowered to C2h 

symmetry C(2H) 



xc 
LDA VWN 
GGA PW91 

End 

charge 0 0 

restricted 

relativistic ZORA 

basis 
type TZP 
Mo $ADFRESOURCES/ZORA/TZ2P/Mo.3d 
end 

occupations keeporbitals=40 

geovar 
zero 0.0 F 
metal 1.04 
end 

geometry 
end 

atoms 
Mo zero 
Mo zero 
N 
C 
N 
N 
C 
C 
c 
c 
c 
c 
H 
H 
H 
H 

4 
2 
2 
2 
2. 
2, 
4, 
4. 
5 
5. 
2 
2 
2 
2 

zero metal 
zero -metal 
.287045155586214 
812853500077506 
.150000000000000 
,150000000000000 
854973927501869 
854973927501869 
304165981680778 
304165981680778 
004703191664136 
004703191664136 
292107007973837 
292107007973837 
886224434679666 
886224434679666 

-0.110987342262503 0.000000000000000 
0.000000000000000 0.000000000000000 
zero -1.157141000000000 
0.000000000000000 1.157141000000000 
0.141610404799891 
0.141610404799891 

-0.358868116359325 
-0.358868116359325 

0.242578530772182 

0.242578530772182 
-0.380163776630183 
-0.380163776630183 

1.213080502359841 

1.213080502359841 

-2.399455000000000 
2.399455000000000 
-2.413106000000000 
2.413106000000000 

-1.206388000000000 
1.206388000000000 
-3.199113000000001 
3.199113000000000 

-2.734517000000000 
2.734516999999999 



H 4.325743266986397 
H 4.325743266986397 
H 4.822011852750123 
H 4.822011852750123 
H 5.091716778627555 
H 5.091716778627555 
H 6.042033428743070 
H 6.042033428743070 
N -4.287045155586214 
C -2.812853500077506 
N -2.150000000000000 
N -2.150000000000000 
C -2.854973927501869 
C -2.854973927501869 
C -4.304165981680778 
C -4.304165981680778 
C -5.004703191664136 
C -5.004703191664136 
H -2.292107007973837 
H -2.292107007973837 
H -2.886224434679666 
H -2.886224434679666 
H -4.325743266986397 
H -4.325743266986397 
H -4.822011852750123 
H -4.822011852750123 
H -5.091716778627555 
H -5.091716778627555 
H -6.042033428743070 
H -6.042033428743070 

-1.456937269134249 
-1.456937269134249 
-0.070670239619347 
-0.070670239619347 
1.350048197354866 
1.350048197354866 

-0.134921349342717 

-0.134921349342717 
0.110987342262503 
0.000000000000000 
0.000000000000000 
0.000000000000000 

-0.141610404799891 
-0.141610404799891 
0.358868116359325 
0.358868116359325 
-0.242578530772182 
-0.242578530772182 
0.380163776630183 
0.380163776630183" 
-1.213080502359841 
-1.213080502359841 

1.456937269134249 

1.456937269134249 
0.070670239619347 
0.070670239619347 

-1.350048197354866 

-1.350048197354866 
0.134921349342717 

-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 
0.000000000000000 
0.000000000000000 
-1.157141000000000 
1.157141000000000 
-2.399455000000000 
2.399455000000000 

-2.413106000000000 
2.413106000000000 
-1.206388000000000 
1.206388000000000 

-3.199113000000001 
3.199113000000000 
-2.734517000000000 
2.734516999999999 

-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 
-1.346127000000000 
1.346127000000000 

-1.111757000000000 
1.111757000000000 0.134921349342717 

N 0.110987342262503 4.287045155586220 0.000000000000000 
C 0.000000000000000 2.812853500077510 0.000000000000000 
N 0.000000000000000 2.150000000000000-1.157141000000000 
N 0.000000000000000 2.150000000000000 1.157141000000000 
C -0.141610404799891 2.854973927501870 -2.399455000000000 
C-0.141610404799891 2.854973927501870 2.399455000000000 
C 0.358868116359325 4.304165981680780-2.413106000000000 
C 0.358868116359325 4.304165981680780 2.413106000000000 
C -0.242578530772182 5.004703191664140-1.206388000000000 
C-0.242578530772182 5.004703191664140 1.206388000000000 
H 0.380163776630183 2.292107007973840-3.199113000000000 
H 0.380163776630183 2.292107007973840 3.199113000000000 
H -1,213080502359840 2.886224434679670 -2.734517000000000 



H-1.213080502359840 2.886224434679670 2.734517000000000 
H 1.456937269134250 4.325743266986400 -2.324986000000000 
H 1.456937269134250 4.325743266986400 2.324986000000000 
H 0.070670239619347 4.822011852750120-3.346851000000000 
H 0.070670239619347 4.822011852750120 3.346851000000000 
H -1.350048197354870 5.091716778627560 -1.346127000000000 
H-1.350048197354870 5.091716778627560 1.346127000000000 
H 0.134921349342717 6.042033428743070-1.111757000000000 
H 0.134921349342717 6.042033428743070 1.111757000000000 
N -0.110987342262503 -4.287045155586220 0.000000000000000 
C -0.000000000000000 -2.812853500077510 0.000000000000000 
N 0.000000000000000 -2.150000000000000-1.157141000000000 
N 0.000000000000000 -2.150000000000000 1.157141000000000 
C 0.141610404799891 -2.854973927501870-2.399455000000000 
C 0.141610404799891 -2.854973927501870 2.399455000000000 
C -0.358868116359325 -4.304165981680780-2.413106000000000 
C -0.358868116359325 -4.304165981680780 2.413106000000000 
C 0.242578530772182 -5.004703191664140-1.206388000000000 
C 0.242578530772182 -5.004703191664140 1.206388000000000 
H -0.380163776630183 -2.292107007973840-3.199113000000000 
H -0.380163776630183 -2.292107007973840 3.199113000000000 
H 1.213080502359840 -2.886224434679670-2.734517000000000 
H 1.213080502359840 -2.886224434679670 2.734517000000000 
H -1.456937269134250 -4.325743266986400-2.324986000000000 
H -1.456937269134250 -4.325743266986400 2.324986000000000 
H -0.070670239619347 -4.822011852750120-3.346851000000000 
H -0.070670239619347 -4.822011852750120 3.346851000000000 
H 1.350048197354870 -5.091716778627560-1.346127000000000 
H 1.350048197354870 -5.091716778627560 1.346127000000000 
H -0.134921349342717 -6.042033428743070-1.111757000000000 
H -0.134921349342717 -6.042033428743070 1.111757000000000 
end 

end input 
eor 

Mo2(hpp)4 C4h Cs Cation 
Mo2hpp4 G4hcat.in 
Mo2hpp4 C4hcat.out 

#! /bin/ksh 



$ADFBIN/adf«eor 
title Mo2hpp4 ion at neutral geometry 
Comment 

with Cs hpp groups, total atom symmetry C4h must be lowered to C2h 
becaues C4h is not supported by the ADF code 
end 

symmetry C(2H) 

XC 
LDA VWN 
GGA PW91 

End 

charge 11 

unrestricted 

relativistic ZORA 

basis 
type TZP 
Mo $ADFRESOURCES/ZORAyTZ2P/Mo.3d 
end 

occupations keeporbitals=40 

geovar 
zero 0.0 F 
metal 1.04 
end 

! geometry 
lend 

restart altape21 

atoms 
Mo zero zero metal 
Mo zero zero -metal 
N 4.287045155586214 
C 2.812853500077506 
N 2.150000000000000 

-0.110987342262503 0.000000000000000 
0.000000000000000 0.000000000000000 
zero -1.157141000000000 



N 2.150000000000000 0.000000000000000 1.157141000000000 
C 2.854973927501869 0.141610404799891 -2.399455000000000 
C 2.854973927501869 0.141610404799891 2.399455000000000 
C 4.304165981680778 -0.358868116359325 -2.413106000000000 
C 4.304165981680778 -0.358868116359325 2.413106000000000 
C 5.004703191664136 0.242578530772182 -1.206388000000000 
C 5.004703191664136 0.242578530772182 1.206388000000000 
H 2.292107007973837 -0.380163776630183 -3.199113000000001 
H 2.292107007973837 -0.380163776630183 3.199113000000000 
H 2.886224434679666 1.213080502359841 -2.734517000000000 
H 2.886224434679666 1.213080502359841 2.734516999999999 
H 4.325743266986397 -1.456937269134249 -2.324986000000000 
H 4.325743266986397 -1.456937269134249 2.324986000000000 
H 4.822011852750123 -0.070670239619347 -3.346851000000000 
H 4.822011852750123 -0.070670239619347 3.346851000000000 
H 5.091716778627555 1.350048197354866 -1.346127000000000 
H 5.091716778627555 1.350048197354866 1.346127000000000 
H 6.042033428743070 -0.134921349342717 -1.111757000000000 
H 6.042033428743070 -0.134921349342717 1.111757000000000 
N -4.287045155586214 0.110987342262503 0.000000000000000 
C -2.812853500077506 0.000000000000000 0.000000000000000 
N -2.150000000000000 0.000000000000000 -1.157141000000000 
N -2.150000000000000 0.000000000000000 1.157141000000000 
C -2.854973927501869 -0.141610404799891 -2.399455000000000 
C -2.854973927501869 -0.141610404799891 2.399455000000000 
C -4.304165981680778 0.358868116359325 -2.413106000000000 
C -4.304165981680778 0.358868116359325 2.413106000000000 
C -5.004703191664136 -0.242578530772182 -1.206388000000000 
C -5.004703191664136 -0.242578530772182 1.206388000000000 
H -2.292107007973837 0.380163776630183 -3.199113000000001 
H -2.292107007973837 0.380163776630183 3.199113000000000 
H -2.886224434679666 -1.213080502359841 -2.734517000000000 
H -2.886224434679666 -1.213080502359841 2.734516999999999 
H -4.325743266986397 1.456937269134249 -2.324986000000000 
H -4.325743266986397 1.456937269134249 2.324986000000000 
H -4.822011852750123 0.070670239619347 -3.346851000000000 
H -4.822011852750123 0.070670239619347 3.346851000000000 
H -5.091716778627555 -1.350048197354866 -1.346127000000000 
H -5.091716778627555 -1.350048197354866 1.346127000000000 
H -6.042033428743070 0.134921349342717 -1.111757000000000 
H -6.042033428743070 0.134921349342717 1.111757000000000 
N 0.110987342262503 4.287045155586220 0.000000000000000 
C 0.000000000000000 2.812853500077510 0.000000000000000 



N 0.000000000000000 2.150000000000000-1.157141000000000 
N 0.000000000000000 2.150000000000000 1.157141000000000 
C -0.141610404799891 2.854973927501870 -2.399455000000000 
C-0.141610404799891 2.854973927501870 2.399455000000000 
C 0.358868116359325 4.304165981680780-2.413106000000000 
C 0.358868116359325 4.304165981680780 2.413106000000000 
C -0.242578530772182 5.004703191664140-1.206388000000000 
C-0.242578530772182 5.004703191664140 1.206388000000000 
H 0.380163776630183 2.292107007973840-3.199113000000000 

H 0.380163776630183 2.292107007973840 3.199113000000000 
H -1.213080502359840 2.886224434679670 -2.734517000000000 
H-1.213080502359840 2.886224434679670 2.734517000000000 
H 1.456937269134250 4.325743266986400-2.324986000000000 
H 1.456937269134250 4.325743266986400 2.324986000000000 
H 0.070670239619347 4.822011852750120-3.346851000000000 
H 0.070670239619347 4.822011852750120 3.346851000000000 
H -1.350048197354870 5.091716778627560-1.346127000000000 
H-1.350048197354870 5.091716778627560 1.346127000000000 
H 0.134921349342717 6.042033428743070-1.111757000000000 
H 0.134921349342717 6.042033428743070 1.111757000000000 
N -0.110987342262503 -4.287045155586220 0.000000000000000 
C -0.000000000000000 -2.812853500077510 0.000000000000000 
N 0.000000000000000 -2.150000000000000-1.157141000000000 
N 0.000000000000000 -2.150000000000000 1.157141000000000 
C 0.141610404799891 -2.854973927501870-2.399455000000000 
C 0.141610404799891 -2.854973927501870 2.399455000000000 
C -0.358868116359325 -4.304165981680780-2.413106000000000 
C -0.358868116359325 -4.304165981680780 2.413106000000000 
C 0.242578530772182 -5.004703191664140-1.206388000000000 
C 0.242578530772182 -5.004703191664140 1.206388000000000 
H -0.380163776630183 -2.292107007973840-3.199113000000000 
H -0.380163776630183 -2.292107007973840 3.199113000000000 
H 1.213080502359840 -2.886224434679670-2.734517000000000 
H 1.213080502359840 -2.886224434679670 2.734517000000000 
H -1.456937269134250 -4.325743266986400-2.324986000000000 
H -1.456937269134250 -4.325743266986400 2.324986000000000 
H -0.070670239619347 -4.822011852750120-3.346851000000000 
H -0.070670239619347 -4.822011852750120 3.346851000000000 
H 1.350048197354870 -5.091716778627560-1.346127000000000 
H 1.350048197354870 -5.091716778627560 1.346127000000000 
H -0.134921349342717 -6.042033428743070-1.111757000000000 
H -0.134921349342717 -6.042033428743070 1.111757000000000 
end 



end input 
eor 

Mg2(hpp)4 C4h Cs 
Mg2hpp4 C4h.in 
Mg2hpp4 C4h.out 

#! /bin/ksh 

$ADFBIN/adf -nl «eor 
title Mg2(hpp)4c4h 

xc 
Ida vwn 
gga pw91 
end 

integration=4.5 

relativistic scalar Zora 

basis 
type TZP 
end 

atoms cartesian 
l.Mg 0.000000 0.000000 1.039577 
2.Mg 0.000000 0.000000 -1.039577 
3.N 4.268871 -0.099607 0.000000 
4.C 2.856889 -0.000825 0.000000 
5.N 2.154613 -0.000739 -1.149838 
6.N 2.154613 -0.000739 1.149838 
7.C 2.831440 0.147633 -2.433109 
8.C 2.831440 0.147633 2.433109 
9.C 4.268627 -0.367510 -2.433235 
lO.C 4.268627 -0.367510 2.433235 
ll.C 4.985614 0.238188 -1.225488 
12.C 4.985614 0.238188 1.225488 
13.H 2.246337 -0.384070 -3.200581 
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14.H 
15.H 
16.H 
17.H 
18.H 
19.H 
20.H 
21.H 

22.H 
23.H 
24.H 
25 .N 
26.C 
27.N 
28.N 
29.C 
30.C 
31.C 
32.C 
33.C 
34.C 
35.H 
36.H 
37.H 
38.H 
39.H 
40.H 
41.H 
42.H 
43.H 
44.H 
45.H 
46.H 
47.N 
48.C 
49.N 
50.N 
51.C 
52.C 
53.C 
54.C 
55.C 

56.C 

2.246337 
2.836567 
2.836567 
4.281448 
4.281448 
4.784335 
4.784335 
5.075640 

5.075640 

6.009995 

6.009995 
-4.268871 
-2.856889 
-2.154613 
-2.154613 
-2.831440 
-2.831440 

-4.268627 

-4.268627 

-4.985614 
-4.985614 
-2.246337 

-2.246337 
-2.836567 
-2.836567 
-4.281448 

-4.281448 

-4.784335 
-4.784335 
-5.075640 

-5.075640 

-6.009995 
-6.009995 
0.092367 

-0.006249 
-0.004549 
-0.004549 
-0.152105 
-0.152105 
0.362427 
0.362427 

-0.241406 
-0.241406 

-0.384070 
1.213773 
1.213773 

-1.466237 
-1.466237 
-0.082971 
-0.082971 

1.340277 
1.340277 
-0.160356 
-0.160356 
0.099607 
0.000825 

0.000739 
0.000739 

-0.147633 
-0.147633 
0.367510 
0.367510 

-0.238188 
-0.238188 
0.384070 
0.384070 
-1.213773 
-1.213773 
1.466237 
1.466237 
0.082971 

0.082971 
-1.340277 
-1.340277 

0.160356 
0.160356 
4.269051 
2.857317 
2.154819 
2.154819 
2.832359 

2.832359 
4.269719 
4.269719 
4.986605 

4.986605 

3.200581 
-2.733799 
2.733799 
-2.349243 
2.349243 

-3.364293 
3.364293 

-1.357704 
1.357704 
-1.132980 
1.132980 
0.000000 
0.000000 

-1.149838 
1.149838 
-2.433109 
2.433109 

-2.433235 
2.433235 
-1.225488 
1.225488 

-3.200581 
3.200581 
-2.733799 
2.733799 

-2.349243 
2.349243 

-3.364293 
3.364293 
-1.357704 
1.357704 

-1.132980 
1.132980 
0.000000 
0.000000 
-1.149471 
1.149471 

-2.431818 
2.431818 

-2.432153 
2.432153 
-1.226312 
1.226312 
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57.H 0.380297 2.247760 -3.199197 
58.H 0.380297 2.247760 3.199197 
59.H -1.218091 2.837030 -2.733419 
60.H -1.218091 2.837030 2.733419 
61.H 1.461328 4.282032 -2.348986 
62.H 1.461328 4.282032 2.348986 
63.H 0.077958 4.784994 -3.363499 
64.H 0.077958 4.784994 3.363499 
65.H -1.343078 5.079666 -1.359509 
66.H -1.343078 5.079666 1.359509 
67.H 0.159419 6.010054 -1.133040 
68.H 0.159419 6.010054 1.133040 
69.N -0.092367 -4.269051 0.000000 
70.C 0.006249 -2.857317 0.000000 
71.N 0.004549 -2.154819 -1.149471 
72.N 0.004549 -2.154819 1.149471 
73.C 0.152105 -2.832359 -2.431818 
74.C 0.152105 -2.832359 2.431818 
75.C -0.362427 -4.269719 -2.432153 
76.C -0.362427 -4.269719 2.432153 
77.C 0.241406 -4.986605 -1.226312 
78.C 0.241406 -4.986605 1.226312 
79.H -0.380297 -2.247760 -3.199197 
80.H -0.380297 -2.247760 3.199197 
81.H 1.218091 -2.837030 -2.733419 
82.H 1.218091 -2.837030 2.733419 
83.H -1.461328 -4.282032 -2.348986 
84.H -1.461328 -4.282032 2.348986 
85.H -0.077958 -4.784994 -3.363499 
86.H -0.077958 -4.784994 3.363499 
87.H 1.343078 -5.079666 -1.359509 
88.H 1.343078 -5.079666 1.359509 
89.H -0.159419 -6.010054 -1.133040 

90.H -0.159419 -6.010054 1.133040 
end 

!scf 
! iterations 200 
[converge le-6 le-6 
lend 

endinput 
eor 



Be2(hpp)4 C4„ Cs 
Be2hpp4 C4h.in 
Be2hpp4 C4h.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Be2(hpp)4C4h 

xc 
Ida vwn 
gga pw91 
end 

integration=4.5 

relativistic scalar Zora 

basis 
type TZP 
end 

atoms cartesian 
l.Be 0.000000 0.000000 1.039577 
2.Be 0.000000 0.000000 -1.039577 
3.N 4.268871 -0.099607 0.000000 
4.C 2.856889 -0.000825 0.000000 
5.N 2.154613 -0.000739 -1.149838 
6.N 2.154613 -0.000739 1.149838 
7.C 2.831440 0.147633 -2.433109 
8.C 2.831440 0.147633 2.433109 
9.C 4.268627 -0.367510 -2.433235 
lO.C 4.268627 -0.367510 2.433235 
ll.C 4.985614 0.238188 -1.225488 
12.C 4.985614 0.238188 1.225488 
13.H 2.246337 -0.384070 -3.200581 
14.H 2.246337 -0.384070 3.200581 
15.H 2.836567 1.213773 -2.733799 
16.H 2.836567 1.213773 2.733799 
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17.H 4.281448 -1.466237 
18.H 4.281448 -1.466237 
19.H 4.784335 -0.082971 
20.H 4.784335 -0.082971 
21.H 5.075640 1.340277 
22.H 5.075640 1.340277 
23.H 6.009995 -0.160356 
24.H 6.009995 -0.160356 
25.N -4.268871 0.099607 
26.C -2.856889 0.000825 
27.N -2.154613 0.000739 
28.N -2.154613 0.000739 
29.C -2.831440 -0.147633 
30.C -2.831440 -0.147633 
31.C -4.268627 0.367510 
32.C -4.268627 0.367510 
33,C -4.985614 -0.238188 
34.C -4.985614 -0.238188 
35.H -2.246337 0.384070 
36.H -2.246337 0.384070 
37.H -2.836567 -1.213773 
38.H -2.836567 -1.213773 
39.H -4.281448 1.466237 
40.H -4.281448 1.466237 
41.H -4.784335 0.082971 
42.H -4.784335 0.082971 
43.H -5.075640 -1.340277 
44.H -5.075640 -1.340277 
45.H -6.009995 0.160356 
46.H -6.009995 0.160356 
47.N 0.092367 4.269051 
48.C -0.006249 2.857317 
49.N -0.004549 2.154819 
50.N -0.004549 2.154819 
51.C -0.152105 2.832359 
52.C -0.152105 2.832359 
53.C 0.362427 4.269719 
54.C 0.362427 4.269719 
55.C -0.241406 4.986605 
56.C -0.241406 4.986605 
57.H 0.380297 2.247760 
58.H 0.380297 2.247760 
59.H -1.218091 2.837030 

-2.349243 
2.349243 

-3.364293 
3.364293 

-1.357704 
1.357704 
-1.132980 
1.132980 
0.000000 
0.000000 

-1.149838 
1.149838 

-2.433109 
2.433109 

-2.433235 
2.433235 
-1.225488 
1.225488 

-3.200581 
3.200581 
-2.733799 
2.733799 

-2.349243 
2.349243 

-3.364293 
3.364293 
-1.357704 
1.357704 

-1.132980 
1.132980 
0.000000 
0.000000 
-1.149471 
1.149471 

-2.431818 
2.431818 

-2.432153 
2.432153 
-1.226312 
1.226312 

-3.199197 
3.199197 
-2.733419 
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60.H -1.218091 2.837030 2.733419 
61.H 1.461328 4.282032 -2.348986 
62.H 1.461328 4.282032 2.348986 
63.H 0.077958 4.784994 -3.363499 
64.H 0.077958 4.784994 3.363499 
65.H -1.343078 5.079666 -1.359509 
66.H -1.343078 5.079666 1.359509 
67.H 0.159419 6.010054 -1.133040 
68.H 0.159419 6.010054 1.133040 
69.N -0.092367 -4.269051 0.000000 
70.C 0.006249 -2.857317 0.000000 
71.N 0.004549 -2.154819 -1.149471 
72.N 0.004549 -2.154819 1.149471 
73.C 0.152105 -2.832359 -2.431818 
74.C 0.152105 -2.832359 2.431818 
75.C -0.362427 -4.269719 -2.432153 
76.C -0.362427 -4.269719 2.432153 
77.C 0.241406 -4.986605 -1.226312 
78.C 0.241406 -4.986605 1.226312 
79.H -0.380297 -2.247760 -3.199197 
80.H -0.380297 -2.247760 3.199197 
81.H 1.218091 -2.837030 -2.733419 
82.H 1.218091 -2.837030 2.733419 
83.H -1.461328 -4.282032 -2.348986 
84.H -1.461328 -4.282032 2.348986 
85.H -0.077958 -4.784994 -3.363499 
86.H -0.077958 -4.784994 3.363499 
87.H 1.343078 -5.079666 -1.359509 
88.H 1.343078 -5.079666 1.359509 
89.H -0.159419 -6.010054 -1.133040 
90.H -0.159419 -6.010054 1.133040 

end 

!scf 
! iterations 200 
[converge le-6 le-6 
lend 

endinput 
eor 



W2(hpp)4 C4h Cs 
w2hpp4c4hcs.in 
w2hpp4c4hcs.out 

#! /bin/ksh 

$ADFBIN/adf« eor 

title W2hpp4 with Cs hpp groups, total atom symmetry C4h must be lowered to C2h 

symmetry C(2H) 

XC 
LDA VWN 
GGAPW91 

End 

charge 0 0 

restricted 

relativistic ZORA 

basis 
type TZP 
W $ADFRESOURCES/ZORA/TZ2PAV.4d 
end 

occupations keeporbitals=40 

geovar 
zero 0.0 F 
metal 1.081 
end 

geometry 
end 

atoms 
W zero zero metal 
W zero zero -metal 
N 4.287045155586214 -0.110987342262503 0.000000000000000 
C 2.812853500077506 0.000000000000000 0.000000000000000 
N 2.150000000000000 zero -1.157141000000000 



N 2.150000000000000 
C 2.854973927501869 
C 2.854973927501869 
C 4.304165981680778 
C 4.304165981680778 
C 5.004703191664136 
C 5.004703191664136 
H 2.292\01001913m 
H 2.292107007973837 

H 2.886224434679666 
H 2.886224434679666 
H 4.325743266986397 
H 4.325743266986397 
H 4.822011852750123 
H 4.822011852750123 
H 5.091716778627555 
H 5.091716778627555 
H 6.042033428743070 
H 6.042033428743070 
N -4.287045155586214 
C -2.812853500077506 
N -2.150000000000000 
N -2.150000000000000 
C -2.854973927501869 
C -2.854973927501869 
C -4.304165981680778 
C -4.304165981680778 
C -5.004703191664136 
C -5.004703191664136 
H -2.292107007973837 
H -2.292107007973837 
H -2.886224434679666 
H -2.886224434679666 
H -4.325743266986397 
H -4.325743266986397 
H -4.822011852750123 
H -4.822011852750123 
H -5.091716778627555 
H -5.091716778627555 
H -6.042033428743070 
H -6.042033428743070 

0.000000000000000 
0.141610404799891 
0.141610404799891 
-0.358868116359325 
-0.358868116359325 
0.242578530772182 
0.242578530772182 
-0.380163776630183 
-0.380163776630183 

1.213080502359841 

1.213080502359841 
-1.456937269134249 
-1.456937269134249 
-0.070670239619347 

-0.070670239619347 
1.350048197354866 
1.350048197354866 
-0.134921349342717 
-0.134921349342717 
0.110987342262503 
0.000000000000000 
0.000000000000000 
0.000000000000000 

-0.141610404799891 
-0.141610404799891 
0.358868116359325 
0.358868116359325 
-0.242578530772182 
-0.242578530772182 
0.380163776630183 
0.380163776630183 
-1.213080502359841 
-1.213080502359841 
1.456937269134249 
1.456937269134249 
0.070670239619347 
0.070670239619347 
-1.350048197354866 
-1.350048197354866 
0.134921349342717 

1.157141000000000 
-2.399455000000000 
2.399455000000000 
-2.413106000000000 
2.413106000000000 

-1.206388000000000 
1.206388000000000 
-3.199113000000001 
3.199113000000000 

-2.734517000000000 
2.734516999999999 
-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 

-1.346127000000000 
1.346127000000000 
-1.111757000000000 
1.111757000000000 
0.000000000000000 
0.000000000000000 
-1.157141000000000 
1.157141000000000 
-2.399455000000000 
2.399455000000000 

-2.413106000000000 
2.413106000000000 
-1.206388000000000 
1.206388000000000 

-3.199113000000001 
3.199113000000000 
-2.734517000000000 
2.734516999999999 

-2.324986000000000 
2.324986000000000 

-3.346851000000000 
3.346851000000000 
-1.346127000000000 
1.346127000000000 

-1.111757000000000 
1.111757000000000 0.134921349342717 

N 0.110987342262503 4.287045155586220 0.000000000000000 
C 0.000000000000000 2.812853500077510 0.000000000000000 



N 0.000000000000000 2.150000000000000-1.157141000000000 
N 0.000000000000000 2.150000000000000 1.157141000000000 
C -0.141610404799891 2.854973927501870 -2.399455000000000 
C-0.141610404799891 2.854973927501870 2.399455000000000 
C 0.358868116359325 4.304165981680780-2.413106000000000 
C 0.358868116359325 4.304165981680780 2.413106000000000 
C -0.242578530772182 5.004703191664140 -1.206388000000000 
C-0.242578530772182 5.004703191664140 1.206388000000000 
H 0.380163776630183 2.292107007973840-3.199113000000000 
H 0.380163776630183 2.292107007973840 3.199113000000000 
H -1.213080502359840 2.886224434679670 -2.734517000000000 
H-1.213080502359840 2.886224434679670 2.734517000000000 
H 1.456937269134250 4.325743266986400-2.324986000000000 
H 1.456937269134250 4.325743266986400 2.324986000000000 
H 0.070670239619347 4.822011852750120-3.346851000000000 
H 0.070670239619347 4.822011852750120 3.346851000000000 
H -1.350048197354870 5.091716778627560 -1.346127000000000 
H-1.350048197354870 5.091716778627560 1.346127000000000 
H 0.134921349342717 6.042033428743070-1.111757000000000 
H 0.134921349342717 6.042033428743070 1.111757000000000 
N -0.110987342262503 -4.287045155586220 0.000000000000000 
C -0.000000000000000 -2.812853500077510 0.000000000000000 
N 0.000000000000000 -2.150000000000000-1.157141000000000 
N 0.000000000000000 -2.150000000000000 1.157141000000000 
C 0.141610404799891 -2.854973927501870-2.399455000000000 
C 0.141610404799891 -2.854973927501870 2.399455000000000 
C -0.358868116359325 -4.304165981680780-2.413106000000000 
C -0.358868116359325 -4.304165981680780 2.413106000000000 
C 0.242578530772182 -5.004703191664140-1.206388000000000 
C 0.242578530772182 -5.004703191664140 1.206388000000000 
H -0.380163776630183 -2.292107007973840-3.199113000000000 
H -0.380163776630183 -2.292107007973840 3.199113000000000 
H 1.213080502359840 -2.886224434679670-2.734517000000000 
H 1.213080502359840 -2.886224434679670 2.734517000000000 
H -1.456937269134250 -4.325743266986400-2.324986000000000 
H -1.456937269134250 -4.325743266986400 2.324986000000000 
H -0.070670239619347 -4.822011852750120-3.346851000000000 
H -0.070670239619347 -4.822011852750120 3.346851000000000 
H 1.350048197354870 -5.091716778627560-1.346127000000000 
H 1.350048197354870 -5.091716778627560 1.346127000000000 
H -0.134921349342717 -6.042033428743070-1.111757000000000 
H -0.134921349342717 -6.042033428743070 1.111757000000000 
end 



end input 
eor 

HDPhF C2 
HDPhFc2.in 
HDPhFc2.out 

#! /bin/ksh 

$ADFBIN/adf -nl «eor 
title HDPhFc2.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

[charge 

basis 
type TZP 
end 

atoms cartesian 
C 0.000000 0.000000 0.000000 
C 0.040000 0.000000 -2.320948 



c 1.290331 
c 1.985331 
c 1.430000 
c 0.179669 
c -0.515331 
c 0.040000 
c 1.290331 
c 1.985331 
c 1.430000 
c 0.179669 
c -0.515331 
H 1.100000 
H 1.729802 
H 2.974802 
H 1.980000 
H -0.259802 
H -1.504802 
H 1.729802 
H 2.974802 
H 1.980000 
H -0.259802 
H -1.504802 
N -0.650000 
N -0.650000 
H -1.730000 
end 

!scf 
! iterations 200 
Iconverge le-6 le-6 
lend 

endinput 
eor 

-0.601888 -2.401586 
-0.601888 -3.605361 
0.000000 -4.728499 
0.601888 -4.647861 
0.601888 -3.444086 
0.000000 2.320948 
-0.601888 2.401586 
-0.601888 3.605361 
0.000000 4.728499 
0.601888 4.647861 
0.601888 3.444086 
0.000000 0.000000 
-1.078202 -1.512772 
-1.078202 -3.669175 
0.000000 -5.681127 
1.078202 -5.536675 
1.078202 -3.380272 

-1.078202 1.512772 
-1.078202 3.669175 
0.000000 5.681127 
1.078202 5.536675 
1.078202 3.380272 
0.000000 -1.125833 
0.000000 1.125833 
0.000000 1.125833 

HDPhF C2 cation 
HDPhFcat.in 
HDPhFcat.out 

#1 /bin/ksh 

$ADFBIN/adf-nl «eor 



title Hdphfacat.in 

xc 
Ida vwn 
gga pw91 
end 

! Geometry 
loptim all 
lend 

relativistic scalar Zora 

unrestricted 

charge 1 1 

basis 
type TZP 
end 

atoms cartesian 
l.C 0.046129 
2.C 0.065956 
3.C 1.288917 
4.C 1.940354 
5.C 1.379736 
6.C 0.149085 
l.C -0.505210 
8.C 0.089174 
9.C 1.365714 
lO.C 1.999588 
ll.C 1.370338 
12.C 0.078140 
13.C -0.554291 
14.H 1.141539 
15.H 1.717962 
16.H 2.888915 
17.H 1.889817 
18.H -0.305890 
19.H -1.464897 
20.H 1.852609 

0.036754 -0.072981 
-0.016808 -2.381379 
-0.692913 -2.557512 
-0.673710 -3.788850 
0.001189 -4.875900 
0.644228 -4.719484 
0.629700 -3.490113 
0.015334 2.393745 
-0.548547 2.539673 
-0.543000 3.778765 
-0.003187 4.899291 
0.530876 4.761410 
0.548637 3.520986 
0.089482 -0.031044 
-1.257420 -1.729353 
-1.198597 -3.902211 
0.011935 -5.838048 
1.160955 -5.564132 
1.127802 -3.358131 

-1.018812 1.687550 



21.H 2.990081 
22.H 1.867768 
23.H -0.431185 
24.H -1.543977 
25.N -0.634032 
26.N -0.561740 
27.H -1.574378 

end 

endinput 
eor 

-0.987121 3.868604 
-0.003035 5.869368 
0.957052 5.627698 
0.994389 3.414025 
0.016370 -1.162935 
0.044346 1.152243 
0.130458 1.138959 

DPhF C2 anion 
dphfa.in 
dphfa.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title dphfa.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
.'step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

charge -1 



basis 
type TZP 
end 

atoms cartesian 
N -0.462 -0.749 0.796 
C -1.844 -0.719 1.274 
H -2.408 -1.608 0.942 
N -2.531 0.520 0.912 
C 0.485 -1.578 1.298 
C 2.489 -3.296 2.330 
c 1.764 -1.630 0.729 
c 0.244 -2.409 2.398 
c 1.225 -3.261 2.915 
c 2.759 -2.478 1.234 
H 1.958 -0.985 -0.122 
H -0.759 -2.339 2.824 
H 0.976 -3.876 3.768 
H 3.733 -2.484 0.762 
H 3.251 -3.952 2.726 
C -3.653 0.962 1.529 
C -5.998 1.914 2.804 
C -4.195 0.316 2.647 
C -4.320 2.105 1.069 
C -5.480 2.580 1.694 
C -5.351 0.776 3.283 
H -3.647 -0.566 2.986 
H -3.902 2.612 0.206 
H -5.962 3.467 1.304 
H -5.718 0.233 4.142 
H -6.892 2.275 3.293 
end 

!scf 
! iterations 200 
Iconverge le-6 le-6 
lend 

endinput 
eor 

DPhF C2 anion Restricted 



dphfaR.in 
dphfaR.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title dphfaR.in 
comment 
end 

xc 
Ida vwn 
gga pw91 
end 

! Geometry 
!optim all 
Iconverge E=0.0001 grad=0.001 
!step rad=0.005 
lend 

integration=4.5 

relativistic scalar Zora 

restricted 

charge 0 

basis 
type TZP 
end 

atoms cartesian 
N -0.320710 -0.426104 0.864963 
C -1.577332 -0.282554 1.262283 
H -2.062280 -1.120721 1.812584 
N -2.299597 0.791370 0.973856 
C 0.441805 -1.465241 1.342665 
C 2.264216 -3.482604 2.258668 
c 1.633585 -1.788161 0.636219 
c 0.209300 -2.206350 2.539013 
c 1.096688 -3.188802 2.973503 



c 2.518539 -2.762444 1.082044 
H 1.837388 -1.219411 -0.272126 
H -0.664488 -1.975726 3.148763 
H 0.884099 -3.722811 3.903389 
H 3.428621 -2.960273 0.510853 
H 2.966653 -4.235239 2.618955 
C -3.528530 0.975553 1.561601 
C -6.070598 1.629718 2.725687 
C -3.988975 0.367231 2.767318 
C -4.405773 1.928558 0.975670 
C -5.636855 2.249102 1.541886 
C -5.226035 0.684588 3.322968 
H -3.342144 -0.338792 3.288526 
H -4.065328 2.419698 0.063116 
H -6.268183 3.002015 1.059218 
H -5.530537 0.201253 4.254777 
H -7.029358 1.892851 3.178999 
end 

endinput 
eor 

Mo2(DPhF)4 C4h 
mo2dphf4.in 
Mo2dphf4.out 

#!/bin/ksh 

$ADFBIN/adf-nl «eor 
title Mo2(DPhF)4 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 



end 

symmetry C(2) 

integration=4.5 

relativistic scalar Zora 

! charge 

basis 
type TZP 
Mo $ADFRESOURCES/ZORA/TZ2P/Mo.3d 
end 

atoms cartesian 
C 2.777656000000000 
H 3.892418000000000 
N 2.155000000000000 
C 2.884134000000000 
C 4.031686000000001 
C 4.694890000000002 
C 4.250032000000001 
C 3.109791000000000 
C 2.443671999999999 
H 4.373860000000002 
H 5.567397000000003 
H 4.768094000000001 
H 2.736854999999999 
H 1.556420999999998 
N 2.155000000000000 
C 2.884134000000000 
C 4.031685999999998 
C 4.694889999999997 
C 4.250031999999999 
C 3.109791000000000 
C 2.443672000000000 
H 4.373859999999997 
H 5.567396999999997 
H 4.768093999999998 
H 2.736855000000001 
H 1.556421000000001 
Mo 0.0 0.0 

0.000000000000000 
0.000000000000002 
0.000000000000000 

-0.278628147727705 
-1.122203164109025 
-1.373868101390092 
-0.817640329064712 
-0.001863656913395 

0.257003551849071 
-1.605326782291279 
-2.031940080277162 
-1.025823230841634 
0.437873427442466 
0.891007855124645 
-0.000000000000002 
0.278628147727705 
1.122203164109029 
1.373868101390098 
0.817640329064716 
0.001863656913396 
-0.257003551849072 
1.605326782291284 
2.031940080277171 
1.025823230841640 

-0.437873427442467 
-0.891007855124649 

1.0482 

0.000668208463867 
0.000668208463867 
-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 
4.761578111288846 
4.735370557211454 

3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 

5.663218585170885 

3.523199325967328 



258 

Mo 0.0 0.0 
C 0.000000000000000 
H 0.000000000000002 
N 0.000000000000000 
C -0.278628147727705 
C -1.122203164109025 
C -1.373868101390092 
C -0.817640329064712 
C -0.001863656913395 
C 0.257003551849071 
H -1.605326782291279 
H -2.031940080277161 
H -1.025823230841634 
H 0.437873427442466 
H 0.891007855124645 
N -0.000000000000002 
C 0.278628147727705 
C 1.122203164109029 
C 1.373868101390098 
C 0.817640329064716 
C 0.001863656913396 
C -0.257003551849072 
H 1.605326782291284 
H 2.031940080277172 
H 1.025823230841640 
H -0.437873427442467 
H -0.891007855124649 
C -2.777656000000000 
H -3.892418000000000 
N -2.155000000000000 

C -2.884134000000000 
C -4.031686000000001 
C -4.694890000000002 
C -4.250032000000001 
C -3.109791000000000 
C -2.443671999999999 
H -4.373860000000002 
H -5.567397000000003 
H -4.768094000000001 
H -2.736854999999999 
H -1.556420999999998 
N -2.155000000000000 
C -2.884134000000000 

-1.0482 
-2.777656000000000 
-3.892418000000000 
-2.155000000000000 
-2.884134000000000 
-4.031686000000001 
-4.694890000000002 
-4.250032000000001 

-3.109791000000000 
-2.443671999999999 
-4.373860000000002 
-5.567397000000003 
-4.768094000000001 
-2.736854999999999 
-1.556420999999998 
-2.155000000000000 
-2.884134000000000 
-4.031685999999998 
-4.694889999999997 
-4.250031999999999 
-3.109791000000000 
-2.443672000000000 
-4.373859999999997 
-5.567396999999997 

-4.768093999999998 
-2.736855000000001 
-1.556421000000001 
0.000000000000000 
-0.000000000000002 
0.000000000000000 
0.278628147727705 
1.122203164109025 
1.373868101390092 
0.817640329064712 
0.001863656913395 

-0.257003551849071 
1.605326782291279 
2.031940080277161 
1.025823230841634 

-0.437873427442466 
-0.891007855124645 

0.000000000000002 
-0.278628147727705 

0.000668208463867 
0.000668208463867 
-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 

4.761578111288846 

4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 
0.000668208463867 
0.000668208463867 

-1.170000000000000 
-2.302500124023758 

-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 

-1.440751131451593 
-3.553278706901108 

-5.696846695924065 

-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 



c -4.031685999999998 
c -4.694889999999997 
c -4.250031999999999 
c -3.109791000000000 
c -2.443672000000000 
H -4.373859999999997 
H -5.567396999999997 
H -4.768093999999998 
H -2.736855000000001 
H -1.556421000000001 
C 0.000000000000000 
H -0.000000000000002 
N 0.000000000000000 
C 0.278628147727705 
C 1.122203164109025 
c 1.373868101390092 
c 0.817640329064712 
c 0.001863656913395 
c -0.257003551849071 
H 1.605326782291279 
H 2.031940080277161 
H 1.025823230841634 
H -0.437873427442466 
H -0.891007855124645 
N 0.000000000000002 
C -0.278628147727705 
C -1.122203164109029 
c -1.373868101390098 
c -0.817640329064716 
c -0.001863656913396 
c 0.257003551849072 
H -1.605326782291284 
H -2.031940080277173 
H -1.025823230841640 
H 0.437873427442467 
H 0.891007855124649 

end 

!scf 
! iterations 200 
Iconverge le-6 le-6 
lend 

-1.122203164109029 
-1.373868101390098 
-0.817640329064716 
-0.001863656913396 
0.257003551849072 
-1.605326782291284 
-2.031940080277173 
-1.025823230841640 
0.437873427442467 
0.891007855124649 
2.777656000000000 
3.892418000000000 
2.155000000000000 
2.884134000000000 
4.031686000000001 
4.694890000000002 
4.250032000000001 
3.109791000000000 
2.443671999999999 
4.373860000000002 
5.567397000000003 
4.768094000000001 

2.736854999999999 

1.556420999999998 
2.155000000000000 
2.884134000000000 

4.031685999999998 

4.694889999999997 
4.250031999999999 
3.109791000000000 
2.443672000000000 
4.373859999999997 
5.567396999999997 
4.768093999999998 
2.736855000000001 
1.556421000000001 

2.357613785416523 
3.556869273924421 
4.761578111288846 
4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 
0.000668208463867 
0.000668208463867 

-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 
4.761578111288846 
4.735370557211454 
3.543153967659232 

1.442087548379327 

3.554615123828842 
5.698183112851799 

5.663218585170885 
3.523199325967328 



endinput 
eor 

Mg2(DPhF)4 
Mg2dphf4.in 
Mg2dphf4.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Mg2(DPhF)4 

xc 
Ida vwn 
gga pw91 
end 

symmetry C(2) 

integration=4.5 

relativistic scalar Zora 

Icharge 

basis 
type TZP 
end 

atoms cartesian 
C 2.777656000000000 
H 3.892418000000000 
N 2.155000000000000 
C 2.884134000000000 

C 4.031686000000001 
C 4.694890000000002 
C 4.250032000000001 
C 3.109791000000000 
C 2.443671999999999 
H 4.373860000000002 
H 5.567397000000003 

0.000000000000000 
0.000000000000002 
0.000000000000000 

-0.278628147727705 

-1.122203164109025 
-1.373868101390092 
-0.817640329064712 
-0.001863656913395 
0.257003551849071 
-1.605326782291279 
-2.031940080277162 

0.000668208463867 
0.000668208463867 
-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
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H 4.768094000000001 
H 2.736854999999999 
H 1.556420999999998 
N 2.155000000000000 
C 2.884134000000000 
C 4.031685999999998 
C 4.694889999999997 
C 4.250031999999999 
C 3.109791000000000 
C 2.443672000000000 
H 4.373859999999997 
H 5.567396999999997 
H 4.768093999999998 
H 2.736855000000001 
H 1.556421000000001 
Mg 0.0 0.0 
Mg 0.0 0.0 
C 0.000000000000000 
H 0.000000000000002 
N 0.000000000000000 
C -0.278628147727705 
C -1.122203164109025 
C -1.373868101390092 
G -0.817640329064712 
C -0.001863656913395 
C 0.257003551849071 
H -1.605326782291279 
H -2.031940080277161 
H -1.025823230841634 
H 0.437873427442466 
H 0.891007855124645 
N -0.000000000000002 
C 0.278628147727705 
C 1.122203164109029 
C 1.373868101390098 
C 0.817640329064716 
C 0.001863656913396 
C -0.257003551849072 
H 1.605326782291284 
H 2.031940080277172 
H 1.025823230841640 
H -0.437873427442467 
H -0.891007855124649 

-1.025823230841634 
0.437873427442466 
0.891007855124645 
-0.000000000000002 
0.278628147727705 
1.122203164109029 
1.373868101390098 
0.817640329064716 
0.001863656913396 

-0.257003551849072 
1.605326782291284 
2.031940080277171 
1.025823230841640 

-0.437873427442467 
-0.891007855124649 

1.0482 
-1.0482 

-2.777656000000000 
-3.892418000000000 
-2.155000000000000 

-2.884134000000000 
-4.031686000000001 
-4.694890000000002 
-4.250032000000001 
-3.109791000000000 
-2.443671999999999 
-4.373860000000002 

-5.567397000000003 

-4.768094000000001 
-2.736854999999999 
-1.556420999999998 

-2.155000000000000 
-2.884134000000000 
-4.031685999999998 
-4.694889999999997 
-4.250031999999999 

-3.109791000000000 
-2.443672000000000 
-4.373859999999997 
-5.567396999999997 
-4.768093999999998 
-2.736855000000001 
-1.556421000000001 

-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 
4.761578111288846 
4.735370557211454 
3.543153967659232 

1.442087548379327 

3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 

0.000668208463867 
0.000668208463867 
-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 

-4.760241694361111 

-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 

-5.696846695924065 

-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 
4.761578111288846 
4.735370557211454 

3.543153967659232 

1.442087548379327 
3.554615123828842 
5.698183112851799 

5.663218585170885 
3.523199325967328 
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C -2.777656000000000 
H -3.892418000000000 
N -2.155000000000000 
C -2.884134000000000 
C -4.031686000000001 
C -4.694890000000002 
C -4.250032000000001 
C -3.109791000000000 
C -2.443671999999999 
H -4.373860000000002 
H -5.567397000000003 
H -4.768094000000001 
H -2.736854999999999 
H -1.556420999999998 
N -2.155000000000000 
C -2.884134000000000 
C -4.031685999999998 
C -4.694889999999997 
C -4.250031999999999 
C -3.109791000000000 
C -2.443672000000000 
H -4.373859999999997 
H -5.567396999999997 
H -4.768093999999998 
H -2.736855000000001 
H -1.556421000000001 
C 0.000000000000000 
H -0.000000000000002 
N 0.000000000000000 
C 0.278628147727705 
C 1.122203164109025 
C 1.373868101390092 

C 0.817640329064712 
C 0.001863656913395 
C -0.257003551849071 
H 1.605326782291279 
H 2.031940080277161 
H 1.025823230841634 
H -0.437873427442466 
H -0.891007855124645 
N 0.000000000000002 
C -0.278628147727705 
C -1.122203164109029 

0.000000000000000 
-0.000000000000002 
0.000000000000000 
0.278628147727705 
1.122203164109025 
1.373868101390092 
0.817640329064712 
0.001863656913395 

-0.257003551849071 
1.605326782291279 
2.031940080277161 
1.025823230841634 

-0.437873427442466 
-0.891007855124645 
0.000000000000002 

-0.278628147727705 
-1.122203164109029 
-1.373868101390098 
-0.817640329064716 
-0.001863656913396 
0.257003551849072 
-1.605326782291284 
-2.031940080277173 
-1.025823230841640 
0.437873427442467 
0.891007855124649 
2.777656000000000 
3.892418000000000 
2.155000000000000 
2.884134000000000 
4.031686000000001 
4.694890000000002 
4.250032000000001 
3.109791000000000 
2.443671999999999 
4.373860000000002 
5.567397000000003 
4.768094000000001 
2.736854999999999 
1.556420999999998 
2.155000000000000 

2.884134000000000 

4.031685999999998 

0.000668208463867 
0.000668208463867 

-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 

-1.440751131451593 
-3.553278706901108 
-5.696846695924065 

-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 
4.761578111288846 

4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 
0.000668208463867 
0.000668208463867 

-1.170000000000000 
-2.302500124023758 
-2.356277368488789 

-3.555532856996686 

-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 



C -1.373868101390098 
C -0.817640329064716 
C -0.001863656913396 
C 0.257003551849072 
H -1.605326782291284 
H -2.031940080277173 
H -1.025823230841640 
H 0.437873427442467 
H 0.891007855124649 

end 

4.694889999999997 
4.250031999999999 
3.109791000000000 
2.443672000000000 
4.373859999999997 
5.567396999999997 
4.768093999999998 
2.736855000000001 
1.556421000000001 

3.556869273924421 
4.761578111288846 
4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 

!scf 
iterations 200 
Iconverge le-6 le-6 
!end 

endinput 
eor 

Be^CDPhF)^ C4h 
Be2dphf4.in 
Be2dphf4.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Mo2(DPhF)4 

xc 
Ida vwn 
gga pw91 
end 

symmetry C(2) 

integration=4.5 

relativisuc scalar Zora 

[charge 

basis 



type TZP 
end 

atoms cartesian 
C 2.777656000000000 
H 3.892418000000000 
N 2.155000000000000 
C 2.884134000000000 
C 4.031686000000001 
C 4.694890000000002 
C 4.250032000000001 
C 3.109791000000000 
C 2.443671999999999 
H 4.373860000000002 
H 5.567397000000003 
H 4.768094000000001 
H 2.736854999999999 
H 1.556420999999998 
N 2.155000000000000 
G 2.884134000000000 
C 4.031685999999998 
C 4.694889999999997 
C 4.250031999999999 
C 3.109791000000000 
C 2.443672000000000 
H 4.373859999999997 
H 5.567396999999997 
H 4.768093999999998 
H 2.736855000000001 
H 1.556421000000001 
Be 0.0 0.0 
Be 0.0 0.0 
C 0.000000000000000 
H 0.000000000000002 
N 0.000000000000000 
C -0.278628147727705 
C -1.122203164109025 
C -1.373868101390092 
C -0.817640329064712 
C -0.001863656913395 
C 0.257003551849071 
H -1.605326782291279 
H -2.031940080277161 

0.000000000000000 
0.000000000000002 
0.000000000000000 

-0.278628147727705 
-1.122203164109025 
-1.373868101390092 
-0.817640329064712 
-0.001863656913395 

0.257003551849071 
-1.605326782291279 
-2.031940080277162 
-1.025823230841634 
0.437873427442466 
0.891007855124645 
-0.000000000000002 
0.278628147727705 
1.122203164109029 
1.373868101390098 
0.817640329064716 
0.001863656913396 
-0.257003551849072 
1.605326782291284 
2.031940080277171 
1.025823230841640 

-0.437873427442467 
-0.891007855124649 

1.0482 
-1.0482 

-2.777656000000000 
-3.892418000000000 
-2.155000000000000 
-2.884134000000000 
-4.031686000000001 

-4.694890000000002 

-4.250032000000001 
-3.109791000000000 
-2.443671999999999 

-4.373860000000002 
-5.567397000000003 

0.000668208463867 
0.000668208463867 

-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 

-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 

4.761578111288846 
4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 

0.000668208463867 
0.000668208463867 
-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 



265 

H -1.025823230841634 
H 0.437873427442466 
H 0.891007855124645 
N -0.000000000000002 
C 0.278628147727705 
C 1.122203164109029 
C 1.373868101390098 
C 0.817640329064716 
C 0.001863656913396 
C -0.257003551849072 
H 1.605326782291284 
H 2.031940080277172 
H 1.025823230841640 
H -0.437873427442467 
H -0.891007855124649 
C -2.777656000000000 
H -3.892418000000000 
N -2.155000000000000 
C -2.884134000000000 
C -4.031686000000001 
C -4.694890000000002 
C -4.250032000000001 
C -3.109791000000000 
C -2.443671999999999 
H -4.373860000000002 
H -5.567397000000003 
H -4.768094000000001 
H -2.736854999999999 
H -1.556420999999998 
N -2.155000000000000 
C -2.884134000000000 
C -4.031685999999998 
C -4.694889999999997 
C -4.250031999999999 
C -3.109791000000000 
C -2.443672000000000 

H -4.373859999999997 
H -5.567396999999997 
H -4.768093999999998 
H -2.736855000000001 
H -1.556421000000001 
C 0.000000000000000 
H -0.000000000000002 

-4.768094000000001 
-2.736854999999999 
-1.556420999999998 
-2.155000000000000 
-2.884134000000000 
-4.031685999999998 
-4.694889999999997 
-4.250031999999999 
-3.109791000000000 
-2.443672000000000 
-4.373859999999997 
-5.567396999999997 
-4.768093999999998 
-2.736855000000001 
-1.556421000000001 
0.000000000000000 
-0.000000000000002 
0.000000000000000 
0.278628147727705 
1.122203164109025 
1.373868101390092 
0.817640329064712 
0.001863656913395 

-0.257003551849071 
1.605326782291279 
2.031940080277161 
1.025823230841634 

-0.437873427442466 
-0.891007855124645 
0.000000000000002 

-0.278628147727705 
-1.122203164109029 
-1.373868101390098 
-0.817640329064716 
-0.001863656913396 
0.257003551849072 

-1.605326782291284 
-2.031940080277173 
-1.025823230841640 
0.437873427442467 
0.891007855124649 
2.777656000000000 
3.892418000000000 

-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 

4.761578111288846 

4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 

0.000668208463867 
0.000668208463867 

-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 
4.761578111288846 
4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 
0.000668208463867 
0.000668208463867 



N 0.000000000000000 
C 0.278628147727705 
C 1.122203164109025 
C 1.373868101390092 
C 0.817640329064712 
C 0.001863656913395 
C -0.257003551849071 
H 1.605326782291279 
H 2.031940080277161 
H 1.025823230841634 
H -0.437873427442466 
H -0.891007855124645 
N 0.000000000000002 
C -0.278628147727705 
C -1.122203164109029 
C -1.373868101390098 
C -0.817640329064716 
C -0.001863656913396 
C 0.257003551849072 
H -1.605326782291284 
H -2.031940080277173 
H -1.025823230841640 
H 0.437873427442467 
H 0.891007855124649 

end 

2.155000000000000 

2.884134000000000 

4.031686000000001 
4.694890000000002 
4.250032000000001 

3.109791000000000 
2.443671999999999 
4.373860000000002 
5.567397000000003 
4.768094000000001 
2.736854999999999 
1.556420999999998 
2.155000000000000 
2.884134000000000 
4.031685999999998 
4.694889999999997 

4.250031999999999 
3.109791000000000 
2.443672000000000 
4.373859999999997 
5.567396999999997 
4.768093999999998 
2.736855000000001 
1.556421000000001 

-1.170000000000000 
-2.302500124023758 
-2.356277368488789 
-3.555532856996686 
-4.760241694361111 
-4.734034140283718 
-3.541817550731498 
-1.440751131451593 
-3.553278706901108 
-5.696846695924065 
-5.661882168243150 
-3.521862909039593 
1.171336416927734 
2.303836540951492 
2.357613785416523 
3.556869273924421 
4.761578111288846 
4.735370557211454 
3.543153967659232 
1.442087548379327 
3.554615123828842 
5.698183112851799 
5.663218585170885 
3.523199325967328 

!scf 
!iterations 200 
[converge le-6 le-6 
lend 

endinput 
eor 

OAc Anion 
oac.in 
oac.out 

#! /bin/ksh 



$ADFBIN/adf -nl «eor 
title tbo.in 
comment 
Puqjose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

charge-1 

basis 
type TZP 
end 

atoms cartesian 
C -0.552 0.152 0.787 
C -0.006 -0.026 -0.537 
H 0.692 -0.869 -0.578 
H 0.539 0.871 -0.851 
H -0.805 -0.204 -1.264 
O -0.918 -0.810 1.600 
O -0.833 1.332 1.331 
H -1.222 1.069 2.183 
end 

!scf 
! iterations 200 
! converge le-6 le-6 



lend 

endinput 
cor 

OAc Anion Restricted 
oacaR.in 
oacaR.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title OAcaR.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

[Geometry 
loptim all 
[converge E=0.0001 grad=0.001 
[step rad=0.005 
[end 

integration=4.5 

relativistic scalar Zora 

occupations 
AA 17 
AAA 6 
end 

restricted 

charge 0 



basis 
type TZP 
end 

atoms cartesian 
C 
C 
H 
H 
H 
O 
O 

end 

-0.366904 
-0.060829 
0.328058 
0.670557 

-0.978448 
-0.130874 
-0.819070 

-0.004648 
-0.004713 
-0.974464 
0.785416 
0.239531 
-1.086441 
1.091531 

1.089138 
-0.448550 
-0.789502 
-0.676789 
-1.005027 
1.704041 
1.536563 

!scf 
! iterations 200 
Iconverge le-6 le-6 
lend 

endinput 
eor 

Mo2(OAC)4 
Mo20ac4sp.in 
Mo20ac4sp.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Mo2(OAc)4 
comment 
Purpose 
end 

xc 
Ida vwn 
gga pw91 
end 

! Geometry 
loptin all 
'.converge E=0.0001 grad=0.001 



!step rad=0.005 
.'end 

integration=4.5 

Irelativistic scalar Zora 

!charge 

basis 
type TZP 
Mo $ADFRESOURCES/ZORA/TZ2P/Mo.3d 
end 

atoms cartesian 
Mo 1.046876 0.000000 0.000000 
Mo -1.046876 0.000000 0.000000 

C 0.000000 -1.916989 -1.925966 
0 1.124442 -1.475222 -1.480174 
0 -1.124442 -1.475222 -1.480174 
c 0.000000 -2.998436 -2.967883 
H 0.000000 -3.978035 -2.468481 
H -0.900860 -2.932737 -3.585934 
H 0.900860 -2.932737 -3.585934 

C 0.000000 1.925060 1.917461 
0 1.124127 1.479214 1.475483 
0 -1.124127 1.479214 1.475483 
C 0.000000 2.967388 2.998370 
H 0.000000 2.468881 3.978454 
H -0.900864 3.585364 2.932596 
H 0.900864 3.585364 2.932596 
C 0.000000 1.916989 -1.925966 
0 1.124442 1.475222 -1.480174 
0 -1.124442 1.475222 -1.480174 
C 0.000000 2.998436 -2.967883 
H 0.000000 3.978035 -2.468481 
H -0.900860 2.932737 -3.585934 
H 0.900860 2.932737 -3.585934 
C 0.000000 -1.925060 1.917461 
0 1.124127 -1.479214 1.475483 
0 -1.124127 -1.479214 1.475483 
C 0.000000 -2.967388 2.998370 



H 0.000000 -2.468881 3.978454 
H -0.900864 -3.585364 2.932596 
H 0.900864 -3.585364 2.932596 

end 

endinput 
eor 

tbo anion 
tbo.in 
tbo.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title tbo.in 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
end 

relativistic scalar Zora 

charge -1 

basis 
type TZP 
core none 
end 

atoms cartesian 
N -0.191079 -I 

C 0.470153 
N 0.735339 
N 1.780660 
C 2.764667 

L288230 1.007228 
-1.589086 1.206035 
-1.935538 2.630842 
-1.491721 0.531990 
-2.027255 1.487147 



H 3.750375 
H 2.851031 

C 2.174903 
H 2.551924 
H 2.412130 
C 0.551182 
H 0.451637 
H 0.223962 
C 1.975544 
H 2.434581 
H 2.609825 

end 

!scf 
literations 200 
'.converge le-6 le-6 
lend 

endinput 
eor 

mv TAPE21 tbo.t21 

-1.578953 1.317445 
-3.114065 1.350664 

-1.707478 2.865575 
-2.375625 3.651334 
-0.667000 3.151318 
0.409041 -0.061136 
1.497490 0.036855 
0.113305 -1.072958 

-0.070720 0.184287 
0.508961 1.007928 
0.022290 -0.707083 

Mo2(tbo)4 D2d (not lowest energy) 
mtbo.in 
mtbo.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title tbo.in 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
end 

relativistic scalar Zora 



!charge -1 

basis 
type TZP 
core none 
end 

atoms cartesian 
Mo O.OOOOOOOOOOOOOOO 
Mo 0.000000000000000 
N 0.000000000000000 
C -0.020000000000000 
N 0.000000000000000 
N 0.000000000000000 
C 0.600000000000000 
H 1.710000000000000 
H 0.290000000000000 
C 0.100000000000000 
H -0.880000000000000 
H 0.790000000000000 
C 0.100000000000000 
H 0.790000000000000 
H -0.880000000000000 
C 0.600000000000000 
H 1.710000000000000 
H 0.290000000000000 
N 2.160000000000000 
C 2.680000000000000 
N 2.160000000000000 
N 4.150000000000000 
C 4.490000000000000 
H 4.480000000000000 
H 5.470000000000000 
C 3.290000000000000 
H 3.570000000000000 
H 3.090000000000000 
C 3.290000000000000 
H 3.090000000000000 
H 3.570000000000000 
C 4.490000000000000 
H 4.480000000000000 
H 5.470000000000000 
N 0.000000000000000 

0.000000000000000 
0.000000000000000 

2.160000000000000 
2.680000000000000 
2.160000000000000 
4.150000000000000 
4.490000000000000 
4.480000000000000 
5.470000000000000 
3.290000000000000 
3.570000000000000 
3.090000000000000 
3.290000000000000 
3.090000000000000 
3.570000000000000 
4.490000000000000 
4.480000000000000 
5.470000000000000 
0.000000000000000 
•0.020000000000000 
0.000000000000000 
0.000000000000000 
0.600000000000000 
1.710000000000000 
0.290000000000000 
0.100000000000000 
-0.880000000000000 
0.790000000000000 
0.100000000000000 
0.790000000000000 
-0.880000000000000 
0.600000000000000 
1.710000000000000 
0.290000000000000 

-2.160000000000000 

-1.224000000000000 
1.224000000000000 

1.224000000000000 
0.000000000000000 

-1.224000000000000 
0.000000000000000 

-1.270000000000000 
-1.210000000000000 
-1.660000000000000 
-2.120000000000000 
-2.590000000000000 
-2.970000000000000 
2.120000000000000 
2.970000000000000 
2.590000000000000 
1.270000000000000 
1.210000000000000 
1.660000000000000 
-1.224000000000000 
0.000000000000000 
1.224000000000000 
0.000000000000000 
1.270000000000000 
1.210000000000000 
1.660000000000000 
2.120000000000000 
2.590000000000000 
2.970000000000000 

-2.120000000000000 
-2.970000000000000 
-2.590000000000000 
-1.270000000000000 
-1.210000000000000 
-1.660000000000000 
1.224000000000000 
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Mo2(tbo)4 C4h 
Mo2tbo4C4h.in 
Mo2tbo4C4h.out 

#! /bin/ksh 

$ADFBIN/adf« eor 
title Mo2tbo4, C4h symmetry 
Comment 
Symmetry reduced to C2h because ADF can not handle 
E=0.0001 Grad=0.001 Int=5.5 
RESULT 
Converged well. 
-418.06110844 eV 
end 

symmetry C(2H) 

XC 
LDA VWN 
GGA PW91 

End 

charge 0 0 

restricted 

relativistic ZORA 

basis 
type TZP 
Mo $ADFRESOURCES/ZORAyTZ2P/Mo.3d 
end 

occupations keeporbitals=40 

geovar 
zero 0.0 F 
metal 1.0933857 
end 



geometry 
!step rad=0.01 
converge E=0.0001 GRAD=0.001 
end 

integration=5.5 

Irestart c7tape21 

atoms 
Mo zero zero metal 
Mo zero zero -metal 
N 2.16 zero 1.19 
N 2.16 zero -1.19 
C 2.741 0.000 zero 
N 4.145 0.000 zero 
C 4.5 -0.51 1.3 
C 4.5 -0.51 -1.3 
C 3.25 -0.078 2.168 
C 3.25 -0.078 -2.168 
H 3.037 -0.809 2.958 
H 3.037 -0.809 -2.958 
H 3.44 0.9 2.644 
H 3.44 0.9 -2.644 
H 4.565 -1.62 1.252 
H 4.565 -1.62 -1.252 
H 5.448 -0.11 1.691 
H 5.448 -0.11 -1.691 
N -2.16 zero 1.19 
N -2.16 zero -1.19 
C -2.741 0.000 zero 
N -4.145 0.000 zero 
C -4.5 0.51 1.3 
C -4.5 0.51 -1.3 
C -3.25 0.078 2.168 
C -3.25 0.078 -2.168 
H -3.037 0.809 2.958 
H -3.037 0.809 -2.958 
H -3.44 -0.9 2.644 
H -3.44 -0.9 -2.644 
H -4.565 1.62 1.252 
H -4.565 1.62 -1.252 
H -5.448 0.11 1.691 



H -5.448 0.11 -1.691 
N zero 2.16 1.19 
N zero 2.16 -1.19 
C 0.000 2.741 zero 
N 0.000 4.145 zero 
C 0.51 4.5 1.3 
C 0.51 4.5 -1.3 
c 0.078 3.25 2.168 
c 0.078 3.25 -2.168 
H 0.809 3.037 2.958 
H 0.809 3.037 -2.958 
H -0.9 3.44 2.644 
H -0.9 3.44 -2.644 
H 1.62 4.565 1.252 
H 1.62 4.565 -1.252 
H 0.11 5.448 1.691 
H 0.11 5.448 -1.691 
N zero -2.16 1.19 
N zero -2.16 -•1.19 
C 0.000 -2.741 zero 
N 0.000 -4.145 zero 
C -0.51 -4.5 1.3 
C -0.51 -4.5 -1.3 
c -0.078 -3.25 2.168 
c -0.078 -3.25 -2.168 
H -0.809 -3.037 2.958 
H -0.809 -3.037 -2.958 
H 0.9 --3.44 2.644 
H 0.9 --3.44 -2.644 
H -1.62 -4.565 1.252 
H -1.62 -4.565 -1.252 
H -0.11 -5.448 1.691 
H -0.11 -5.448 -1.691 
end 

end input 
eor 

HEt4hpp 
Het4hpp.in 
Het4hpp.out 



#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title tbo.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
ggapw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

! charge 

basis 
type TZP 
end 

atoms cartesian 
N -0.262888780 
C -0.346353507 
N -1.148733362 
C 0.533298269 
H 1.542991865 
C -0.160479687 
C -0.386980503 
H 0.573461263 
H -0.988610630 
C 0.348736759 
H 1.352848387 
C -0.522494577 

0.005353439 
1.242038834 
0.982661361 
0.258187828 
0.594804893 
1.329398737 
2.583309640 
3.067989579 
3.328941229 

-1.061463398 
-0.754918482 
-1.414257820 

1.021661264 
1.801099247 
2.972170370 
0.183052103 
0.093255992 
-1.074297300 
-0.181700393 
0.037815261 
-0.713745854 
1.838595462 
2.164975534 
3.082571373 



C -0.749246381 -0.088047902 
H 0.178977888 0.199426132 
H -1.495511897 -0.242407687 
C 0.815238023 1.682471043 
H 1.758152057 2.053470558 
H 1.080250396 0.772796301 
C 0.209058129 -2.414219579 
H 0.882810828 -1.858925906 
H -0.526891174 -2.891049742 
C 0.313328097 2.722589521 
H 1.083210932 2.912509127 
H 0.091716910 3.675228634 
H -0.582888025 2.382857062 
C 1.062008029 -3.497070207 
H 1.441263896 -4.179872462 
H 1.932200617 -3.064425643 
H 0.509161650 -4.093332502 
N -1.050932181 2.284200737 
H -2.002984865 1.954261590 
H 0.477110226 -1.953524188 
H 0.662115215 -0.669555180 
C -1.932158075 -1.963419868 
H -2.458997984 -1.221602889 
H -2.544345893 -2.083930589 
C -1.969866559 -3.281448906 
H -1.674086674 -4.117283773 
H -1.335276149 -3.264265704 
H -2.993964472 -3.484672605 
C -1.539254820 0.821435490 
H -2.051405364 1.638873472 
H -2.198020469 0.555339683 
C -1.487503030 -0.381518804 
H -0.912267593 -0.170229286 
H -2.502717934 -0.647121042 
H -1.058910250 -1.259035592 
end 

!scf 
! iterations 200 
.'converge le-6 le-6 
lend 

endinput 

3.883691569 
4.395746560 
4.672392162 

•2.235125254 
-1.811455109 
•2.787818971 
4.033390828 
4.699015711 
4.693262108 

•3.229554005 
-3.985005163 
-2.740683746 
-3.755524430 
3.380277022 
4.148186683 
2.876809936 
2.653575559 
1.082220687 
0.947999151 
1.215497620 

-0.752431159 
2.672045170 
2.059009613 
3.575937740 
1.913138434 
2.552140139 
1.023799536 
1.581133830 

-1.607419090 
-2.130054212 
-0.772175982 
-2.543004310 
-3.448201987 
-2.856937584 
-2.051679261 



eor 

HET4hpp cation 
het4hppcat.in 
Het4hppcat.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title het4hppcat.in 
comment 
Purpose 
end 

xc 
Ida vwn 
gga pw91 
end 

unrestricted 

charge 1 1 

relativistic scalar Zora 

basis 
type TZP 
end 

atoms cartesian 
l.N -0.150744 0 

2.C -0.739406 
3.N -1.038342 
4.C 0.547577 
5.H 1.582375 
6.C -0.159386 
7.C -0.397581 
8.H 0.583260 
9.H -0.982995 
10.C 0.409568 

031283 1.083594 
1.078685 1.789568 
1.087216 3.047437 
0.286687 -0.176391 
0.637153 0.017529 
1.319996 -1.069166 
2.547703 -0.174398 
3.000120 0.075683 
3.305077 -0.712411 
-1.060617 1.877372 



281 

11.H 
12.C 
13.C 
14.H 
15.H 
16.C 
17.H 
18.H 
19.C 

20.H 
21.H 
22.C 
23.H 
24.H 
25.H 
26.C 
27.H 
28.H 
29.H 
30.N 
31.H 
32.H 
33.H 
34.C 
35.H 
36.H 
37.C 
38.H 
39.H 
40.H 
41.C 
42.H 
43.H 
44.C 
45.H 
46.H 
47.H 

end 

1.426181 
-0.486211 
-0.679103 
0.248657 
-1.457253 
0.810210 
1.742086 
1.087114 
0.219864 

0.918876 -
-0.540920 
0.295699 
1.062439 
0.048417 

-0.601043 
1.007988 
1.434789 
1.847774 
0.388686 
-1.152559 
-1.442421 
0.523261 
0.638768 

-1.888286 
-2.358316 
-2.494728 
-1.976992 
-1.694342 
-1.341099 
-3.008389 
-1.519523 
-2.029733 
-2.142739 
-1.465663 
-0.910610 
-2.482610 
-1.002578 

-0.803191 
-1.399686 
-0.070520 
0.153745 
-0.216992 
1.683247 -
2.062577 • 
0.757782 • 

-2.408677 
1.841591 4 
-2.818711 
2.705837 -
2.904806 • 
3.666338 -
2.349623 

-3.562828 
-4.202043 
-3.194398 
-4.198460 
2.161527 
2.921428 

-1.926897 
-0.673319 
-1.884547 
-1.067197 
-2.005748 
-3.171859 
-4.060072 
-3.136987 
-3.326353 
0.792779 
1.623126 
0.552642 

-0.417184 
-0.208533 
-0.713249 
-1.290457 

2.239841 
3.077502 
3.848427 
4.403837 
4.615008 
2.215730 
1.766456 
•2.743930 
4.019545 
,657049 
4.703030 

-3.233507 
-3.993498 
-2.761822 
-3.756628 
3.383467 
4.168165 
2.778309 
2.740329 
1.010714 
1.620852 
1.209035 

-0.706518 
2.625410 
2.058431 
3.538115 
1.799879 
2.380218 
0.903865 
1.454968 

-1.588111 
-2.101685 
-0.716282 
-2.524483 
-3.449376 
-2.814127 
-2.044554 

endinput 
eor 



ET4hpp anion 
et4hppa.in 
et4hppa.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title et4hppa.in.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

charge -1 

basis 
type TZP 
end 

atoms cartesian 
N -0.150744 0.031283 1.083594 
C -0.739406 1.078685 1.789568 
N -1.038342 1.087216 3.047437 
C 0.547577 0.286687 -0.176391 
H 1.582375 0.637153 0.017529 
C -0.159386 1.319996 -1.069166 
C -0.397581 2.547703 -0.174398 



H 0.583260 
H -0.982995 
C 0.409568 
H 1.426181 
C -0.486211 
C -0.679103 
H 0.248657 
H -1.457253 
C 0.810210 
H 1.742086 
H 1.087114 
C 0.219864 
H 0.918876 
H -0.540920 
C 0.295699 
H 1.062439 
H 0.048417 
H -0.601043 
C 1.007988 
H 1.434789 
H 1.847774 
H 0.388686 
N -1.152559 
H 0.523261 
H 0.638768 
C -1.888286 
H -2.358316 
H -2.494728 
C -1.976992 
H -1.694342 
H -1.341099 
H -3.008389 
C -1.519523 
H -2.029733 
H -2.142739 
C -1.465663 
H -0.910610 
H -2.482610 
H -1.002578 
end 

!scf 
!iterations 200 

3.000120 0.075683 
3.305077 -0.712411 
•1.060617 1.877372 
•0.803191 2.239841 
-1.399686 3.077502 
-0.070520 3.848427 
0.153745 4.403837 
-0.216992 4.615008 
1.683247 -2.215730 
2.062577 -1.766456 
0.757782 -2.743930 
-2.408677 4.019545 
-1.841591 4.657049 
-2.818711 4.703030 
2.705837 -3.233507 
2.904806 -3.993498 
3.666338 -2.761822 
2.349623 -3.756628 

-3.562828 3.383467 
-4.202043 4.168165 
-3.194398 2.778309 
-4.198460 2.740329 
2.161527 1.010714 

-1.926897 1.209035 
-0.673319 -0.706518 
-1.884547 2.625410 
-1.067197 2.058431 
-2.005748 3.538115 
-3.171859 1.799879 
-4.060072 2.380218 
-3.136987 0.903865 
-3.326353 1.454968 
0.792779 -1.588111 
1.623126 -2.101685 
0.552642 -0.716282 

-0.417184 -2.524483 
-0.208533 -3.449376 
-0.713249 -2.814127 
-1.290457 -2.044554 



Iconverge le-6 le-6 
lend 

endinput 
eor 

HMe4hpp 
Hme4hpp.in 
Hme4hpp.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title Hnie4hpp.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

! charge 

basis 
type TZP 
end 

atones cartesian 
N -0.262888780 0.005353439 1.021661264 



C -0.346353507 1.242038834 1.801099247 
N -1.148733362 0.982661361 2.972170370 
C 0.533298269 0.258187828 -0.183052103 
H 1.542991865 0.594804893 0.093255992 
C -0.160479687 1.329398737 -1.074297300 
C -0.386980503 2.583309640 -0.181700393 
H 0.573461263 3.067989579 0.037815261 
H -0.988610630 3.328941229 -0.713745854 
C 0.348736759 -1.061463398 1.838595462 
H 1.352848387 -0.754918482 2.164975534 
C -0.522494577 -1.414257820 3.082571373 
C -0.749246381 -0.088047902 3.883691569 
H 0.178977888 0.199426132 4.395746560 
H -1.495511897 -0.242407687 4.672392162 
C 0.815238023 1.682471043 -2.235125254 
H 1.758152057 2.053470558 -1.811455109 
H 1.080250396 0.772796301 -2.787818971 
C 0.209058129 -2.414219579 4.033390828 
H 0.882810828 -1.858925906 4.699015711 
H -0.526891174 -2.891049742 4.693262108 
N -1.050932181 2.284200737 1.082220687 
H -2.002984865 1.954261590 0.947999151 
H 0.477110226 -1.953524188 1.215497620 
H 0.662115215 -0.669555180 -0.752431159 
C -1.932158075 -1.963419868 2.672045170 
H -2.458997984 -1.221602889 2.059009613 
H -2.544345893 -2.083930589 3.575937740 
C -1.539254820 0.821435490 -1.607419090 
H -2.051405364 1.638873472 -2.130054212 
H -2.198020469 0.555339683 -0.772175982 
H 0.821928831 -3.192281015 3.564108498 
H -1.959323420 -2.912933342 2.125325674 
H 0.454290066 2.430471072 -2.950267567 
H -1.502057179 -0.043212118 -2.279889796 
end 

!scf 
! iterations 200 
'.converge le-6 le-6 
!end 

endinput 
eor 



HMe4hpp cation 
hme4hppcat.in 
hme4hppcat.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title hme4hppcat.in 
comment 
Purpose 
end 

xc 
Ida vwn 
gga pw91 
end 

unrestricted 

charge 1 1 

relativistic scalar Zora 

basis 
type TZP 
end 

atoms cartesian 
l.N -0.132164 0.045127 1.094460 

2.C -0.708077 1.102612 1.800519 
3.N -1.016487 1.113225 3.056250 
4.C 0.568309 0.287853 -0.165422 
5.H 1.604629 0.639221 0.020751 
6.C -0.154218 1.310572 -1.053629 
7.C -0.366035 2.556619 -0.182159 
8.H 0.621862 3.009573 0.036491 
9.H -0.955805 3.303310 -0.731999 
lO.C 0.406565 -1.045959 1.901010 
l l . H  1.412189 -0.791566 2.294226 



12.C -0.530937 -1.379144 3.067448 
13.C -0.735082 -0.068569 3.856247 
14.H 0.160341 0.119340 4.476503 
15.H -1.565332 -0.209861 4.567167 
16.C 0.735559 1.662392 -2.249486 
17.H 1.701671 2.075664 -1.927971 
18.H 0.932390 0.772936 -2.863864 
19.C 0.121777 -2.437131 3.961778 
20.H 1.109404 -2.110715 4.317006 
21.H -0.504893 -2.634675 4.842291 
22.N -1.097515 2.196262 1.024081 

23.H -1.370164 2.963480 1.632406 
24.H 0.526894 -1.921599 1.243787 
25.H 0.647386 -0.675316 -0.693738 
26.C -1.873386 -1.903830 2.533084 
27.H -2.378913 -1.151785 1.914438 
28.H -2.540330 -2.165340 3.366739 
29.C -1.498201 0.751991 -1.544669 
30.H -2.018130 1.494172 -2.167071 
31.H -2.150733 0.492090 -0.703270 
32.H 0.247376 -3.388521 3.424096 
33.H -1.724338 -2.807000 1.922109 
34.H 0.242961 2.406333 -2.890385 
35.H -1.339417 -0.149124 -2.153964 

end 

endinput 
eor 

Me4hpp anion 
me4hppa.in 
me4hppa.out 

#! /bin/ksh 

$ADFBIN/adf -nl «eor 
title me4hppa.in 
comment 
Puqjose 
geometry optimization 
end 



xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

charge-1 

basis 
type TZP 
end 

atoms cartesian 
N -0.132164 0.045127 1.094460 
C -0.708077 1.102612 1.800519 
N -1.016487 1.113225 3.056250 
C 0.568309 0.287853 -0.165422 
H 1.604629 0.639221 0.020751 
C -0.154218 1.310572 -1.053629 
C -0.366035 2.556619 -0.182159 
H 0.621862 3.009573 0.036491 
H -0.955805 3.303310 -0.731999 
C 0.406565 -1.045959 1.901010 
H 1.412189 -0.791566 2.294226 
C -0.530937 -1.379144 3.067448 
C -0.735082 -0.068569 3.856247 
H 0.160341 0.119340 4.476503 
H -1.565332 -0.209861 4.567167 
C 0.735559 1.662392 -2.249486 
H 1.701671 2.075664 -1.927971 
H 0.932390 0.772936 -2.863864 
C 0.121777 -2.437131 3.961778 
H 1.109404 -2.110715 4.317006 



H -0.504893 -2.634675 4.842291 
N -1.097515 2.196262 1.024081 
H 0.526894 -1.921599 1.243787 
H 0.647386 -0.675316 -0.693738 
C -1.873386 -1.903830 2.533084 
H -2.378913 -1.151785 1.914438 
H -2.540330 -2.165340 3.366739 
C -1.498201 0.751991 -1.544669 
H -2.018130 1.494172 -2.167071 
H -2.150733 0.492090 -0.703270 
H 0.247376 -3.388521 3.424096 
H -1.724338 -2.807000 1.922109 
H 0.242961 2.406333 -2.890385 
H -1.339417 -0.149124 -2.153964 
end 

!scf 
! iterations 200 
!converge le-6 le-6 
lend 

endinput 
eor 

Htbn 
Htbn.in 
Htbn.out 

#! A)in/ksh 

$ADFBIN/adf-nl «eor 
title Htbn.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gg? pw91 
end 



Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 

relativistic scalar Zora 

[charge 

basis 
type TZP 
end 

atoms cartesian 
N -0.034 0.060 0.861 

C -0.049 0.019 -0.584 
H -0.464 0.947 -0.994 

H -0.657 -0.811 -0.965 
C 1.407 -0.134 -1.055 
H 1.941 0.810 -0.881 

H 1.432 -0.323 -2.134 
C 2.134 -1.264 -0.307 
H 3.206 -1.212 -0.525 

H 1.782 -2.238 -0.671 
N 1.925 -1.154 1.131 
H 2.305 -1.932 1.655 
C 0.515 -1.164 1.387 
C -1.304 0.184 1.544 
H -2.050 -0.530 1.171 
H -1.721 1.194 1.497 
C -0.862 -0.187 2.964 
H -0.583 0.718 3.519 
H -1.682 -0.668 3.507 
N 0.308 -1.076 2.805 

end 

!scf 
[iterations 200 
[converge le-6 le-6 
lend 



endinput 
eor 

Htbn cation 
htbncat.in 
Htbncat.out 

#! /bin/ksh 

$ADFBIN/adf-nl «eor 
title htbncat.in 
comment 
Purpose 
end 

xc 
Ida vwn 
gga pw91 
end 

unrestricted 

charge 1 1 

relativistic scalar Zora 

basis 
type TZP 
end 

atoms cartesian 
l.N -0.044809 0.117393 0.854977 

2.C -0.013996 0.027878 -0.600170 
3.H -0.437178 0.949244 -1.023011 
4.H -0.643720 -0.815242 -0.955914 
5.C 1.427362 -0.161777 -1.066497 
6.H 2.007537 0.740497 -0.831241 
7.H 1.450310 -0.309429 -2.153692 
8.C 2.055201 -1.365845 -0.369221 



9.H 3.121903 
lO.H 1.567312 
l l . N  1.931016 
12.H 2.334686 
13.C 0.723008 
14.C -1.343825 
15.H -2.044956 
16.H -1.789050 
17.C -0.941526 
18.H -0.730370 
19.H -1.725152 
20.N 0.285521 

end 

endinput 
eor 

-1.437093 -0.616471 
-2.293356 -0.723838 
-1.207499 1.082191 
-1.950037 1.646763 
-0.790680 1.602912 
0.148965 1.538194 
-0.566562 1.065489 
1.150942 1.505122 

-0.308230 2.956432 
0.562499 3.599017 
-0.898970 3.444215 
-1.103230 2.779314 

tbn anion 
tbna.in 
tbna.out 

#! A)in/ksh 

$ADFBIN/adf-nl «eor 
title tbna.in 
comment 
Purpose 
geometry optimization 
end 

xc 
Ida vwn 
gga pw91 
end 

Geometry 
optim all 
converge E=0.0001 grad=0.001 
!step rad=0.005 
end 

integration=4.5 



relativistic scalar Zora 

charge -1 

basis 
type TZP 
end 

atoms cartesian 
N -0.044809 0.117393 0.854977 

C -0.013996 0.027878 -0.600170 
H -0.437178 0.949244 -1.023011 
H -0.643720 -0.815242 -0.955914 
C 1.427362 -0.161777 -1.066497 
H 2.007537 0.740497 -0.831241 

H 1.450310 -0.309429 -2.153692 
C 2.055201 -1.365845 -0.369221 
H 3.121903 -1.437093 -0.616471 

H 1.567312 -2.293356 -0.723838 
N 1.931016 -1.207499 1.082191 
C 0.723008 -0.790680 1.602912 

C -1.343825 0.148965 1.538194 
H -2.044956 -0.566562 1.065489 
H -1.789050 1.150942 1.505122 
C -0.941526 -0.308230 2.956432 
H -0.730370 0.562499 3.599017 
H -1.725152 -0.898970 3.444215 
N 0.285521 -1.103230 2.779314 

end 

!scf 
'.iterations 200 
Iconverge le-6 le-6 
!end 

endinput 
eor 


