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SHOMO Second Highest Occupied Molecular Orbital 

LUMO Lowest Unoccupied Molecular Orbital 

TTP Tetratol y I porphyrin 

CP Circularly Polarized 

LCP Left Circularly Polarized 

RCP Right Circularly Polarized 

UV Ultraviolet Radiation 

Vis Visible Radiation 

NIR Near Infrared Radiation 

CDA Charge Density Analysis 
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ABSTRACT 

Magnetic Circular Dichroism spectroscopy (MCD) has been used to assign the 

optical spectra in high and low symmetry molybdenyl complexes. High resolution 

single crystal polarized absorption spectra of [PPh4] [MoOCI41 and [AsPh4] 

[MoOCI4(H20)] show two ligand field transitions whose polarization, MCD and vibronic 

fine structure are compatible with previously accepted assignments. In the case of 

[AsPh4] [MoOCI4(H20)]. the splitting of the 2E by spin-orbit coupling is 810(2) cm-I• 

The absorption and MCD spectra of LMoOX2 complexes (where L is hydrotris(3,5-

dimethyl-l-pyrazolyl)borate and X= 0, CI or S) can be interpreted within the same 

framework of ligand field and ligand 1t to metal transitions adopted for [AsPh4] 

[MoOCI4(H20)]. For LMo02+ complexes oCSCH2CH2S- and toluene-3,4-dithiolate, the 

features between -9000 and 16000 cm- I are assigned to transitions from sulfur out-of

plane 1t orbitals to dxy and overlapping ligand field bands. The pattern of intense MCD 

peaks between 17,000 and 35,000 cm- I is assigned to transitions from out-of-plane sulfur 

1t orbitals to molybdenum dxz,yz orbitals. On the basis of these molybdenyl model 

complexes, an interpretation is proposed for the recently reported MCD spectra of 

DMSO reductase. The suitability of variable temperature MCD for identifying 

contributions due to paramagnetic molybdenum(V) in the presence of diamagnetic 

porphyrin centers was investigated. For a molybdenum(V):free-base porphyrin ratio of 

5: 1, the Mo(V) MCD could be clearly identified. In a sample of sulfite oxidase which 
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contained about 25% Mo(V), the temperature dependent MCD signal was not 

significantly above background noise and not assignable as arising from Mo(V). 

The electron density distributions of two compounds were measured by high 

resolution, low temperature X-ray diffraction. As a working example of the technique, 

the deformation density of oxalic acid dihydrate was redetermined and compared to 

multiple reports. Positional and thermal parameters are in excellent agreement while 

deformation density and multi pole populations differ, but are found to be within the 

ranges reported. Using the same techniques, the electron density of the macrocyc1ic 

thioether 1,4,8,11-tetrathiacyc1otetradecane (TTCD) was determined at 100 K. 
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CHAPTER I 

INTRODUCTION 

The dominant paradigm in chemistry today is that experimental observables (such 

as charge and dipole moments) are related to appropriate (quantum mechanically 

defined) wavefunctions through the electron density. Spectroscopic observables are 

electrostatic 
properties 

11 
per) <= I(h) 
n hu 

p'(r) <= r(h) 
U 

electrostatic 

measurements of the energy change 

required to transform the system to a 

different state, with its own electron 

density and defining wavefunction. This 

dissertation deals with two techniques: 

properties 
High Resolution X-Ray crystallography, 

Figure 1.1. Experimental sequence relating 
X-ray diffraction and spectroscopy to the 

which can provide a direct measurement 
electron density. 

electrostatic 
properties 

11 

of the electron density distribution, and 

polarized electronic absorption 

spectroscopy (primarily Magnetic 

\}I(l,2 .. n) => per) => I(h) Circular Dichroism), which is a probe 
n perturbation theory 

\}I' (l ,2 .. n) => p' (r) => l' (h) allowing the inference of the electronic 
U 

electrostatic configuration of excited states. 
properties 

Figure 1.2. Sequence depicting the relations Figure 1.1' illustrates the experimental 
between theoretical wavefunctions and 
quantities derivable from them. sequence linking each technique to the 
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electron density, p(r). I(h) is the X-ray diffraction intensity and hu is the energy 

absorbed (or emitted) in a spectroscopic transition. A prime serves to differentiate the 

two different states. The electrostatic properties are those physical properties such as 

dipole moment, electric potential, and even shape, which are defined by the electron 

density. Given a molecule (p), these properties can be measured; the reverse, 

unfortunately, is not true. Unlike X-ray crystallography where there is a set direct 

relationship between the electron density and the diffraction intensities, spectroscopy 

depends upon using theoretical wave functions to extract the theoretical equivalents of 

the experimental observables for its interpretation. One must always assume that a 

certain change has occurred because the theoretical and experimental energies are the 

same. Figure 1.2 depicts the relationship in this theoretical sequence. Notice that there 

are experimental and theoretical partners for the spectroscopic and X-ray diffraction 

steps in the sequences, but there are no steps for obtaining wavefunctions from electron 

density. There is no experimental way of confirming a certain wave function as the 

unique description of a certain electron density. 

Although absorption spectroscopy and X-ray diffraction may seem to be unrelated 

techniques, they are tied together by the electron density of the molecule being studied. 

Together they theoretically offer a method of experimentally confirming the changes in 

electronic structure upon excitation of a molecule. The first report of combining these 

two techniques was made recently.2 A crystal structure was determined for an excited 

ferricyanide anion complex and compared to the ground state structure. Noticeable 
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differences in the geometry which parallel those expected on a spectroscopic basis were 

seen. While yet to be achieved, this indicates that it is now possible to use both 

spectroscopy and X-ray diffraction to examine changes in electronic structure. The 

experimental techniques described in this dissertation, while not applied to the same 

systems, offer the hope that such an experiment may one day be performed.@) 

Chapter two deals with the spectroscopic probes of high resolution polarized 

absorption spectroscopy and magnetic circular dichroism spectroscopy as they were used 

to examine the UV and visible excited states of molybdenyl compounds. The 

molybdenyl fragment {Mo=0}3+ is observed by EPR during the catalytic cycle of 

pterin-containing oxomolybdenum enzymes.3 While much information about the Mo 

active site has been gathered by a variety of methods, there are few data describing the 

absorption spectra attributable to the {Mo=O} 3+ fragment within any of these enzymes 

due to absorption by other more intense chromophores. On the other hand, the 

electronic spectroscopy of many simple complexes of this fragment and the molecular 

orbital interpretations of the bonding in such complexes have been the subject of 

discussion for over twenty-five years.4.5.6.7.8 Many molybdenyl complexes exhibit 

two low intensity absorption bands in the visible region. Although there is general 

agreement about the assignment of these bands for the high symmetry (C4) emerald 

green [MoOCI4r ion, several questions remain unanswered. To address both the 

questions regarding spectral assignments and the uncovering of molybdenyl absorptions 
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in complex enzymes, the techniques of Magnetic Circular Dichroism (MCD) and single 

crystal polarized absorption spectroscopy have been applied to several molybdenyl 

compounds. In addition to the determination of angular momentum change in a 

transition by the sign of absorbance, the MCD spectrum has an inherent temperature 

dependence which allows absorptions due to paramagnetic species (such as the 

molybdenyl unit) to be separated from those which are due to diamagnetic species. 

These properties are used to definitively assign visible absorption transitions in the 

increasingly complex series: [MoOCI4r; [MoOCI4y]I-/2- (Y= H20, MeOH, Cl) and 

LMoOXY (L= hydrotris(3,5-dimethyl-l-pyrazolyl)borate, X,Y= P-, Cl-, Br-, SR-, OK). 

On the basis of these model compounds, a new interpretation of the recently 

reported9,10 MCD spectra of the molybdoenzyme DMSO reductase is made. Those 

authors, like the first to examine molybdenum MCD II
, were "limited by the paucity 

of good spectral data, especially MCD, on structurally well-defined monomeric Mo(V) 

compounds with a wide variety of ligand types and geometry.,,12 They believed that, 

"the ability to compare the optical properties of Mo(V) in enzymes with those of 

structurally defined models should be of great utility." Our own attempts to determine 

the molybdenum contribution to the MCD spectra of sulfite oxidase and model 

porphyrin-molybdenum mixtures will also be discussed. 

The spectroscopic transitions observed in the above project are due to electron 

redistribution between the ground state and an excited state with a different electron 

distribution. The only experimental method for the direct measurement of the electron 
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distribution in a molecule is that of high resolution low temperature X-ray diffraction. 

The third chapter deals with measuring the ground state electron distribution in a 

macrocyclic tetrathioether. Background theory and experimental considerations are 

explained for this technique. The dissertation closes with an appendix chapter 

describing in detail the experimental apparatus and data processing facilities assembled 

for the X -ray diffraction experiments. 

This X-ray diffraction technique is also called a "Deformation Density Study" 

because one of the most useful presentations of the information obtained is as the 

"deformation" of electron density from unperturbed spherical atoms to that found in a 

molecule "perturbed by bonding". The deformation density can then be used to 

calculate physical properties such as atomic charge and electrostatic potential. While 

this technique is becoming better developed for molecules containing elements lighter 

than chlorine, experimental and theoretical difficulties have made its application to 

transition metals develop slowly. With new state-of-the-art X-ray instrumentation, it is 

possible to overcome these difficulties and observe valence bonding electron density, 

even in the vicinity of a transition metal. To develop this technique to the point where 

it is feasible to examine transition metal compounds, two lighter atom compounds have 

been examined. First, to provide a learning example, the de facto standard of oxalic acid 

dihydrate was examined and compared to multiple reports in the literature. The second 

system examined was the macrocyclic thioether 1,4,8,11-tetrathiacyclotetradecane, the 

results of which provide a sound starting point for the examination of its Ni(II) complex. 



CHAPTER II 

POLARIZED AND MAGNETIC CIRCULAR DICHROISM SPECTROSCOPIC STUDIES OF 

MOLYBDENYL COMPLEXES AS MODELS FOR OXO-MOLYBDENUM ENZYMES 

11.1 Introduction 
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The purpose of this study is to explore the application of Magnetic Circular 

Dichroism Spectroscopy (MCD) to molybdenyl complexes. The goals of this study are 

to further the understanding of bonding in such complexes and to examine the use of 

MCD for the elucidation of the structure of molybdenum active sites in pterin-containing 

molybdenum enzymes. An important prerequisite to detailed understanding of the MCD 

spectra from molybdenum enzymes is a systematic investigation and analysis of the 

MCD spectra from well-characterized molybdenum(V) complexes. Following a brief 

presentation of the history of molybdenyl chemistry and the MCD technique, this study 

commences with a detailed re-investigation of the absorption spectra and complementary 

new MCD spectra of the high symmetry [MoOCI4r (C4v) and [MoOCI4(H20)r ions. 

In the next section, lower symmetry (Cs or C1) model complexes of the type LMoOXY 

(where L is hydrotris(3,5-dimethyl-l-pyrazolyl)borate and X,Y = halide, 0, or S donor 

atoms, vide infra, Figure 11.2) are examined by UV -Vis absorption and MCD techniques. 

Their spectral features are assigned with reference to the higher symmetry compounds. 

The chapter concludes with a discussion of the implications of the MCD spectra of 
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structurally defined model complexes for the recently reported low-temperature MCD 

spectra for DMSO reductases JO
,9 and suggestions for future work in this area. 

11.1.1 Background of MolybdenyI Chemistry 

The molybdenyl ion, a tightly bonded Mo v and 0 2
- unit, has attracted attention for 

over thirty years. It is found in industrial catalysts, has been detected in molybdenum 

containing enzymes, and was one of the premier examples of the use of molecular 

orbital theory to explain bonding in inorganic complexes. 13 In the first issue of 

Inorganic Chemistry, Carl Ballhausen and Harry Gray described the bonding in the 

vanadyl ion, V02+, utilizing molecular orbital theory.14 Contrary to the prevailing 

electrostatic models consisting of vanadium4+ and oxide2
- ions, the stability of such 

metaloxy cations and their spectra could be explained in terms of molecular orbitals 

which included the existence of considerable oxygen to metaln-bonding. This multiple 

bonding of oxygen to metal also explained the very short metal-oxo bond observed in 

the crystal structure of VO(H20)s S04' In the following issue, this MO scheme was 

extended by Gray and Hare to include the isoelectronic chromyl and molybdenyl 

cations. ls
,7 In the thirty years following, the basic validity of this description has been 

upheld many times. 16 The major point of controversy involving these compounds has 

concerned assignment of ligand field versus charge transfer transitions, especially in 

cases where they may overlap.SA The original MO description7 did not take into 

account any of the other ligands, other than the assumption that they were cr only 
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donors. An apparently consistent assignment which takes charge transfer transitions 

from the other ligands into account has recently been made.4 This account ties 

molybdenyl, chromyl and vanadyl compounds to the original Gray and Hare MO 

picture. 
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Figure 11.1. Partial molecular orbital diagram of mono oxo-containing complexes with 
octahedral geometry.7 

The molecular orbital description of the metal-oxy cations began with the 

assumption that it was best described as a tetragonally distorted octahedron in which the 

molecular field is dominated by the axial M-O interaction. The utility of pseudo-
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octahedral geometry is evident because 0' and 1t orbitals do not mix in this geometry. 

Figure 11.1 shows the portion of this bonding scheme of interest for the metal oxygen 

bonds. All octahedral complexes have essentially the same framework of a-bonding 

orbitals, regardless of 1t interactions. In 0h symmetry, the five metal d orbitals split into 

a degenerate eg set (dx2•y2' dz2) of cl character and a nonbonding t2g set (dxy ' dxz' dyz). 

Addition of the tetragonally distorting oxo group (a cylindrically symmetric ligand 

capable of making one 0' and two 1t bonds) lowers the symmetry to C4v and splits the 

degeneracies of both the eg and t2g orbitals (Figure 11.1, right side). The composition 

of the eg set changes only slightly since both orbitals remain 0'*, but the composition and 

energies of the t2g orbitals change substantially upon splitting. The dxy orbital remains 

non-bonding, while the dxz and dyz orbitals are both equally involved in 1t-bonding to 

the oxo group resulting in a metal-oxygen triple bond. The full formal triple bond is 

only maintained when no other ligand has 1t interactions. In practice this is observed 

only for the five-coordinate oxo-tetrahalides. Most other molybdenyl complexes have 

molybdenum-oxo bond orders in the range of 2.0-2.5. 

Throughout these years of research, the pseudo-octahedral geometry has 

consistently predominated the arrangement of atoms about molybdenum structurally 

characterized complexes of the molybdenyl cation. 16 While the most common 

geometry found is six-coordinate pseudo-octahedral, five-coordinate square pyramidal 

geometry is also common. The molecular orbital scheme presented above is also 

applicable to these species. Ligands binding to the sixth, or trans, position are always 
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weakly bonded and easily displaced. Spectra of related five- and six-coordinate 

complexes are only slightly affected by the nature or even presence of the sixth ligand. 

The weak bonding and slight spectral perturbations due to an axial ligand opposite the 

terminal oxo group are illustrations of the "trans effect". The most extensive 

spectroscopic examinations have been on the high symmetry (C4v) MOOX4orSI-/2- (X = 

halogen) compounds.4 Another extensively examined class is the MoO(SR)4- (R = 

alkyl or aryl, sometimes chelating) compounds, which have been prepared as enzyme 

models. 17,18 Lower symmetry compounds of the type L3MoOX2 where L3 is three 

monodentate ligands (like phosphine) or a tridentate ligand (like the facially coordinating 

hydrotrispyrazolylborate l9,20 or the meridionally coordinating Schiff base 

salicylaldehyde thiosemicarbazone21 ) are now also becoming well studied and 

understood. 

Upon examination of the absorption spectra of M003+ compounds, certain features 

have come to be seen as characteristic of the Mo03+ unit. The ligand field transitions 

are remarkably consistent, regardless of the equatorial ligands. The lowest energy ligand 

field transition, from dxy to the degenerate dxz and dyz orbitals, is always broad and 

usually shows a single peak centered between 12000 and 18000 cm- I
. It is this band 

that gives the characteristic green color to those molybdenyl compounds without low 

energy charge transfer transitions. When not obscured by charge transfer transitions, the 

second ligand field transition, dxy to dx2-y2' is usually a narrow peak observed between 

20000 and 26000 cm- I
. This transition is a measure of lODq for the equatorial ligands 
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and its shifts follow the spectrochemical series. Low energy (<18000 cm-') absorption 

bands are usually a sign of sulfur donors and/or unsaturated ligands. 

11.1.2 Trispyrazolylborate Molybdenyl Compounds 

The bulky hydrotris(3,5-dimethyl-I-pyrazolyl)borate ligand (L) is an inexpensive 

and easily synthesized tridentate ligand that stabilizes a wide range of mononuclear oxo-

Mo(V) complexes of the general form LMoOXY, where X and Y are mono-anionic 

Figure 11.2. Structure of the LMoOXY compounds. 
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ligands. 19 The steric requirements of L impose six-coordinate lac stereochemistry on 

the complexes and consequently the 0, X, and, Y ligands are mutually cis to one another 

(Figure II.2). Complexes utilizing L have become quite popular because of their ability 

to inhibit dimerization reactions that plague the synthesis of monomeric 

oxomolybdenum(V) compounds. Oxomolybdenum(V) complexes are easily hydrolyzed 

by trace amounts of water to diamagnetic binuclear species as shown in equation (11.1). 

[MO=O]3+ + [MO=O]3+ + H20 --> [O=Mo-(1l-0)-Mo=O]4+ + 2H+ (11.1) 

[O=Mo-(1l-0)-Mo=O]4+ + H20 --> [O=Mo-(1l-0)2-Mo=O]2+ + 2H+ 

The steric bulk and cone angle of the trispyrazolylborate ligands may be varied by using 

different R groups in the place of the methyl groups in the 3 and 5 positions. 

11.1.3 Oxo-Molybdenum Enzymes 

Molybdenum is the only element of the second or third transition series that is 

essential for life. 13 This requirement is due to a number of molybdenum-containing 

enzymes22 which catalyze a variety of life supporting oxidation-reduction reactions. 

The molybdoenzymes are present in organisms ranging from plimitive bacteria to 

mammals and .can be separated into two main classes based on their function. There are 

the nitrogenases which utilize a molybdenum-iron-sulfur cluster (FeMoco) to catalyze 

the six-electron reduction of atmospheric dinitrogen to ammonia and the oxotransferases 

(or hydroxylases), which contain a monomeric molybdenum cofactor (Moco) that 
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Table 11.1. A selection of the molybdoenzymes. 

Enzyme Reaction Catalyzed Prosthetic Groups 

C-H Hydroxylation in Nitrogen Heterocycles 

Xanthine Oxidase RH + H20--? 4[2Fe-2S] 

ROH + 2W + 2e" 2FAD 
2 Moco 

Carbon Metabolism 

Aldehyde oxidase RH + H20--? 4[2Fe-2S] 
ROH + 2H+ + 2e" 2 FAD 

2 Moco 

Formate HCOO"--? II[Fe-S]? 
Dehydrogenase CO2 + H+ + 2e" 1 Moco 

Carbon monoxide CO + H20--? 4[2Fe-2S] 
oxidoreductase CO2 + 2H+ + 2e" 2 FAD 

2 Se 
2 Moco 

Nitrogen Metabolism 

Nitrate reductase N03" + 2W + 2e" --? 2 FAD 
N02" + H2O 11 cytochrome 

2 Moco 

Sulfur Metabolism 

DMSO reductase (CH3hSO + 2W + 2e" --? 1 Moco 

(CH3hS + Hp 

Sulfite Oxidase sot + H20 --? 2 cytochrome b 

sol + 2H+ + 2e" 2 Moco 

Nitrogen Fixation 

Nitrogenase N2 + 6H+ + 6e" --? 2[4Fe-4S] 

2NH3 1 MoFe7Sg 
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catalytically transfers an oxygen atom to or from a substrate. Some of the various 

molybdoenzymes3,23 their known prosthetic groups and the reactions they catalyze are 

shown in Table 11.1. Evidence that Moco is common to all of the oxotransferases comes 

from studies24 of a cofactor deficient mutant form of nitrate reductase called nit-i. 

Extracts of this mutant are inactive as isolated, but become activated in the presence of 

molybdenum cofactor released from solutions of other purified molybdoenzymes. 

Moco has thus far eluded isolation and characterization. Still, much is known 

from studies of its degradation products and the enzymes themselves.25,26,27 The 

o~ I /8 
~Mo/ 

E ~ '" "s 

OH 

OPO 
3 

o 

Figure 11.3. Proposed structure of the Molybdenum cofactor. No stereochemistry at the 
Mo is implied. E = S for cyanolyzable enzymes, E = 0 otherwise. The exact oxidation 
state of the pterin ring is not known. 
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presence of a pteridine derivative in the cofactor has been established from oxidative 

degradation and fluorescence studies. The pterin is proposed to be coordinated to the 

molybdenum through a dithiolene unit that contains the 6-alkylpterin and a phosphate 

ester as sidechains. The exact form and oxidation state of the pterin and dithiolene are 

still a matter of much debate; the tetrahydro form of the pterin coordinated to a fully 

oxidized molybdenum is shown in Figure 11.3. 

While optical spectroscopy has been a dominant technique in the examination of 

simple molybdenyl compounds, electron paramagnetic resonance (EPR) spectroscopy 

and X-ray absorption techniques28 (EXAFS and XANES) have provided the bulk of 

structural information about the molybdenum environment within the enzymes. These 

data suggest that all oxomolybdenum enzymes possess a mononuclear molybdenum site 

with at least two thiolato groups and one terminal oxo ligand in all three molybdenum 

oxidation states of the cofactor. In the oxidized Mo(VI) state, a classification of the 

enzymes can be made based on the observation of a terminal sulfido group. Thus in 

Figure 11.3, E = S for 'cyanolyzable' enzymes such as xanthine oxidase, but E=O for 

those like sulfite oxidase and DMSO reductase. 

Mo oxidation states IV, V, VI are the only ones detected in the oxomolybdenum 

enzymes.3 This observation can be rationalized by taking into account two factors. 

First, any lower oxidation states would require occupation of a pi antibonding orbital in 

the molybdenyl group which would destabilize the complex by weakening the terminal 

oxo bond. Secondly, the Mo(VI) oxidation and Mo(IV) reduction potentials are outside 
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the range normally encountered in physiological reactions. That the Mo(IV -VI) 

oxidation states are reachable under physiological conditions is an important factor in 

the presence of this metal in these enzymes. Enzymes in which chromium or tungsten 

have been substituted for molybdenum do not show activity. Unfortunately, the 

molybdenum potentials are usually quite close to those of other prosthetic groups in the 

enzyme and thus mixtures of oxidation states are more the rule than the exception in 

these systems. In most experiments, one wishes to guarantee a certain known oxidation 

state for each prosthetic group. In many cases, because of the close redox potentials, 

this is not possible except for the fully oxidized and fully reduced extremes. Two 

approaches to this problem have been used -- design the experiment to be blind to the 

unwanted oxidation states (such as EPR to Mo(IV or VI» or modify/remove the 

prosthetic group so that only the desired oxidation state is present (such as the binding 

of ethylene glycol to stabilize Mo(V) or the removal of a heme domain by proteolysis). 

To retain as much information as possible about the active enzyme, the modification 

option should be avoided whenever possible. 

Both of these approaches have been used in the design of MCD experiments on 

enzymes. Variable temperature magnetic circular dichroism (VTMCD) offers, in 

principle, a way of locating optical absorbances of paramagnetic species (such as 

Mo(V» in the presence of more highly absorbing diamagnetic species. This is possible 

because the MCD spectra of paramagnetic species are temperature dependent, with the 

signal increasing dramatically in intensity upon cooling to temperatures near that of 
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liquid helium. Diamagnetic species give MeD spectra which are invariant to 

temperature, which means that in a mixture, the spectrum at liquid-He temperatures will 

show the maximum contribution from the paramagnetic species. If the paramagnetic 

species does not dominate the spectrum at that temperature, the increase in intensity 

between 298 and 4.2 K of (typically) 100 times can be obtained through a difference 

spectrum. 

Three oxo-molybdenum enzymes have been examined by MeD techniques. Some 

further background information on these enzymes will be useful when discussing 

experiments performed on them. The results of these previous experiments were not 

fully interpretable without additional studies on model compounds, making the present 

studies particularly timely. 

Xanthine oxidase was the first molybdenum enzyme studied by MeD. Djerassi 

and coworkers initially examined it in 1971. II Room temperature spectra were collected 

on freshly isolated samples of the enzyme (oxidation states not reported) and the 

observed features were attributed to the enzymes iron-sulfur clusters, and further 

compared to those iron-sulfur clusters found in spinach ferredoxin. Farther into the UV, 

between 200 and 300 nm, the observed MeD was attributed to absorption by the protein 

backbone. Tryptophan gives an MeD peak which is not overlapped by other amino 

acids. The group proposed that 23-24 tryptophan residues were present in the enzyme 

based on quantitation using Beer's law. 
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Fifteen years later, in 1986, VTMCD made possible the first detection of 

molybdenu,? absorbances in the presence of other chromophoric centers. 12 An inactive 

form of the enzyme was examined after preparative treatment with cyanide to remove 

the terminal sulfur (the E in Figure II.3), treatment with ethanediol to prevent oxidation 

or reduction of the molybdenum center (still only 50% of the Mo is Mo(V», and air 

oxidation to place the iron-sulfur clusters and FAD (Table ILl) in diamagnetic states. 

This sequence probably left the Mo with a minimum ligand set composed of a terminal 

oxo, two alkoxides from the ethanediol and two sulfurs from the cofactor. All of the 

temperature dependent features observed (between 300 and 550 nm) were arbitrarily 

assigned to sulfur to Mo charge transfer transitions. No attempt was made to explain 

the temperature independent portion of the spectrum, which, incidentally, resembled that 

previously collected 15 years earlier. 

DMSO reductase is the only known molybdoenzyme without additional 

chromophoric centers or prosthetic groups.29 Both the native (-25% Mo(V» and a 

glycerol inhibited (almost completely Mo(V» form of the enzyme have been examined 

by MCD. IO,9 In both cases, the reported helium temperature VTMCD was dominated 

by absorbances attributable to the molybdenum. The spectra have been explained as a 

series of transitions from three dithiolene orbitals to two metal d orbitals. We will 

return to these MCD spectra in section 11.7.2 in order to compare them with the spectra 

of the model compounds to be discussed. 
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Very preliminary MCD studies of sulfite oxidase were carried out as part of the 

present study. The initial results of these studies are reported herein. Sulfite oxidase 

is a dimeric enzyme containing two identical sub-units with a total mass of 110 kDa. 

Each subunit contains one molybdopterin site and one cytochrome hs-type heme center. 

The enzyme resides in the intermembrane space of the mitochondria and catalyzes the 

oxidation of sulfite to sulfate by means of a dioxo-Mo VI center (Table ILl). Under 

physiological conditions, the enzyme is re-oxidized by two intermolecular one-electron 

redox reactions with cytochrome c. The proposed catalytic cycle for sulfite oxidase 

requires a two-electron process at the molybdenum site (Mo VI /Mol v) and a ~me-electron 

process at the heme center (FeIII/Fe"). Studies with the native enzyme have indicated 

that the pteridine of Moco is redox inactive, but may be involved in enzymatic function 

by controlling the oxidation-reduction potential of molybdenum or participating in direct 

electron transfer processes. Reduction by substrate without an oxidant present results 

in a Mo(V)/Fe(II) state. Excess sulfite will convert all of the iron centers to the Fe(II) 

state, but the relative amounts of Mo(IV) and Mo(V) are not known. In this situation, 

Mo(V) is the only paramagnetic species present because the Mo(VIIV) reduction 

potential is well separated from the Fe(IIIIII) potential and therefore reduction of Mo(V) 

by Fe(II) is not thermodynamically favorable.3° 
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11.2 The Spectroscopic Techniques 

The following description of polarized spectroscopies are based on four very well 

written documents. I list them in order of difficulty and specialization. The first is 

Solomon's "Inorganic Spectroscopy - An Overview,,31, which is supplemented by his 

class notes for Chemistry 253, Physical Inorganic Chemistry.32 These texts are a very 

broad overview and sufficient theory to attack problems. The second is Lever's 

"Inorganic Electronic Spectroscopy,m, which contains a huge collection of theory, 

techniques, and reviews of known inorganic systems. A beginning text specializing in 

circularly polarized techniques is Johnson's "CD and MCD Spectroscopy,,34. It is easy 

to read and contains a minimum of math, although the equations below are taken from 

there. The so called "bible" of MCD is Piepho and Schatz's "Group Theory in 

Spectroscopy,,35. This is a very detailed and technical derivation of all aspects of 

electronic spectroscopy, with special attention to MCD and group theoretical techniques. 

11.2.1 Polarized Spectroscopy 

11.2.1.1 Polarized Light 

A circularly polarized beam of light34 is one in which the electric vector rotates 

uniformly about the direction of propagation of the beam by 2n during each cycle, the 

vector tip making the motion of a helix at any given instant in time. Right and left 

circularly polarized light move in clockwise and counter-clockwise directions, 

respectively, from the viewpoint of an observer facing the oncoming beam (Figure IIAa 

and b). Circularly polarized light waves are the building blocks of linear, elliptically 
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Figure 11.4. Depiction of right and left circularly polarized light, and their sum, linearly 
polarized light. 
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and unpolarized light. The classical expressions of each are most easily written and 

understood in terms of linearly polarized wave forms. The electric vector of x- or y

polarized light, Ex or Ey , propagating along the z direction can be written 

(11.2) 

Ex = iEocos[21tV(t - ndc)] 

(11.3) 

Ey = jEocos[21tV(t - ndc)] 

where i and j are unit vectors along the x- and y-axes, respectively, V is the frequency, 

t is time, n is the refractive index of the medium, and c is the speed of light in a 

vacuum. Ex is depicted in Figure H.4c. Introducing a phase difference of rc/2 into the 

y-polarized component and some simple trigonometry gives 

(11.4) 

Ey = ±jEosin[21tV(t - ndc)] 

which is depicted in Figure H.4d. As illustrated by adding a and b in Figure H.4 to get 

c, plane polarized light is the resultant of left and right circularly polarized beams of the 

same amplitude moving in phase at the same velocity. Alternatively, circularly 

polarized light is the sum or difference of plane polarized light propagating along the 

same axis with the same amplitude and velocity, but rc/2 out of phase and with E 

vectors perpendicular. Thus the vector addition of equations (II.2) and (11.4) gives 

expressions for the electric vector of left and right circularly polarized light, E+ and g, 

respectively. Pictorially in Figure II.4, this means c + d = band c - d = a. 
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(11.5) 

EL,R == E± = Eo{icos[2rrv(t - nzlc)] ± jsin[2rrv(t - nzlc)]} = Ex ± Ey 

11.2.1.2 Absorption Mechanisms 

Electronic transitions34,33 may occur through electric dipole, magnetic dipole or 

electric quadrupole mechanisms. Only the first two are of practical importance for 

transition metal elements. The dipole strength for electric dipole and magnetic dipole 

intensities are given by the square of the electric and magnetic dipole transition 

moments: 

(11.6) 

(11.7) 

Dm = ('¥dl1m I 'Ill 
where I1c and 11m are the electric and magnetic dipole moment operators and 'IIi and '¥j 

are the ground and excited state wave functions, respectively. Dc is typically five orders 

of magnitude larger than Din' and absorption intensity originates primarily from the 

former. I1c transforms as a translation since electric dipole intensity arises from a 

translation of charge, whereas 11m transforms as a rotation since magnetic dipole intensity 

arises from a rotation of charge. When charge is moved in a helical path, the 

translational motion produces an electric dipole moment while the rotational motion 

results in a magnetic dipole moment. Thus, the basis of optical activity (natural circular 
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dichroism) is that a transition is required to be both electric and magnetic dipole 

allowed. As the dipole strength of an absorption is the square of the transition moment, 

the rotational strength of a CD transition, R, is the scalar product of the electric and 

magnetic dipole transition moments: 

(11.8) 

where 1m indicates that the imaginary part is to be taken. Structurally, the origin of 

natural CD is an asymmetry in the charge distribution about the chromophore generating 

an electric field gradient. The electric field gradient causes the electrons to move in a 

helical path on excitation which may then absorb left or right circularly polarized light 

to a greater extent depending on the handedness of the helix. It can be shown that any 

molecule containing a rotation-reflection axis (Sn' including SI= mirror plane and S2= 

inversion center) will not be naturally optically active, since the symmetry of the 

molecule precludes any asymmetric charge distribution. 

Yet all substances show optical activity when placed in a magnetic field that is 

parallel to the light path. This effect was first discovered by, and is named for, Michael 

Faraday.36 In the Faraday effect, a magnetic field perturbs the electronic states of a 

chromophore so as to favor the absorption of either left or right circularly polarized light 

in a particular transition. Several experiments may be performed to measure the 

Faraday effect. Optical Rotary Dispersion (ORD) measures the difference in refractive 

indices for left and right circularly polarized light (which manifests itself as a rotation 
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of the plane of polarization of a plane polarized light beam). Magnetic Circular 

Dichroism (MCD) measures (as does CD) the difference in absorption coefficients for 

left and right circularly polarized light. For experimental reasons37, MCD has become 

the preferred method for examining this effect. The multiple mechanisms leading to the 

Faraday effect will be examined below. It is useful to examine the effects of a magnetic 

field on a molecule first. 

It is important to note that CD and MCD are distinctly different phenomena which 

produce the same effect. They both may be present simultaneously and are additive in 

that case. Because they do not arise frQm the same mechanisms, we should not expect 

the same direct relation between molecular stereochemistry and MCD as we find with 

natural CD. 

11.2.1.3 Effects of a Magnetic Field 

The effect of a magnetic field33
,31 on a molecule is to perturb the energies of the 

electronic states such that the degeneracy of states with angular momentum will be lifted 

(often split according to energy). The Hamiltonian describing this is the Zeeman 

operator, which is the scalar product of the magnetic moment operator, 11, and the 

applied field, H, 

iI = -(l'B = PCL+2S)'H (11.9) 
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where ~ is the Bohr magneton and Land S are the sum of the individual electron orbital 

and spin angular momentum operators, respectively. The first order perturbation to the 

energy of a state is then 

(11.10) 

where the g factor is that from EPR spectroscopy and is the experimentally determined 

value for the above matrix element. Note that it contains components from both the 

orbital angular momentum, L, and the spin angular momentum, S. The total angular 

momentum, J, is given by L+S and, for atoms with Russell-Saunders coupling, the g 

factor can be calculated38 as 

=1 + J(J+ 1)-L(L+ 1)+S(S+ 1) 
g 2l(J+l) 

(11.11) 

As it turns out, of all the possible combinations of spin and orbital angular 

momentum, we only need to consider three classifications for the sake of illustrating 

MCD absorption mechanisms. First, let us examine the case of a degenerate excited 

state. As an example consider an S2 ground configuration with an empty set of three 

(degenerate to start) p orbitals at some higher energy, providing an orbital degeneracy. 

As the s orbital has zero orbital angular momenta and the singlet state has zero spin, it 

will not be perturbed to first order; g will be zero. The Slpl (singlet) state, however, 
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Figure 11.5. Splitting of IS and Ip states by a magnetic field. 

will be split into three components with mt (=mj ) equal to +1, 0, and -1, respectively, 

separated in energy by I~H, as depicted in Figure II.5. 

Now, let us consider the case where the ground state is degenerate. As an 

example, both ground and excited states are of s I configuration, illustrating spin 

degeneracy. The doublet state has spin of 1/2, a so called Kramers doublet, which will 

split in the magnetic field to give two components with ms (=mj ) equal to +112 and -112, 

as pictured in Figure 11.6. In this case, the energy separation will be 2~H. 
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Figure 11.6. Effect of a magnetic field on a spin degenerate Kramers doublet. 

Since the intensity of a transition will be proportional to the population of the 

initial state, we should now note that the relative populations of two states, say A (lower 

in energy) and J (higher in energy), will be given by the Boltzman distribution39 

(11.12) 

In magnetic fields of around one Tesla, the energy differences between the Zeeman split 

states will be on the order of 1 cm- I . Values of kT at 4.2 K and room temperature are 

3 and 200 cm- I respectively. Thus, at room temperature, the magnetically split levels 
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will be equally populated, while at liquid helium temperatures, the lower energy level 

will have the substantially greater population. 

The third class is one that all molecules, including those above with ground and/or 

excited state degeneracies, belong to. It is the primary process, although smallest in 

magnitude, which leads to the Faraday effect and accounts for its universal nature. 

Through a second order Zeeman perturbation, which is quadratic in H, any state may 

be mixed with any other state to a degree which is proportional to its energy difference. 

Figure 11.7 depicts this mixing for an arbitrary excited state J, with states KI-K3 close 

by in energy. The ground state is assumed to be well separated from other states in 

energy. 

While atomic orbitals were used in the examples, the results hold equally true for 

molecular orbitals. Simply replace the atomic orbital name with the corresponding 

group theoretical degeneracy label and accept the additional difficulties in calculating 

the angular momentum. 

11.2.1.4 Effects of Orientation 

There are two separate orientation effects which need to be considered when 

predicting absorption characteristics. The first is the alignment of the light path and the 

magnetic field34
, assuming a magnetic field is present, which leads to angular 

momentum selection rules. The second is the alignment of the E vector of the light 

with the dipole moment vector of the molecular transition, which leads to molecular 
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Figure 11.7. Mixing of states close in energy by a magnetic field. 

orientation selection rules.33 
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By considering transitions between hydrogenic atomic orbitals for which the 

angular momentum of an orbital is given by its spherical harmonics quantum number, 

the selection rules for polarized light acting on an atom perturbed by a magnetic field 

have been worked out. The results for plane polarized light are that for z-polarized light 

tl.m[ = 0 and for x- and y- polarized light Cl.m[ = ±l. For circularly polarized light the 

selection rules are tilll[ = + 1 for left circularly polarized light and tilll[ = -1 for right 

circularly polarized light. The consequences of this for plane polarized light are the 
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observations of the classical Zeeman experiment, which can determine magnetic 

splittings as long as the splitting is greater in energy than the band width. In the 

Zeeman experiment, two spectra are observable, the (J' (with electric vector of light 

perpendicular to the magnetic field) and 1t (with the electric vector parallel to the 

magnetic field). Returning to the IS--?Ip example in Figure 11.5, the (J' spectrum would 

include both the ilm/= 1 and ilm/=-l transitions and could be observed with light 

propagating parallel or perpendicular to the magnetic field. The 1t spectrum will contain 

only the ilm/=O transition and can only be observed in a geometry in which the light 

beaf!l and magnetic field are perpendicular. For circularly polarized light, the 

consequences of magnetic splitting result in the Faraday effect. The (J' spectrum 

becomes a single right circularly polarized peak and a single left circularly polarized 

peak. The 1t spectrum shows no peaks as the absorption is only plane polarized. 

Technically, the above is a special case of orientation selection rules. It seems proper 

to separate them, however, because the magnetic field is an outside influence and the 

atomic orbitals provide a simple example. 

In general, orientation selection rules are derived from a group theoretical 

examination of the transition dipole moment in equations 11.5 and 11.6. Using group 

theory one can quickly and easily determine if the transition dipole moment integral 

must be zero, and therefore forbidden. 33 In order to be non-zero, the triple product of 

\P n' fl, and \}Ij must contain the totally symmetric representation. Tables showing the 

product of different representations in the appropriate symmetry are available.4o 
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Because the symmetries of \{Ia and \{Ij are fixed to be a single representation while /J 

may contain up to three components, it is /J which determines what orientation of light 

will be absorbed in an allowed transition. 

11.2.2 MCD Theory 

As discussed previously, the effects of a magnetic field will not only perturb the 

electronic states in predictable ways, but they wiII also quantitize their angular 

momentum (strictly only the z component). Taken together, these effects result in the 

observation of MCD. Due to them, MCD intensity can be separated into three 

independent contributions:34,35.36.41.37,42,43 the Zeeman splitting of the A~J 

transition; the change in transition intensity due to intermixing of zero field states by the 

magnetic field; and the population differences among the ground state Zeeman sublevels. 

These are referred to as A, B, and C terms respectively. Each term is physically, as well 

as mathematically, definable and can be separated based on its temperature dependence 

and band shape properties. We wiII now examine each in turn. 

In thinking of the effects of a magnetic field and its orientation, we considered the 

spectra to be composed of atomic line transitions. This is generally not the case with 

metal complexes and biological molecules which give rise to broad band spectra. In 

examining each of the mechanisms contributing to MCD absorption, we will assume a 

Gaussian shaped peak centered at the transition energy and return for a more detailed 

look when examining the total band in section II.2.2.4. 
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11.2.2.1 A terms 

A terms depend upon degeneracy in either the ground or excited states (or both) 

for intensity. Consider the IS-7l p transition of Figure II.5 again. In the absence of a 

magnetic field, it will exhibit the absorption band, CAbs' depicted in Figure II.8. When 

exposed to circularly polarized light, two transitions will occur at the same wavelength 

- one right circularly polarized (cR)' the other left circularly polarized (EL) - whose sum 

will be the absorption band. In this instance, no induced CD will be observed because 

the energies and peak shapes of ER and cL will be the same and will cancel. In the 

magnetic field, however, the excited state will be split as mentioned earlier (Figure 11.5). 

The resulting magnetically distinct transitions will absorb either left or right circularly 

polarized light with equal intensity, but, when plotted as the difference (.1E=EL-cR)' will 

have opposite sign and will be centered at different energies. The resulting MCD 

spectrum (.1c) will have a shape which is the derivative of the absorption band crossing 

zero at the absorption band maximum. This spectrum is called an A term. When an A 

term has its positive component to higher energy, it is designated a positive A term; a 

negative A term has the negative component to higher energy. The intensity of an A 

term is independent of temperature. 

Calculation of the electric dipole transition moments for a situation leading to the 

A term behavior described above leads to a parameter, A /' which is proportional to the 

differential absorbance that a transition (A-7J) would display in the MCD experiment. 

For the case of an oriented or isotropic molecule, with light propagating parallel to a 
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Figure II.S. Absorption patterns leading to an MCD A-term. 
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magnetic field applied along the molecular z axis, A J is34 

A= 1 
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(11.13) 

Aa and h are the ground and excited states, respectively, with components a and A.. dA 

is the degeneracy of the state Aa' The basis functions for states A and J are chosen to 

be diagonal in Ilz; m. and m+ are the electric dipole moment operators for left and right 

circularly polarized light, respectively. 

11.2.2.2 C terms 

C terms require degeneracy in the ground state since their intensity is due to the 

difference in population of the ground state components. For the example shown earlier 

in Figure II.6, a single absorption peak will be observed (cAbs in Figure II.9), with or 

without the magnetic field. Again, no induced CD will be observed without the 

magnetic field because the degenerate ground state components will absorb left and right 

circularly polarized light with equal intensity and at the same energy. When the 

magnetic field is applied, the ground state components split in energy and the right and 

left CP transitions will absorb at slightly different energies. The intensities will differ 

in this case because the they will depend on the populations of each component, 

according to the Boltzman distribution. The result will be a net MCD band (~E) whose 
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shape and position are essentially the same as that of the absorption band, but which 

may be of either sign. The intensity, however, will vary dramatically and will depend 

inversely on the temperature. At room temperature, the CP absorbances will be of equal 

intensity and the resulting MCn may not be detectable. At liquid helium temperatures, 
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almost the entire population will be in the lower energy (ms=-Y2) level which takes part 

in the left CP transition, giving rise to a positive MCD peak in this example. 

Following the methods of calculating the parameter A j , the parameter Co is used 

to describe the intensity of a C term. For the same orientation conditions described for 

the A term, Co is34 

(11.14) 

where all symbols were described above for A j • 

Note that when both ground and excited states are degenerate there are 

contributions from both C and A terms. If only the ground state is degenerate then the 

A term equation reduces to that of the C term because the matrix element describing the 

splitting of the excited state is zero. 

11.2.2.2.1 Pseudo-A terms 

A common feature observed in paramagnetic MCD spectra is the "pseudo-A 

term". The feature arises when two oppositely signed C-terms overlap. The resulting 

derivative shaped spectral feature crosses zero at the point of maximum absorbance, as 

an A-term does, but the temperature dependence shows it to arise from C terms. 

Pseudo-A terms resulting from oppositely signed C-terms are commonly encountered for 

transitions to spin-orbit or ligand field split components of an otherwise orbitally 
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Figure 11.10. Origin of a "Pseudo-A Term", which is actually two overlapping C-Terms. 
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degenerate excited state. An example of this situation is depicted in Figure 11.10, where 

the individual CP transitions (in the low symmetry of a magnetic field) are shown for 

a normally high symmetry system 2B~2E transition. The numbered curves represent 

the absorbancies of the CP transitions depicted in the upper right hand corner of 

Figure ILlD. In that orbital diagram, the E state is first split by spin-orbit coupling 

and/or a slightly lower symmetry ligand field; splitting by the magnetic field then gives 

the four levels shown. The ground state, B, is split only by the magnetic field. In the 

absorption spectrum, which is the sum of all four CP transitions, only a single peak is 

observed (-720 nm, thick solid line). In the MCD spectrum, which is the difference 

between LCP and RCP transitions, the pseudo-A feature crosses at 720 nm (thin solid 

line). The splitting energies assumed in this figure are 50 nm for the spin-orbit and 2 

nm for the Zeeman perturbations. The peak heights of the individual numbered curves 

represent a population in the ground state sublevels of approximately 2: 1. As the peak 

widths become smaller than the spin-orbit or ligand field splitting, then the spectrum 

will appear more like two separate transitions. 

11.2.2.3 B terms 

B terms will exist for any transition, regardless of ground or excited state 

degeneracies. They arise from a second order Zeeman effect which causes mixing of 

electronic states when subjected to a magnetic field, as was shown pictorially In 

Figure 11.7. In this case, without a magnetic field, the absorption peak, EAbs ' in 
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Figure II.II will be observed for the transition and, again, no induced CD will be 

observed because RCP and LCP light will be absorbed equally. When the magnetic 

field is applied, either left (cL) or right (cR) CP light will be preferentially absorbed 



63 

because of the magnetically induced mixing of the nearby states K1-K3 into J. The 

MCD spectrum (~E) will show a peak which has the same shape and position as the 

absorption band. In Figure 11.11, the MCD peak was assumed to be positive. B terms 

are independent of temperature and linearly dependent on the magnetic field strength. 

The calculation of the parameter Eo describing B term intensity is much more 

involved than either of those for an A or C term. The main reason for this is the need 

to sum over all excited states which could be involved in mixing. The parameter is 

given by34 

(11.15) 

where Re means take the real part, E is the energy of the state specified by the 

subscript, and the K's are the excited states which can be mixed in, each with 

components K. 
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11.2.2.4 Overall MCD equation 

By application of the Born-Oppenheimer, Russell-Saunders, and Franck-Condon 

approximations, the MCD absorption of a transition (A-tJ), including its inherent band 

shape, is given by the dispersion relation35 

(11.16) 

where y is a spectroscopic constant; k is Boltzmann's constant; f is a normalized line 

shape function (usually Gaussian) that is dependent on the energy of the transition; A l' 

Bo and Co are the MCD parameters defined above; T is the absolute temperature; ~ is 

the Bohr magneton; H is the applied magnetic field; b is the sample concentration, and 

I is the sample path length. 

Equation (II.l6) is the MCD version of Beers law, in which .1.£ has been expanded 

to show the dependencies on temperature, magnetic field, and the MCD mechanisms 

giving rise to the absorption. 

11.2.2.5 Comparison of MCD Terms 

There are several qualitative points which allow for the differentiation and 

deconvolution of terms contributing to an MCD band. The most important37 of these 

are: First, A terms change sign at the absorption maximum, whereas Band C terms peak 

at this wavelength. Second, C terms are inversely proportional to absolute temperature. 



65 

Third, A terms are possible only if either the ground or excited state in the transition is 

degenerate. Fourth, C terms are possible only if the ground (or any other thermally 

accessible) state is degenerate. Fifth, B terms are generally present for all transitions 

in all molecules. Sixth, unlike absorption coefficients, Faraday parameters can occur 

with either sign. These points may also be used to extract further information such as 

ground and excited state g values, zero f1eld splittings, and coupling constants in 

magnetically coupled systems. 

The temperature and magnetic field dependencies of the C term separate it from 

the A and B terms which are temperature independent and linearly dependent on 

magnetic field strength (although exceptions may occur). In (II. 16), the C term 

absorbance is seen to be dependent on the quantity Hfl' which we have previously 

broken into separate field and temperature effects by assuming one is constant. Hand 

T are related to one another through the Boltzmann distribution of population over the 

ground state. As noted in (II.12), this relation is linear only when till<.kT. Eventually, 

as H increases and/or T decreases, the MCD absorption becomes independent of Hfl' 

because only the lowest Zeeman component will be populated when the system is fully 

magnetized. This state is termed saturation. If the Boltzmann function, rather than the 

linear assumption, is explicitly included expressions for the dependence of the MCD 

absorption of a C term on Hfl' in both the linear and saturation regions can be derived. 

These functions include the parameters of spin state (S) and g value. They have been 

worked out for several combinations of spin state and multiple non-isotropic g values.34 
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The simplest example is provided by an isotropic S= '12 ground state, which results in 

the following simple expression for ~E at a fixed wavelength34: 

ae = t~nh( gPH) 
K ~~12kT 

(11.17) 

where K is a proportionality constant and the other symbols are as they have been used 

previously. Thus a plot of ~E versus HIT is a simple tanh function that depends only 

on the isotropic g value. This is illustrated in Figure II. 12, where the theoretical 

saturation or magnetization curves for an isotropic spin '12 system with g values ranging 

from 1.0 to 3.0 are shown. This method does not provide g values as accurately as EPR 

spectroscopy; however, it does provide a useful correlation between EPR signals and 

specific electronic transitions which can be essential in understanding mixed component 

systems. 

A similar argument can be made for B terms with states close in energy to the 

ground state. In this case, the g~H numerator of (II.17) is replaced with the energy 

separation of the states~. From a similar temperature dependent saturation analysis, 

zero field splittings and magnetic coupling constants can be measured. 

Since the contributions of A, B, and C terms to the MCD spectrum are additive, 

(Egn. (II.16)) it is useful to consider the factors which govern their relative intensities. 

From the discussions of each of the three MCD terms, we can note a single factor for 

each which is the primary, but not only, parameter which favors the intensity of a 
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Figure 11.12. MeD saturation curves for an isotropic S= 1/2 ground state having g values 
of 1.0, 1.5, 2.0, 2.5, and 3.0, computed using Equation (II. 17). Dotted lines intercept 
100% at I1g. 
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particular term. These are: the band width for A terms, nearby mixing states for B 

terms, and low temperatures for C terms. Using these and (II.16), the maximum 

contributions of A-, B- and C- terms to M can be approximated34 as 

A: B: C '" 1 
1 1 (11.18) 

r aE kT 

where r is the absorption band width at half height and /)£ is the energy separation to 

the closest mixing state. This approximation assumes that all other factors, specifically 

the transition dipole intensities, are the same. It holds fairly well for the components 

of a single transition, but must be used very carefully when comparing different 

transitions. For example, at room temperature, using typical values of r= 1000 cm· l
, 

/)£= 10000 cm- I , and kT= 200 cm- I
, the relative intensities would be 

A : B : C '" 10 : 1 : 50 (11.19) 

This leads one to expect that C terms, when present, will dominate the spectra even at 

room temperature. At liquid helium temperature where kT= 3 cm- I
, they certainly will 

be dominant because the number 50 (in eq.(II.19)) would increase 70 fold to 3500. 

However, if one compares a weak: d-d C term to an allowed charge transfer B term, the 

typically 10000 times difference in transition dipole intensity may make the B term 

larger than the C term in intensity, even with the low temperature enhancement. B 

terms are usually the smallest contributor to an MCD peak, as Eq.19 indicates. 



69 

However, in low symmetry chromophores, as found in most biological samples, the 

MCD can be entirely from B terms. The main use of these comparisons is that, in many 

situations, a transition can be classified solely as arising from one term. This idea 

greatly simplifies the analysis of the system. 

The complexity of Eqs. 11.13-15 can make it very difficult to predict even the sign 

of M for low symmetry molecules. However, A and C terms are much easier to predict 

for highly symmetrical or isotropic molecules. A further simplification, which removes 

the problem of differing transition dipole moments mentioned above, makes it possible 

to compare the theoretical and experimental MCD of different transitions. The 

absorption oscillator strength, Do, which can be determined experimentally by integrating 

the area of the absorption band, is given theoretically by 

(11.20) 

Comparisons of this with Eqs. 11.13-15 show that the equations contain many of the 

same electric-dipole matrix elements.35 If a ratio of Al or Co to Do is taken, many of 

these matrix elements will cancel and the result is usually a simple function of only the 

ground and/or excited state g values. Unfortunately, if such a ratio is taken using Bo' 

the matrix elements in the analytical expression often do not cancel and while 

comparisons between peaks are still possible, the theoretical expressions remain 

complicated. Solomon and coworkers44 have made the empirical observation when 
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comparing CID ratios in transition metal complexes that those of ligand field transitions 

are usually several times larger than those of charge transfer transitions. This general 

rule can aid in assigning transition metal spectra. 

11.2.3 Experimental Considerations 

11.2.3.1 Spectrometer 

The basic equipment and operations for any light absorption experiment are the 

same. The differences emerge when the type of light (polarized or unpolarized) is 

chosen and whether or not a perturbing magnetic field is to be applied to the sample. 

Often, a particular instrument may be used for several experiments simply by adding or 

not utilizing an accessory. This is especially true of the four instruments used in this 

study which will be briefly described here. Further experimental details are given in 

section 11.3.2. The Cary-14 is located in the Enemark laboratory; the other 

spectrometers are located in the laboratories of Prof. Edward Solomon, Stanford 

University. 

A schematic representation38 of a polarized light spectrometer, which includes the 

components necessary for linear polarized, CD, and MCD spectroscopies, is shown in 

Figure 11.13. The modular components are: a light source, a monochrometer, a plane 

polarizer, a circularly polarizing modulator, the sample, a temperature bath, a magnet, 

and, finally, a detector. First, we will discuss each component separately.45 Then we 

will describe the configuration required for each of the three experiments mentioned 
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Figure 11.13. Block diagram of an absorption spectrometer with modules allowing linear 
polarized, CD, and MCD spectroscopies. 



72 

earlier. 

The light source used must provide an intense stable beam of radiation that covers 

the wavelengths of interest. Three sources are typically used to cover the UV -Vis-NIR 

regions. Hydrogen or deuterium lamps are suitable for use in the UV covering the 

region of 160 to 375 nm. A xenon arc lamp can provide a more intense beam of UV 

light than H2 or D2 lamps and has a wider range extending from 250 to 800 nm. The 

most common source of visible and near-IR light is the tungsten filament lamp which 

covers the region of 320 to 2500 nm. 

Two types of monochrometers are available to monochromate light in the UV -Vis

NIR region. These are prisms and reflection gratings. Prisms are blocks of transparent 

material which operate by "bending" light as a function of its wavelength because of the 

materials high refractive index. Gratings are glass faces etched with several thousand 

(for UV and visible light) uniform parallel grooves. Gratings operate by reflection of 

light from each individual groove face which establishes a diffraction pattern in which 

radiation is separated as a function of its wavelength. Gratings typically have a higher 

resolving power than prisms; low resolution instruments have spectral band widths of 

a few cm- I while high resolution instruments have spectral band widths of less than 1 

cm- I . 

A linear polarizer is a single crystal or composite block which transmits plane 

polarized light while absorbing or refracting any components not in the polarized plane. 

The typical substance used for this is a Nicol prism. 
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A circularly polarizing modulator produces circularly polarized light from plane 

polarized light. There are methods which produce continuous left or right circularly 

polarized light. However, a greater sensitivity can be attained when an alternating left 

and right CP light is coupled with a phase sensitive lock-in detector. The most popular 

of these alternating modulators is the photo elastic modulator (PEM). A PEM consists 

of a single crystal quartz block, with evaporated gold electrodes on two opposite faces, 

to which an alternating voltage is applied. The crystal is cut such that this voltage 

causes oscillation along the z-axis, which further results in alternating stress-induced 

birefringence in the quartz block. In this condition, the quartz block acts as a 114 wave 

plate which passes left or right CP light according to the voltage. 

Superconducting magnets are used almost exclusively in MCD spectrometers to 

provide the magnetic field. They typically have a wider field range (0 to 7 Tesla) and 

are more compact than their electromagnetic counterparts. Drawbacks to their use 

include the initial expense, several hours of preparation time before use, and the need 

for cryogenic liquid helium and nitrogen in order to maintain the superconducting state. 

An advantage to the superconducting magnet is that the magnet's cooling fluids 

may also be used to control the temperature of the sample. Some sort of thermostatted 

temperature control bath is needed for temperature dependent studies, which are essential 

in examining C terms. The sample compartment in most superconducting magnets used 

for optical spectroscopy allows for admission of liquid helium from the magnet 

chamber. A nearby heater coil can then be used to raise the sample temperature, 
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making the range of 4.2-300 K accessible. Temperatures below 4.2 and as low as 1.5 

K can be achieved by pooling liquid helium about the sample and then pumping it off 

at lowered pressure. Optical dewars 

Detectors complete the instrument by registering and recording the amount of light 

passing through the sample. In the UV and visible regions, the detector used is a 

photomultiplier tube. In the NIR, a photomultiplier tube can also be used, but 

photoconductive devices such as a liquid nitrogen cooled InSb detector are preferred. 

For either of these detectors, the maximum I1A sensitivity is typically Ix 10-6 absorbance 

units when measuring differential absorbance with a lock-in detector and 1xlO-4 when 

used to detect direct absorbance in single beam mode. 

For the typical non-polarized absorption spectrometer (using the Cary-14 as an 

example) these modules are put together as follows. A choice of D2 lamp or tungsten 

filament lamp provides the light. A monochrometer consisting of a fused silica prism 

and a 600 line/mm echelette grating provides a high spectral resolution instrument. No 

polarizer, modulator, or magnet is present. Several temperature control baths are 

available which allow for liquid nitrogen or helium temperature samples, but most work 

is performed at or near room temperature. A photomultiplier tube is used as detector 

for UV and visible light; a PbS detector is used in the NIR region. It is a double beam 

instrument. 

The spectrometer utilized for the high resolution plane polarized spectroscopy in 

this study, a MacPherson RS-IO, has the following components. A xenon arc or 
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tungsten filament lamp acts as the source. A prism provides predispersion when 

working in the UV and visible regions. A one meter housing with interchangeable 

gratings (each blazed at a particular number of lines/mm for use in a different region 

of the spectrum) makes this a very high (spectral band widths <0.1 cm- i are possible) 

resolution instrument. A pair of matched Glan-Taylor polarizers are available to 

produce plane polarized light in both the sample and reference beams. A temperature 

control Dewar allows the sample to be cooled as low as 1.5 and as high as 350 K. Two 

photomultiplier tubes and a PbS detector provide overlapping detection requirements 

throughout the UV -Vis-NIR regions. 

The two spectrometers utilized for CD and MCD spectroscopy, a Jasco J-500 and 

a Jasco J-200, consist of the same basic combination of components with the detailed 

pieces differing because of their different spectral ranges. The J-500 covers the region 

of 200 to 900 nm, the J-200 from 600 to 2800 nm. Both utilize tungsten-halogen lamps 

as sources and prism monochrometers, making them low resolution instruments. Both 

utilize a Nicol prism for plane polarization and PEMs to generate alternating LCP and 

RCP light. Both have superconducting magnets with sample Dewars capable of 

temperatures ranging from 1.5 to 300 K and magnetic fields from 0 to 6 T (J-500) or 

o to 7 T (J-200). The only difference between recording CD and MCD is utilizing the 

magnet. The J-500 uses several photomultiplier tubes as detectors, depending on 

wavelength region, while the J-200 uses only a liquid nitrogen cooled InSb detector. 
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The results of a "normal" absorbance experiment and a circularly polarized 

experiment are reported differently. In the normal absorbance experiment, the actual 

absorbance of light, A, is reported 

A = IOglO(; 1 = eel 
(11.21) 

as the log of the ratio of the incident light beam intensity, 10, to the transmitted beam 

intensity and typically follows Beers' Law, which relates this quantity to the extinction 

coefficient, c, the concentration, c, and the path length, I. In circularly polarized 

experiments, instead of measuring the absorbance of one component, the difference in 

absorbance between LCP and RCP light is measured. This can be conceptually thought 

of as subtracting the results of two different "normal" absorbance experiments, using 

LCP and RCP, which gives the difference absorbance version of Beers' law 

(11.22) 

assuming the incident LCP and RCP light beams have the same intensity (guaranteed 

when using a PEM) and defining the difference as right from left (L-R). In modern 

works, the convention has been to use M: to quantify CD and MCD spectra; however, 

ellipticity is still in use. Historically, the effect was first measured as the rotation of the 

plane of polarized light in degrees, called ellipticity (9), which was later related to 

differential absorbance. The relation is 



LlA ~ 3.0 X 10-2 e 
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(11.23) 

where e is in degrees. The typical place where ellipticity can still be seen in use is in 

data taken directly from the instrument and for samples in which the concentration is 

not known, for example ground mulls. 

11.2.3.2 Samples 

When performing unpolarized spectroscopy, no special sample conditions need to 

be taken into consideration. Essentially, anything which passes light is suitable for 

analysis. Any phase may be used since oriented samples will provide no further 

information. Any solvent contributions may be subtracted through the use of a reference 

cell. Special cells which do not rotate plane or circularly polarized light are not 

required. This is not the case for polarized spectroscopy. 

Plane polarized absorption measurements require that samples do not rotate the 

plane of polarization of the light. 31 For this reason, measurements of single crystals 

must be made along the so called extinction directions. These occur (for high symmetry 

crystals) in the plane which contains two unit cell axes and can be located by using a 

microscope equipped with crossed polarizers. Three mutually perpendicular extinction 

directions can always be found in any crystal. However, with lower symmetry crystals, 

these directions are not required to have any relation to the unit cell of the crystal. 
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Furthermore, plane polarized measurements require oriented samples because a 

distribution of molecular orientations is equivalent to using unpolarized light. Sample 

cells must meet these requirements as well. The cell of choice is a high quality 

amorphous quartz disk. These are perfectly transparent to light in the UV-Vis-NIR 

regions and provide a solid support for mounting crystals which may need to be 

polished to very thin dimensions. 

In order to make CD or MCD measurements on a material, it must propagate CP 

light.35 For this reason, MCD is measured only with the magnetic field and light path 

parallel. In the perpendicular geometry, samples become birefringent, resulting in 

elliptically polarized light. In addition, samples must be isotropic in the direction of 

light propagation to prevent natural birefringence. Thus, MCD can be measured in any 

direction in a cubic crystal and along the unique axis of a uniaxial crystal, but not in 

other directions of a uniaxial crystal or in any direction through any other crystal type 

(unless corrections for linear birefringence and dichroism are made). In the case of 

amorphous solid or glass samples, strain birefringence must be absent. Bubbles, cracks, 

and torque-like strains can cause birefringence and should be avoided (Good luck, the 

list of EPR glassing solvents in Drago's book38 is a good starting point, but many are 

not optically transparent). Fortunately, a useful operational test of the suitability of a 

sample for MCD measurements can be made by measuring the natural CD spectrum of 

a substance with the MCD sample placed before and after it in the light path. 

Appreciable (> I 0%) change due to the sample invalidates any MCD measurements 
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made. A convenient substance to use for this depolarization check is the complex of 

Ni(U) and either d- or 1- tartrate. 

Most MCD work involves either oriented single crystal (cubic or uniaxial) samples 

or orientationally averaged solution or glass samples. Ground solids in an appropriate 

mulling oil and polymer films can also be used. The solvents, mulling oils, and 

polymers used in these types of samples must be completely transparent because when 

present, their contributions are very difficult to correct for. 

11.3 Experimental Methods 

11.3.1 Preparation of compounds and structural information 

PPh4 [MoOCI4]. 20 ml of dry, degassed CH2Cl2 was added to 0.30 g (1.1 mmol) 

MoCls and 0.41 g (1.1 mmol) dried PPh4Cl in a Schlenk flask under N2. To the 

red/brown slurry H20 or MeOH was added in small (0.1 mI, totaling -0.5 mI) aliquots 

until a clear emerald green solution resulted. The solution was allowed to evaporate 

over night under a very slow stream of N2 gas, producing large optical quality 

tetragonally shaped crystals. X-ray crystallography confirmed that the PPh4 + salt was 

isomorphous with the previously studied AsPh4 + salt46 and that the crystal faces were 

normal to the unit cell axes with the tetragonal uni-axis (and molecular z axis) often, but 

not always, the long axis of the crystal. Crystals could be oriented using polarized light, 

as a marked dichroism makes the crystals light green when E II c and dark green when 

E -L c. Single crystal specimens for polarized absorption studies were mounted with the 
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001 or 100 face flush on a quartz disc and secured with an optically transparent resin 

(Crystalbond). The specimen was polished to the desired thickness (-90 11m for xy 

polarization and -240 11m for z polarization) using successively finer lapping film and 

then masked off with black electrical tape. Mull samples were prepared by finely 

grinding fresh crystals in a Wiggle-bug47 apparatus within a drybox, dispersing the 

solid in dried fluorolube and sealing the mull between quartz discs. 

AsPh4 [MoOCliH20)]. The aquo adduct was synthesized and crystals grown as for 

the five- coordinate compound above, except undried CH2Cl2 was used. These crystals 

are isomorphous with the five-coordinate complex6
, but do not behave tetragonally with 

respect to polarized light. Under crossed polarizers the ab face does not completely 

extinguish and a large CD signal is found when measured normal to this face. Single 

crystal specimens were prepared as above using the bc faces which showed extinction 

directions parallel to crystal edges. Mull specimens were finely ground in air, dispersed 

in polydimethylsiloxane and pressed between quartz discs. 

NH4 [MoOC1iH20)]. Solutions were prepared by dissolving (NH4h [MoOCls]48 in 

concentrated HCI solution49; 50% by volume glycerin was added to aid glassing and 

produced no change in absorption or EPR spectra. 
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PPh4 [MoOCI4(MeOH)] The methanol adduct was synthesized and crystals grown as 

for the five-coordinate compound above, except a small excess (-0.5 ml) of MeOH was 

added after after the emerald green solution resulted. The addition of any further MeOH 

resulted in golden-yellow solutions, from which, the green PPh4 [MoOC14(MeOH)] solid 

could be isolated, but whose EPR spectrum showed another species present. Crystals 

large enough for polarized spectroscopy were not obtained, but X-ray crystallography 

on smaller samples showed them to be isomorphous with the aquo compound above. 

Mull samples were finely ground in air using an agate mortar and pestle, dispersed in 

polydimethylsiloxane or nujol and pressed between quartz discs. 

(NH4)2 [MoO Cis] was prepared according to literature methods.48 The mulling agent 

used was nujol. 

LMoO(OCH2CH20) was prepared according to literature methods. 19 The glassing 

solution used was 2: 1 DichloroethanelDMF; the mulling agent was fluorolube. 

LMoO(OCH2CH3h was prepared according to literature methods,2o and absolute 

ethanol was used as the glassing solution. 

LMoO(catecholate) was prepared according to literature methods l9
, and absolute 

ethanol was used as the glassing solution. 
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LMoOCI2 was prepared according to literature methods, 19 and 1:3 dichloroethanelDMF 

was used as the glassing solution. The mulling agent was mineral oil. 

LMoOCIF was provided by Michael LaBarre. It was prepared by the oxo transfer 

reaction of LMo02F with PPh3 in dichloromethane.5o The glassing solution used was 

50/50 toluenelDMF. 

LMoOClBr was provided by Michael LaBarre. It was prepared by the oxo transfer 

reaction of LMo02Br with PPh3 in dichloromethane.5o 50/50 toluenelDMF was used 

as a glassing solution. 

LMoO(SCH2CH2S) was prepared according to literature methods,2o and 50:50 

toluenelDMF was used as the glassing solution. The mulling agent was mineral oil. 

LMoO(toluene-3,4-dithiolate) was prepared according to the literature method. 19 The 

mulling agent was mineral oil. 

LMoOCI(SEt) was prepared according to literature methods. 19 50/50 toluene/DMF 

was used as a glassing solution and nujol was used as a mulling agent. 
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LMoO(OCH2CH2CH20) was prepared according to literature methods.2o 8/1 

DMFlEtOH was used as a glassing solution. 

LMoO(OCH2CH2S) was prepared according to literature methods. 19 50/50 

toluenelDMF was used as a glassing solution. The mulling agent was mineral oil. 

LMoO(SCH2CH2CH2S) was prepared according to literature methods.2o Mineral oil 

was used as a mulling agent. 

LMoO(SCH2CH2CH2CH2S) was prepared according to literature methods.2o Mineral 

oil was used as a mulling agent. 

LMoO(SPh)2 was prepared according to literature methods. 19 Mineral oil was used 

as a mulling agent. 

Tetratolylporphyrin (TTP) was prepared by Partha Basu according to literature 

methods.51 A 40:60 mixture of DMF:toluene was used as the glassing solution. 

,..-oxo-bis(S-(3,4-Catecholato(hydrotris(3,Sdimethyl-l-pyrazoyl)borato)oxo

molybdenum(V) )-10,lS,20-tri-p-tolylporphinatoiron(III» [(LMoO-3,4Fe hO] was 

prepared by Partha Basu.52 20: I DMF:dichloroethane was used as a glassing solution. 
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Sulfite Oxidase was purified and samples prepared by Eric Sullivan using previously 

reported procedures.53 MCD samples were prepared starting with -200 nM enzyme 

in 100 mM phosphate buffer at pH 7.8. To this was added 40% glycerol and excess 

sodium sulfite. One run required additional glycerol to be added in order to obtain a 

satisfactory optical glass, the final glycerol fraction was approximately 55%. 

11.3.1.1 General Comments on Compounds 

Several experiments were performed on each model compound to assure the 

overall purity and retention of structure upon solution and cryogenic cooling in potential 

glassing solvents. IRs of the solids as KBr pellets and EPR spectra in non coordinating 

solvents were used to determine purity by comparison with known spectra. Glassing 

solvents were judged on the solubility of the compound and formation of an optically 

transparent glass when frozen in liquid nitrogen. Approximately 2 ml of solution would 

be placed in a foot long glass tube and placed in liquid nitrogen. Absorption spectra 

could be recorded by placing this tube in a liquid nitrogen cooled copper block which 

fit inside the Cary-14 spectrometer. A separate liquid nitrogen cooled sample cell was 

available in the Stanford laboratories. Room and liquid nitrogen or helium temperature 

EPR spectra were collected for each acceptable glassing solution. MCD spectra of the 

glassed samples were judged acceptable if comparison of the solid/solution/glass 

absorption, MCD and EPR spectra indicated three things: i) No change or minor changes 
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in geometry or coordination of solid state vs glass. ii) No or minor changes in geometry 

on cooling to SK. iii) Only one species present in solution. 

II.3.2-Physical Methods 

Single Crystal Polarized Absorption Spectra. Polarized absorption spectra were 

measured on a MacPherson RS-IO double beam spectrometer described previously, 54 

but with upgraded electronics. A pair of Glan-Taylor polarizers matched from 200 nm 

to 2.S 11m were used in the sample and reference beams. Two gratings blazed at 3000 

A and 7S00 A were used to cover the spectral regions. An extended S-20 

photomultiplier tube covered the region from 2200 to 8000 A and a dry-ice cooled S-l 

tube covered SOOO A to 111m. Variable temperature experiments from 300 to 4.2 K 

were done with a Janis Super-Vari Temp Dewar. 

Room Temperature Mull and Solution Absorption Spectra. Absorption spectra of 

mulls and solutions at room temperatures were obtained on an OLlS 4300S modified 

Cary 14 UVNis/near-IR spectrophotometer. 

Magnetic Circular Dichroism Spectra. MCD spectra in the 2S00 A to 8S00 A region 

were collected on a JASCO J-SOOC CD spectropolarimeter configured with focusing 

optics and an Oxford SM4 cryostat/super conducting magnet capable of producing fields 

lip to 6.0 T and sample temperatures down to I.S K. For the 6000 A to 2 11m region, 
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MCD spectra were collected on a JASCO J-200 CD spectropolarimeter configured with 

focusing optics and an Oxford cryostat/super conducting magnet .capable of producing 

fields up to 7.0 T and sample temperatures down to 1.5 K. Crystalline samples were 

prepared as described above; mull samples were finely ground and dispersed in one of 

three optically transparent mulling agents listed above and then sandwiched between 

quartz discs. Glasses were prepared by injecting -0.25 ml of the compound dissolved 

in an appropriate glassing solvent into a cell comprised of two quartz discs sandwiching 

a rubber o-ring of thickness 2 mm. Depolarization of the beam was checked for each 

sample by measuring the CD spectrum of a standard nickel (+ )-tartrate solution with the 

sample positioned in the beam path both before and after the standard35
• Samples which 

decreased the the CD signal by less than 10% were considered suitable. Unless 

otherwise noted all MCD spectra were obtained at magnetic fields of 5 T and at stable 

(+/- 0.2 K) temperatures between 4.2 and 6 K (refered to as 5 K for simplicity). 

EPR. Room temperature (273 K) and Helium temperature (5K) spectra were obtained 

on a Bruker ESP300E spectrometer for each glass solution in order to assure that no 

change in the species occured upon solution, glassing or cooling. In addition to the 

glassing solutions, room temperature spectra were also obtained in CH2Cl2 or toluene. 

Liquid helium temperatures were obtained utilizing an Oxford flowing helium 

temperature controller. 
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IR. Infrared spectra were recorded on a Perkin Elmer 983 spectrophotometer as KBr 

or KCI pellets. Spectra of MCD samples were compared with spectra of fresh samples 

to check for decomposition. This was especially important for [MoOCI4r compounds 

as they readily absorb H20 from the air. 

11.3.3 Theoretical Calculations 

Computations. Molecular orbital calculations were performed utilizing the non

empirical Fenske-Hall program (Version 5.0) with the default basis functions provided. 

Computations were performed on a clustered Vax station 3100. 

Structures. When available, geometries for compounds were taken from crystal 

structures. Structures were retrieved from the Cambridge Structural Database or had 

been performed in this laboratory. When crystal structures were not available, 

geometries were built up from average bond distances and angles as determined by a 

search of the Cambridge structural database. In each case the geometry was idealized 

to the highest appropriate symmetry of C4v' C2v ' or Cs' No substantial differences were 

found for compounds run both as an idealized geometry and as that obtained from 

crystal coordinates. 

11.4 High Symmetry Compounds 

The high symmetry (C4V> compound PPh4 MoOCl4 was examined first because it 

crystallizes in a uniaxial space group allowing single crystal MCD spectra to be 
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collected and the anion has been the subject of numerous previous studies. This was 

followed by compounds with a sixth axial ligand inorder to establish the effect of a 

small perturbation on the [MoOCI4r spectra. 

11.4.1 Spectral Results 

Unpolarized, linearly polarized and MCD spectra are shown for species in as 

similar environments as possible. The electronic structures of these anions in solid and 

glass samples are expected to be very similar, but some differences in peak position 

between phases are observed (vide infra). Overall, six features common to both 

[MoOCI4r and [MoOCI4(H20)r have been observed in the following spectra, which we 

will refer to as bands 1-6 in increasing order of energy. All MCD features show an 

inverse dependence of intensity on temperature and a linear dependence on the magnetic 

field strength, with no sign of saturation at 5 T. This magnetic field dependence is 

consistent with all absorbances originating from species with one unpaired electron 

having a g-value of approximately 2.0 and being nearly isotropic. This is explicitly 

shown for the single crystal spectra of PPh4 [MoOCI4]. 

11.4.1.1 PPh4 [MoOCI4] 

Figure II.14 shows the 5 K polarized single crystal absorption and single crystal 

MCD (magnetic field strength 0.5 T) spectra for [MoOCI4r in the region 12000-26000 

cm- I. The z polarized spectrum shows two broad bands with E = 4 M-Icm- I. The broad 
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Figure 11.14. XY and Z polarized absorption and MCD spectra of single crystal PPh4 
[MoOCI4]. The XY polarized spectrum has been offset +0.5 units to prevent overlap. 
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band in the 14000-19000 cm-I region (Band 1) shows multiple convoluted vibrational 

progressions including those of approximately 900 and 170 cm-I without a clear origin; 

the band starting at 21615 cm-I (Band 2) shows a single vibrational progression of 351 

cm-I. Neither z polarized band shows any temperature dependence other than slight 

broadening. The xy polarized spectrum shows a broad asymmetric band from 14000-

20000 cm-I that resembles that of the z polarized spectrum. However, the xy polarized 

band is more intense (e = 23 M-Icm- I) due mainly to the unstructured component at low 

energy. The overall vibrational structure is not as pronounced as in z polarization, but 

the progressions and starting points appear to be the same. This band shows some 

broadening on the low energy side as the temperature is increased from 5 K to room 

temperature, but no substantial increase in oscillator strength. The band at ca 23000 

cm- I is also more intense in xy polarization (e = 12 M-Icm- I), but the vibrational 

structure of the band is less well resolved. Inspection of the first derivative of the band 

shape indicates that two different progressions are present; one of which is identical to 

that found in the z polarized spectrum, the other beginning about 185 cm-I to higher 

energy and having a slightly smaller energy spacing of 337 cm-I. This peak also shows 

substantial temperature dependence, and the integrated intensity decreases by 50% upon 

cooling from room temperature to 5 K. These features of the spectra have been 

previously reported46,s with various amounts of detail. 

The single crystal MCD spectrum of [MoOCI4r has not been previously reported. 

In the charge transfer region of cubic Cs2ZrCl6 doped with M04+ the related [MoOClsr 
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ion (M05+) has been identified as an impurity through its temperature dependent 

MCD,55 but no explanation of the spectra has been given. An intense, negative 

psuedo-A term centered at approximately 31000 cm-! was the main feature observed; 

no ligand field bands were evident. The orientation appropriate for collection of single 

crystal MCD of [MoOCl4r is with light propagated along the tetragonal uniaxis, which 

corresponds to the xy polarized molecular absorption spectrum. A striking feature of 

this MCD spectrum for the ligand field transitions is the strongly negative asymmetric 

feature (Band 1) near 16000 cm-! and the complete absence of any positive MCD 

intensity in this region, in contrast to the mull and glass spectra described above. The 

peak has an extreme at 15780 cm-! as does the xy polarized absorption band, but the 

shoulders at ca 15000 and 16500 cm-! switch relative intensity giving them slightly 

different band shapes. The vibrational fine structure observed appears to be identical 

to that found in both the xy and z polarizations. Band 2 at 23000 cm-! shows a positive 

MCD and the same vibrational fine structure as the z-polarized absorption spectrum. 

Figure II.15 shows the room temperature dichloromethane solution absorption and 

5 K mull MCD spectra of the five-coordinate [MoOCl4r ion in the region from 10000 

to 35000 cm-!. The solution spectra are similar to those reported previously46 showing 

two weak absorption peaks at 14300 (Band 1) and 22900 (Band 2) cm-! and two intense 

peaks at 26900 (Band 4) and 31400 (Band 6) cm-!. The mull MCD spectrum is in 

accord with that recently independently described by Sabel and Gewirth.56 The mull 

MCD spectrum of [MoOCl4r shows a weak negative peak at ca 15000 em-! followed 
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Figure 11.15. Room temperature CH2Cl2 solution absorption and low temperature mull 
MCD spectra of PPh4 [MoOCI4]. 
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by a weaker positive signal (Band 1). The weak positive signal extends into the higher 

energy bands at ca 23000 cm- I where three distinct features are observed (positive (Band 

2) at 23800, positive (Band 4) at 26300, and an inflection (Band 5) at 28000 cm- I ) on 

the low energy side of a very strong positive/negative pair of peaks (Band 6) centered 

about 30000 cm- I . The absorption spectrum does not show any bands in the region of 

ca 20000 cm- I . The "sloping background" in the MCD of this region shows the same 

temperature and magnetic field dependencies as the rest of the spectra and is 

independent of mulling agent and concentration. This MCD feature might arise from 

the presence of a small fraction of perturbed complex which is formed during mulling. 

In order to confirm that the observed peaks arise solely from C terms, the 

temperature and magnetic field dependencies of the single crystal MCD spectra were 

examined. First a series of spectra varying magnetic field strength at a fixed 

temperature of 4.2 K were collected, then a series at fixed magnetic field strength and 

varying temperature (Figure 11.16). At fields greater than 20 kG, the single crystal 

samples all had ellipticities (9) which exceeded the limit of the instrument (10000 

millidegrees). From the band widths at 10000 mdeg and assuming a constant band 

shape, peak maxima greater than 10000 were estimated. Saturation limits were not 

reached at the largest HIT measured (5 T/4.2 K), but a saturation maxima of 22500 

mdeg was estimated by the deviation of that measurement from the linear limit. An 

optimal magnetic field of 5 kG was chosen and the temperature dependence measured 

there, Figure 11.16. There was no measurable signal at room temperature, indicating no 
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Figure 11.16. Temperature dependence of PPh4 [MoOCI41 single crystal MCD spectra. 
Magnetic field 5 kG, Temperatures (increasing intensity) 100.0, 50.0, 20.0, 9.0, 4.2 K. 
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temperature independent A or B terms. A saturation plot ( Figure II. 12 and Eq. (II.I7» 

using the peak intensity maxima (at 640 nm, 15625 cm- I ) was constructed using all of 

the above points, Figure II. 17 . It is typical of C term intensity because of its linear 

dependence vs. H and 1fT for small values of each. The dotted line is the curve 

predicted by Eq. (11.17) for a g= 2.0 species. The solid line is the linear least squares 

best fit line using the first 9 measurements; its intercept with the 100% line is 0.516 

corresponding to an isotropic g value of I.94(±0.02). This is quite a good fit 

considering that this is neither an isotropic sample nor a completely isotropic system 

(gll= 1.967 and gJ. = 1.950 from EPR).46 

11.4.1.2 AsPh4 [MoOCI4(H20)] 

Figure II.18 shows the low temperature polarized single crystal absorption 

spectrum for six-coordinate [MoOCI4(H20)r. The low energy region (ca 12000 cm· l
) 

of Band 1 shows similar molar absorbtivity to the five-coordinate species, but the 

vibrational structure (see below) is much more clearly resolved. Band 1 clearly contains 

two different components. The higher energy component is observed in both xy and z 

polarization, whereas the lower energy component is only visible in xy polarization. At 

ca 23000 cm· l , Band 2 is visible in both polarizations and shows a 350 cm- I p~~gression 

in z polarization. The final polarized absorption peak at 24200 cm- I (Band 3) is only 

xy polarized. The large baseline in the xy polarized spectra prevented quantitative 

examination for fine structure or temperature dependence, due to light limitations above 
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23000 em-I, however, the xy polarized absorption intensity does increase with increasing 

temperature in this region. Despite this problem, this redetermination is of much higher 

resolution than the previous examination.6 The features of the mull MCD spectrum are 

described below for Figure H.20; it should be further noted that the fine structure 

observed is approximately that observed in the xy polarized absorption spectrum. 

Figure II.19 presents an expanded view of the low energy band (Band 1) of 

[MoOCI4(H20)f detailing the vibrational progressions of 860 and 178 em-I built on top 

of each other in both the xy and z polarized spectra. In z polarization the single band 

origin is at 12658 em-I. Progressions identical in energy to those found in the z 

polarized spectrum are present in the xy polarized spectrum convoluted with an 

identically shaped, but more intense band envelope starting 810 em-I lower in energy 

(11848 em-I). 

Figure Il,20 shows the room temperature dichloromethane solution absorption and 

5 K mull MCD spectra of the six-coordinate [MoOCI4(H20)f ion from 10000 to 35000 

em-I. The spectra of the six-coordinate complex are qualitatively similar to those of the 

five-coordinate species, with two noticable differences. The first transition (Band 1) is 

shifted to lower energy (13700 em-I in absorption) and shows fine structure spacing of 

approximately 900 em-I in the mull MCD spectrum. Also, the intensity of Band 2 is 

markedly decreased by a new overlapping transition of opposite sign. The overlapping 

transitions are more clearly seen in the single crystal polarized absorption spectra of 

Figure III 8. The energies of the other features are 22400, 27100 and 31500 em-I in 
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Figure 11.19. Blow-up of vibrational fine structure of the lowest energy 2E band of 
AsPh4 [MoOCI4(H20)). 
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Figure 11.20. Room temperature CH2Cl2 solution absorption and low temperature mull 
MCD spectra of AsPh4 [MoOCI4(H2O)]. 
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absorption and 24000 (Bands 2 and 3), 27000 (Band 4), 28000 (Band 5) and 29800 

(Band 6) em-I in the MCD. 

11.4.1.3 NH4 [MoOC1iH20)] 

Figure II.21 shows the room temperature absorption and 5 K MCD spectra for 

NH4 [MoOCI4(H20)] in a glass of concentrated Hel and glycerin between 10000 and 

40000 em-I. The spectra are similar to those obtained for the mull but more clearly 

present the individual peaks due to the elimination of the MCD "background" at ca 

20000 em-I. An additional peak is visible at 25000 em-I due to the presence of an 

impurity resulting from corrosion of the syringe needle during the few seconds that it 

takes to inject the highly acidic solution into the sample cell. In samples with differing 

concentrations, only the relative intensity of this peak changed. The primary features 

of the MCD are a negative-positive pair (negative more intense) crossing at 14700 

cm-I(Band 1), a weak positive peak (Band 2) at 22900 em-I, an intense positive peak 

(Band 4) at 28000 em-I and an intense positive-negative pair (Band 6) crossing at 32100 

em-I. In the absorption spectra peak maxima occur at 14000 (Band 1), 22600 (Band 2), 

28000 (Band 4), and 32200 (Band 6) em-I. 

11.4.1.4 PPh4 [MoOCI4(MeOH)] 

The mull MCD and solution absorption spectra of PPh4 [MoOCI4(MeOH)] is 

virtually identical to that of the aquo adduct (Figure II.20). The same is true of its 
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Figure 11.21. Room temperature solution absorption and low temperature glass MCD 
of NH4 [MoOCI4(H20)] in 50/50 concentrated HCI/glycerin. 
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single crystal absorption spectra4 except for a single peak which shifts to slightly higher 

energy and displays a larger intensity near 24300 em-i. 

11.4.1.5 (NH4h [MoOClsl 

While the mull MCD spectrum of (NH4h [MoOClsl in Figure 11.23 is particularly 

noisy, it still shows the common features of the other high symmetry complexes, which 

are: a weak, negative more intense positive psuedo-A term (completely negative in this 

case) at low energy, a positive feature near 28000 cm-i and an intense roughly equal, 

negative psuedo-A term near 31000 em-i. 

11.4.2 Analysis 

11.4.2.1 Molecular Orbital Calculations 

Figure 11.24 presents a selected portion of the DVXa molecular orbital calculations 

of DeethS7 for [MoOCI4r. Of the multitude of theoretical studies performed on these 

systems, Deeths DVXa treatment best accounts for the experimental results. Our 

Fenske-Hall results predict a similar ground state and filled orbital energy orderings, but 

any excited states differ greatly mainly because the energy ordering of the empty virtual 

orbitals differ. Figure II.24 gives pertinent orbital origin, symmetry, and ordering 

information for assignment of the electronic absorption and MCD spectra of the 

[MoOCI4r. [MoOCI4(HzO)r, [MoOClsr and [MoOCI4(MeOH)r ions. All may be 

treated with the same C4v molecular orbital scheme because H20 acts primarily as an 
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axial sigma donor whose orbitals appear lower in energy than those of the equatorial 

chloride ions57 and while an axial chloride may have orbitals in the same energy range, 

the transitions are expected to be weak. The diagram shows the molecular orbitals of 

interest arising from interaction of the nonbonding CI1t-orbitals and the Mo d-orbitals 

in C4v symmetry. The dXY orbital (2b2) is singly occupied and the ground state is 2B2 

which has been confirmed experimentally.4 The chlorine based in-plane 1b2 orbital is 

involved in Mo-Cl bonding and occurs at lower energy. 2B2 to 2E transitions are electric 

dipole allowed (with x,y polarization) in C4v symmetry. This includes the primarily d-d 

transition from dxy to dxz,yz and the charge transfer transition from CI 1t-orbitals of e

symmetry to the half occupied metal dxy orbital. 

11.4.2.2 Group Theory Selection rules 

The selection rules in C4v' C4v' and C4' symmetry are presented in Table II.2 for 

the predicted ground state or its lower energy component. An A means the transition 

is electric dipole allowed; an F indicates that the transition is forbidden. The 

symmetries listed in parenthesis are enabling modes which can provide a vibronic 

mechanism for intensity. 

i~clusion of spin-orbit coupling (ca 900 cm-1 for M05+ 58 and -587 cm- 1 for 

chloride59 many-electron spin-orbit coupling constant) leads to a relaxation of the C4v 

selection rules and splitting of the orbitally degenerate E sets, as shown in the state 

diagram, Figure II.2S. In Figure II.25, the ordering of states is given by the assignments 
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Table 11.2. Full selection rules for C4v and C4v' symmetries. 

State Polarization MCD 

Transition xy z Sign 

C4v 

2B -7 2A 2 I F(E) F(B2) 

2B -7 2A 2 2 F(E) F(B 1) 

2B -7 2B 2 I F(A2) F(E) + 

2B -7 2B 2 2 A F(B2) + 

2B -7 2E 2 F(E) A +/-

C4v' 

17 -7 16 A F(B 1,B2,E) 

17 -7 17 A A + 

C' 4 

17 -7 17 + 

17 -7 15 

below, rather than the energies of the molecular orbital calculations in Figure II.24. In 

C4v' symmetry, the ground state becomes 17' The 2E states will be split into two spin 

orbit components, a 17 and a 16 separated by approximately the spin-orbit coupling 

constant of the atom(s) upon which the transition is centered.4 Because chloride and 

molybdenum have oppositely signed many electron spin-orbit coupling constants, the 16 

state will lie lower in energy for the dxy-7dxz,yz ligand field transition (Band 1), whereas 

the 17 state will lie lower in energy for the charge transfer transitions from chlorine 1t-
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orbitals of e symmetry to dxy (Bands 5 and 6). The effects of spin orbit coupling make 

r7f-r7 transitions allowed in z polarization, and both r7f-r7 and r6f-r7 transitions 

allowed in xy polarization. Temperature dependent vibrational mechanisms can also 

provide an intensity source which relaxes the C4v selection rules. An E vibrational 

mode can make 2A)f-2B2 and 2B)f-2B) vibration ally allowed in xy polarization and 

2Ef-2B2 in z polarization. Other vibrational modes may enable further transitions, the 

full list is given in Table 112. The Zeeman perturbation of an external magnetic field 

along the molecular z axis lowers the effective symmetry to C4'. The right side of 

Figure II.25 shows the resulting splitting diagram and the predicted signs for the low 

temperature MCD transitions due to C terms in this orientation. At 4.2 K and 5 Tesla 

the lower energy component of this Kramers doublet (r7) will contain approximately 

83% of the unpaired electron population. We will utilize the C4v nomenclature, 

appending the C4v' double group gamma notation as needed. The C4' notation is used 

at this point only in determining the sign of the dominant low temperature MCD 

transition. In C4', rSf-r7 and r6f-rS transitions are right circularly polarized 

(negative), while r7f-r7 and rsf-rs transitions are left circularly polarized (positive). 

The sign of MCD transitions originating from the C4 ' r7 is that indicated in 

Figure II.25. 

While this group theoretical approach results in linearly and circularly polarized 

selection rules, it provides no information about intensity of the transitions. Fully 

allowed as well as spin-orbit or vibronically allowed ligand field transitions are expected 
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to be uniformly weak (E< 100 M-1cm-1), while charge transfer transitions will vary 

widely in intensity depending on metal-ligand overlap.60 Charge transfer transitions 

to dxy from ligand orbitals in the equatorial plane are expected to have larger E values 

than those from out-of-plane ligand orbitals due to simple overlap considerations. The 

reverse intensity relationship is expected for charge transfer transitions to the dXZ'dyz 

set.33 

In general, MCD intensities for individual components will scale with the intensity 

of the corresponding absorption peak, however, overlap of individual components tends 

to obscure this except in cases where overlap is small. Direct comparison of MCD 

intensity (~E) between transitions is usually not valid unless they are overlapping in a 

similar manner, as is the case for psuedo-A terms involving the same orbitals. The two 

in-state spin-orbit split components of E levels should give rise to two temperature 

dependent MCD bands with equal intensity and opposite sign. If the splitting of these 

components is less than the band width, they are expected to overlap producing a 

derivative shaped feature called a pseudo-A term35 whose crossing point corresponds to 

the absorbtion band maxima (See section 11.2.2.2.1). From Figure 11.25, the ligand field 

2Ef-2B2 psuedo-A is expected to be positive; that is, the sign of its higher energy 

component is positive, while the CI charge transfer psuedo-A terms are expected to be 

negative. If spin-orbit coupling effects are small, then E states typically show 

temperature independent A terms of opposite sign to that observed due to C terms. This 

has been observed in the case of high symmetry compounds of the vanadyl group61 
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in which spin-orbit splitting of the ligand field E is only -150 em-I. Such a temperature 

independent contribution was not observed in these compounds, and we have analysed 

the MCD results as arising from C terms only. 

The expressions relating MCD C term intensity to electronic structure have been 

derived elsewhere35, however, as Equation II.14 shows, C term intensity requires 

transition moments in two perpendicular directions and is proportional to the product of 

the individual transition dipole moments (m; i=x,y,z) and the ground state g tensor 

(11.24) 

components (g; i=x,y,z). Equation II.14 can be rewritten62 in the form of Equation 

11.24. In the oriented single crystal spectrum, with light propagated along the z 

molecular axis, the molecule is oriented such that only the first term is non-zero. Since 

the x and y polarized transitions are nearly an order of magnitude more intense than 

those in z, this term should dominate the MCD spectra, even in orientationally averaged 

cases where the other two terms also contribute. 

11.4.3 Band Assignments 

Band 1 is assigned to the 2Er2B2 ligand field transition in accord with previous 

assignments.4•5,46 The featureless low energy side of the band in the xy polarized single 

crystal absorption spectrum of [MoOCI4f at ca 15000 em-I (Figure II.14) and the 

structured progression in [MoOCliH20)f starting at 11848 cm- I (Figure 11.19) are 
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assigned to the 2E(16)f-2B2(17) component that is xy allowed but z forbidden 

(Figure II.25). The structured portion of the band in both xy and z polarized single 

crystal absorption spectra of [MoOCI4r (ca 16000 cm"!) and the structured progression 

in [MoOCl4(H20)r starting at 12658 cm"! are assigned to the 2E(17)f-2B2(17) 

component. The separation between the two component band envelopes in [MoOCI4r 

is approximately 800 cm"!, and the vibronic origins in [MoOCI4(H20)r are clearly 

separated by 810 cm"!. Both values are reasonable for the Mo(V) spin-orbit splitting 

of the e (dxz,yz) orbitals. The values are smaller than that of the free ion, in accord with 

the expected reduction due to covalent bonding to the terminal oxo group. 

For both the five- and six-coordinate complexes the single crystal absorption 

spectra show extensive fine structure on this 2E band. The progressions are most clearly 

resolved in the spectra of the six-coordinate complex (Figure II.19). The excited state 

vibrational progressions of 860 cm"! and 178 cm"! are assigned to the totally symmetric 

Mo=O stretch (1008 and 985 cm"! in the ground state of the five- and six-coordinate 

complexes, respectively)6 and the totally symmetric O=Mo-CI bend (184 cm"! in the 

ground state of the five-coordinate complex).65 The motion of these modes is shown 

schematically in Figure II.26. The large reduction in the excited state molybdenum-oxo 

stretching frequency is attributable to the electronic excitation of moving an essentially 

non-bonding electron into an orbital that is anti-bonding with respect to the 

molybdenum-oxo 1t bond, thus weakening the bond. In the six-coordinate complex the 

bond is further weakened by the competitive bonding of the axial ligand. 
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To confirm that the band shapes observed in the PPh4 [MoOCl4(H20)r spectra 

were the same, a simulated XY polarized spectra was created using the band shape 

determined for the z polarized 2Ecr7)~2B2(r7) transition. Figure I1.27 shows the 

simulated xy and MCD spectra on top of the experimental xy spectrum. The equation 

to produce the xy simulation was [2.05(z polarized shifted 810 cm- i ) + (z polarized)] 

and the equation to produce the MCD simulation was [2.05(z polarized shifted 810 cm- i
) 

- (z polarized)]. This quantifies the difference in intensity of the two components of the 

2E and the spin-orbit coupling splitting parameter. Fits of these parameters were done 
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polarized band shape. 
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by eye. 

For both [MoOCI4r and [MoOCI4(H20))", the orientationally averaged mull and 

glass MCD spectra of Band 1 show a sharply negative absorbance followed by weak 

positive absorbance. Fine structure is weakly observed for [MoOCI4r and strongly 

observed for [MoOCI4(H20))", as in the absorption spectra of the single crystals. The 

lower energy feature appears to be the negative component of the pseudo-A term that 

is expected for a 2E ligand field transition. However, the single crystal MCD of 

[MoOCI4r (Figure 11.14) shows only a single asymmetric negative MCD for the 2E 

transition. No positive MCD intensity is observed in this region. Comparison of the 

band shapes for these transitions as measured in the single crystal MCD spectrum and 

in the identically oriented xy linearly polarized spectrum reveals that a positive 

contribution, as expected for the 2E(r7)r2B2(r7), is present, but that the 

2E(r6)r2B2(r7) transition is more intense. This leads to the difference in relative 

intensities between the shoulders of this band. Quantitative simulation of the xy 

polarized spectrum of the six-coordinate complex using the band shape of the z 

polarized spectrum indicates that the two components have identical band shapes and 

that the lower energy r6 component is twice as intense as the r7 component 

(Figure 11.27). A similar ratio of intensities is apparent in the single crystal spectrum 

of the five-coordinate complex. The sum of the intensities from these two components 

should give the band shape of the absorption spectrum, whereas the difference should 

give the band shape of the MCD spectrum which was seen in the simulations above 
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(Figure II.27). The significant difference in intensity of these two components can 

account for the completely negative MCD peak in the single crystal spectrum of the 

five-coordinate complex. The greater intensity of the r6 leads to its vibrational 

progressions being observable over a larger energy range which extends to higher energy 

than those of the r7 transition in the high energy tail of this band (i.e. the r7 component 

band shape fits completely within that of the r6 component). That effect is countered 

in orientationally averaged samples because the r6 transition is not allowed in z 

polarization; it will lose absorption intensity for molecules rotated from a parallel (xy) 

orientation into a perpendicular (xz or yz) orientation. Substituting experimental 

transition moments (taken as the square root of the band maximum epsilon in 

Figure II.19), equation (II.l6) predicts that the ratio of C term intensity for r6 vs. r7 in 

the xy orientation should be 2: 1 (as found for the components in the xy polarized 

spectrum), while for an orientationally averaged sample (each term contributing 1/3) it 

would be approximately 0.8: 1. In the orientationally averaged situation (Figure ILl8), 

positive MCD should be observed in the high energy tail of the band because the r6 

component will no longer completely obscure the r7 component and, in fact, will be the 

larger contributor in the region where they overlap. 

The origin of the difference in intensity of the two components of the spin-orbit 

split 2E transition is reasonably ascribed to out-of-state spin-orbit coupling of the r7 

with other nearby r7 states (Figure 11.25). When only in-state spin-orbit coupling is 

considered, the two components should have equal intensities and oppositely signed 
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MCD.62 The full matrix for spin-orbit coupling between the d-orbitals is derived in 

Appendix B and used to calculated the expected differences in intensity due to that 

source. Out-of-state spin orbit-coupling within the d manifold63 accounts for 

approximately 1 % of the intensity difference. Thus, the major contribution to this 

difference must arise from coupling with ligand based states (vide infra Band 4). 

Gerstman and Brill64 have shown how such an out-of-state spin-orbit mechanism 

including ligand based states can produce large differences in the intensity of MCD 

transitions in cupric compounds. 

Band 2 is observed at ca 23000 cm-) in each of the spectra; it has previously4,5 

been assigned to the dxy~dX2_Y2 transition based on its polarization, vibronic structure 

and energy shifts when equatorial ligands are changed. These MCD results further 

confirm those findings and allow for separation of the spin orbit and vibronic 

contributions to its xy intensity. The single crystal MCD spectrum of [MoOCI4r shows 

a band whose positive sign is consistant with the 2B2(r7)f-2B2(r7) transition. Its 

vibrational progression of 351 cm-) parallels the temperature independent progression 

observed in the z polarized single crystal absorption spectrum (Figure II.14) of both 

[MoOCI4(H20)r and [MoOCI4r. This progression is most reasonably assigned to the 

a) Mo-Cl stretch (Figure II.26) in the excited state. The ground state energy for this 

vibration65 is 354 cm-) in [MoOCI4r. This excited state distortion is consistent with 

the dxy ~dx2_y2 assignment which transfers a nonbonding e- to an orbital that is cr 
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anti bonding with respect to the chlorides. The totally symmetric progression is built 

upon an allowed transition, the consequence of spin orbit coupling involving this state, 

as no vibrational modes will enable z polarization for this transition. In the temperature 

dependent xy polarized Band 2 of [MoOCI4r. the first progression is identified as the 

same spin-orbit allowed progression in the a1 Mo-Cl stretch as seen in z polarization and 

the single crystal MCD. This component should be temperature independent. The 

temperature dependence of this xy polarized band arises because vibronic intensity can 

be acquired in xy polarization via an enabling mode of e symmetry and such a mode 

is the most reasonable assignment of the origin of the second progression identified. 

The anti symmetric Mo-CI bend of e symmetry65 occurs at 114 cm-1 in [MoOCI4f. 

Band 3, observed here only in the single crystal absorption spectrum of 

[MoOCl4(H20)f (Figure ILl8), is assigned to the 2A2(r6)~2B2(r7) charge transfer 

transition. This transition, which is symmetry forbidden in C4v' becomes allowed via 

spin orbit coupling. Neither the lower symmetry perturbation of the axial ligand (to C2v) 

or coupling to a vibrational mode (no a2 normal modes) can explain the observation of 

intensity in xy, but not z, polarization. That observation confirms a r6~r7 transition. 

The weaker positive MCD intensity of Band 2 in [MoOCliH20)r compared to 

[MoOCI4f is presumably due to overlap with this negatively signed transition. This 

weakly absorbing transition has been observed previollsly in polarized single crystal 

spectra of [MoOCliH20)f and [MoOCI4(CH30H)r. and was suggested to have arisen 
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from a transition internal to the molybdenyl fragment.6 We have considered three 

possible assignments (See Figure 11.24) giving rise to r6~r7 transitions: (a) the ligand 

field transition to dz2' (b) charge transfer from the chloride ~ orbital, (c) charge transfer 

from the axial water sigma orbital. Possibility (a) is not favored because the transition 

is absent in [MoOCI4r and other molybdenyl compounds where it would be expected 

at an even lower energy and because of the low energy of the transition compared with 

predictions from molecular orbital calculations. Possibility (c) is not favored because 

molecular orbital calculations place this orbital at much lower energies than the 

equatorial chloride p-1t orbitals. Recourse to ]jijrgensen's empirical principle of optical 

electronegativity agrees.66 It predicts that for a given metal the first charge transfer 

transitions from the oxygen orbitals of water will occur at least 15000 cm- l above the 

first chloride charge transfer transition.67 Possibility (b) is expected in this energy 

region from molecular orbital calculations. This orbitally forbidden charge-transfer 

transition should be weak because the spin orbit perturbation is the only mechanism 

whereby it may gain intensity. 

Band 4 is assigned as the chloride charge transfer 2Bl~2B2 (Figure 11.25). The 

single positive peak in the MCD indicates a r7~r7 transition. The absorption intensity 

of 600 M-lcm- l is typical of an orbitally forbidden charge transfer transition gaining 

intensity through a spin-orbit or vibronic mechanism.68 Further support for this 

assignment is the requirement for a B 1 charge transfer state close in energy to the 
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ground state in the theoretical interpretation of the inverted (gll>g.l) EPR parameters of 

molybdenyl compounds.59 Sabel and Gewirth propose this assignment56 and calculate 

reasonable EPR parameters from their MCD derived transition energies. 

Band 5 is the weak negative pseudo-A feature at 28000 cm-) in the mull MCD 

of [MoOCI4r that indicates a transition involving orbitals of e symmetry. The molecular 

orbital calculations (Figure 11.24) place two E states in this energy range. The low 

absorption intensity in this region indicates poor overlap. Consequently we assign this 

feature to the 2Ef-2B2 transition arising from charge transfer from out-of-equatorial

plane chloride pn orbitals of e symmetry to dxy• 

Band 6 is the intense negative psuedo-A feature centered about 30000 cm-) that 

can be assigned to the 2Ef-2B2 charge transfer transition from the in-plane Cln-orbitals 

of e symmetry to the· dxy orbital of the metal. The large absorption intensity is 

consistent with the large overlap expected between the dxy orbital and these in-plane 

chloride orbitals, and the energy agrees with the calculations of Deeth (Figure 11.24). 

11.4.4 Generalizations Regarding Assignments 

The spectra of these high symmetry compounds support the molecular orbital 

descriptions. They indicate that the Mo=O bond dominates the bonding in these 

complexes and might reasonably be expected to dominate the bonding in molybdenyl 
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complexes of lower symmetry. The effects of an axial ligand are to lower the energy 

of the first ligand field transition, but they do not substantially effect the other ligand 

field transitions or the charge transfer transitions. Charge transfer transitions from the 

equatorial chloride ligands to dxy dominate the spectra. The above assignments provide 

a strong basis for the assignment of the spectra of the LMoOX2 compounds described 

in the next section. 

11.5 Low symmetry Compounds 

The absorption and MCD spectra of a series of LMoOXY complexes (Figure II.2) 

with X= 0, S, and halide donor atoms are presented in the next section. All of the 

complexes give rich MCD spectra that show temperature and field dependence indicative 

of C terms arising from an approximately g=2.0 species. MCD spectra of mulled solids 

and glassed solutions were obtained for each compound. Both the quantitative glass 

spectrum and the mull spectrum are shown unless the EPR spectrum or the mull MCD 

spectrum have indicated a change in structure in the glassed solution, in which case, 

only the mull spectrum is shown, except for the dihalides for which only glass spectra 

were obtained. The MCD measured in each phase is qualitatively the same, but 

depolarization effects are greater in the mull samples and impurity effects due to 

grinding produce some deviations in the baseline position and relative band intensity. 

Differences between phases will be further addressed in the spectral results section. In 

the following figures, glass MCD spectra are represented by solid thin lines, Mull MCD 
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spectra are plotted as dotted lines and Solution Absorption spectra are plotted as thick 

solid lines. The band positions are numbered in increasing order of energy, thus the 

same numbers WILL NOT represent the same assignments unless the compounds are 

within the same classification (See below). Band numbers in parentheses are placed at 

the position of a band, as expected from the analysis, but not observed. 

11.5.1 Spectral Results 

LMoO(OCH2CH20). Figure II.28 presents the absorption and 4.5 K, 5 T MCD spectra 

of LMoO(OCH2CH20). The low energy absorption band typical of molybdenyl 

compounds is split into two distinct peaks at 15600 and 19000 cm-I (£ = 20 M-Icm-I). 

These peaks exhibit a positive pseudo-A term in the MCD. The next feature is a 

positive MCD peak at 25200 cm-I which is just inside the tail of rising absorbance. A 

negative MCD feature peaks at 30050 cm-I corresponding to an intense absorption 

shoulder (£=3940 M-Icm-I) at 28740 cm- I. Mull spectra of this compound were of very 

poor quality, but did reasonably reproduce the features described. 

LMoO(OCH(CH3)CH2CH20). Figure II.29 depicts the room temperature solution 

absorption and 5 K, 5 T glass MCD spectra of LMoO(OCH(CH3)CH2CH20), which is 

quite similar to that of LMoO(OCH2CH20). The first peak (Bands 1 and 2) are shifted 

to lower energy giving an absorption maximum and MCD crossing point at 15000 cm- I
. 

The positive pseudo-A term in the MCD resolves the two components, which are not 
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Figure 11.28. Absorption and glass MCD spectra of LMoO(OCH2CH20). 
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Figure 11.35. Absorption and glass MCD spectra of LMoO(SCH2CH2S). 
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Figure 11.36. Solution absorption and mull MCD of LMoO(SCH2CH2CH2S). 
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Figure 11.37. Solution absorption and mull MCD spectra ofLMoO(SCH2CH2CH2CH2S). 
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split in the absorption spectrum. Band 3 peaks at 25000 cm-! and has a positive MCD. 

Band 4 shows positive MCD, but does not peak in the energy range measured. It may 

correspond to the shoulder reported in the UV spectrum at 30200 cm-!.69 No mull 

spectra were collected. 

LMoO(catecholate). The room temperature absorption and 5 K, 5 T MCD spectra of 

LMoO( catecholate) (Figure 11.30) are strikingly similar to those for LMoO(OCH2CH20), 

but the molar absorptivity (direct and differential) for the band envelope near 15000 

cm-! for LMoO(catecholate) (e = 190 M-!cm-!) is about an order of magnitude larger 

than that for LMoO(OCH2CH20). This low energy peak is not split in the absorption 

spectrum, but exhibits a positive pseudo-A term. Band 3 at 25000 cm-! is substantially 

broader and more intense in both the MCD and absorption spectra than Band 3 in 

LMoO(OCH2CH20). It is not possible to determine whether Band 3 has grown in 

intensity or is overlapped by another transition with positive MCD intensity from this 

data. We treat it as a single band, but acknowledge that the unsaturated ligand will 

lower the energy of charge transfer transitions compared to saturated ligands. Our 

current data does not extend above 29000 cm-!, but it is reasonable to assume that the 

negative MCD of Band 4 peaks at approximately 30000 cm-! corresponding to the 

absorbance feature at 29410 cm-!. Mull spectra of this compound were of very poor 

quality, but did reasonably reproduce the features described. 
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LMoO(OCH2CH3h. Figure 11.31 depicts the room temperature absorption and 5 K, 5 

T MCD spectrum of an EtOH glass of LMoO(OEth. The two separate traces are from 

two samples of different (and unknown) concentration. The less concentrated (higher 

energy) sample produced a glass of marginal quality, which is why the two traces do 

not match in the overlapping energy region. The near-IR instrument was not available 

when this measurement was taken, and we proceed on the assumption that the low 

energy peak (Band 2) is a negative pseudo-A term crossing at approximately 11000 

cm- I. The positive tailing (Band 3) in this trace at 25000 cm- I is analogues to the 

positive peaks observed in the other bisalkoxide complexes. The MCD peaks at 30000 

and 32500 cm- I (Bands 4 and 5) do not have corresponding maxima in the absorption 

spectrum. This compound did not produce suitable mulls for measurement. 

LMoOCI2• Figure 11.32 presents the room temperature absorption and 5 K, 5 T glass 

and mull MCD spectra for LMoOCI2• The low energy absorption band at 14180 cm- I 

(e = 50 M-Icm- I) gives rise to a pair of MCD peaks (Bands 1 and 2) constituting a 

negative pseudo-A term. A positive MCD feature (Band 3) occurs at 22000 cm- I which 

corresponds to a shoulder in absorption at 22990 cm- I. Band 4 peaks positively in the 

MCD at 26000 cm- I. Band 5 corresponds to a positive MCD peak at 28400 cm- I and 

an absorption maxima at 29670 cm- I. A weak negative MCD peak (Band 6) is observed 

at 30000 cm- I and a positive MCD peak (Band 7) corresponds to the absorption maxima 

at 32500 cm- I . 
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LMoOCIF. Figure II.33 shows the room temperature absorption and 5 K, 5 T MCD 

spectra of a glass of LMoOCIF. Mull spectra were not measured. The spectra are 

similar to those of the dichloride (Figure II.32). The low energy absorption peak at 

14000 cm-I has a corresponding negative pseudo-A term (Bands 1 and 2) in the MCD. 

A similar intensity absorption peak (Bands 3 and 4) at 25000 cm-I has a long tail at ca. 

22000 em-I. An intense positive MCD feature peaks at 25000 em-I. At 29600 cm-I a 

negative MCD feature (Band 6) is observed and at 32000 cm-I a positive MCD peak 

(Band 7) is observed. 

LMoOClBr. Figure 11.34 depicts the room temperature absorption and 5 K, 5 T MCD 

spectrum of a glass of LMoOClBr. Mull spectra were not measured. The spectra are 

quite similar to those of LMoOCIF, but more intense. The low energy pseudo-A term 

crosses at 13900 em-I. The positive tail (Band 3) and intense maximum (Band 4) have 

shifted slightly lower in energy to 21950 and 24400 em-I, as has the negative feature 

(Band 6) to 28000 em-I. A maxima for the positive MCD feature (Band 7) was not 

observed in this energy region. 

LMoO(SCH2CH2S). The room temperature solution absorption and 5 K, 5 T glass 

MCD spectra of LMoO(SCH2CH2S) are shown in Figure 11.35, along with an inset 

showing the Near-IR MCD of a mull sample at 5 K, 5 T. Mull and glass spectra of this 

compound were identical. The lowest energy absorption peak (Band 1) at ca 12000 
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em-I (£ = 160 M-Icm- I) shows a very weak positive MCD feature which is better seen 

in the inset. The absorption peak (Bands 2 and 3) at 15000 em-I (E = 220 M-Icm- I) also 

shows a positive MCD peak (Band 2), that is about eight times stronger than the feature 

at 12000 em-I. A negative counterpart (Band 4) probably accounts for the return to zero 

at 17000 em-I as the absorption band overlaps the next higher peak. A positive MCD 

feature (Band 5) corresponds with the absorption peak at 20000 em-I. The next 

absorption feature at 23500 cm-I corresponds to the crossing point of a positive pseudo

A feature. Another pseudo-A feature, with its positive peak to lower energy is observed 

at 28200 em-I, corresponding to a peak in the absorption spectrum. MCD spectra of the 

analogous complexes with three and four methylene groups in the chelate ring suggest 

there may be an additional unobserved overlapping negative peak in this region. A 

negative MCD peak is present at 29300 em-I and a positive one at 33000 em-I, neither 

corresponding to features in the absorption spectra. 

LMoO(SCH2CH2CH2S). Figure II.36 shows the room temperature solution absorption 

and 5 K, 5 T mull MCD spectra of LMoO(SCH2CH2CH2S). Glass spectra were not 

attempted. The lowest energy band of the absorption spectra at 13700 em-I is centered 

midway between the two peaks observed in the SCH2CH2S compound and is over twice 

as intense as either. The MCD is noisy in this region and should be remeasured on a 

glass sample. There seems to be an indication of two features (Band 1 and 2) in the 

MCD feature which peaks positively at 13500 em-I. Also, as in the SCH2CH2S, the 
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MCD returns to zero near 16000 cm-I even though absorbance is observed there 

indicating overlapping transitions (Bands 3 and 4). A positive MCD peak (Band 5) is 

observed at 19000 em-I. A positive pseudo-A term (Bands 6 and 7) crosses at 22000 

cm- I corresponding to an absorbance peak at 23000 em-I. An MCD feature (Band A), 

which does not have a visible analogue in the SCH2CH2S spectrum, peaks negatively 

at 25800 cm- I and does not have a corresponding feature in the absorption spectrum. 

The absorption peak at 29300 cm-I is roughly centered over the features Band 8 

(positive) and Band 9 (negative). The positive MCD feature at roughly 33000 cm-I may 

correspond to an absorption feature reported to peak at 36500 em-I. 

LMoO(SCH2CH2CH2CH2S). Figure II.37 shows the solution absorption and mull 

MCD spectra of LMoO(SCH2CH2CH2CH2S). Glass spectra were not attempted. The 

lowest energy band of the absorption spectra at 15900 em-I is approximately at the 

position of Band 2 observed in the SCH2CH2S compound and is over five times as 

intense. Unlike in the SCH2CH2CH2S compound, there is no indication of multiple 

peaks in the MCD feature (Band 1) which peaks positively at 16000 em-I. A positive 

MCD peak (Band 5) is observed at 20000 em-I. A positive pseudo-A term (Bands 6 and 

7) crosses at 23500 em-I, but does not have a closely corresponding absorbance peak. 

A shoulder in the absorbance at 25300 em-I may be the feature with the difference in 

phases and/or temperature accounting for the shift, although room temperature solution 

and mull absorption gave comparable results. An MCD feature (Band A), which does 
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not have a visible analogue in the SCH2CH2S spectrum, peaks negatively at 27500 em-I 

and does not have a corresponding feature in the absorption spectrum. The absorption 

peak at 28300 em-I is roughly centered over the features Band 8 (positive) and Band 9 

(negative). The positive MCD feature at roughly 33000 em-I may correspond to an 

absorption feature reported to peak at 35700 em-I. 

LMoO(toluene-3,4-dithiolate). The room temperature solution absorption and MCD 

spectra of LMoO(toluene-3,4-dithiolate) are shown in Figure II.38. The low energy 

absorption band (Band 1) at 9000 em-I (E = 520 M-Icm- I) shows a positive MCD 

feature. The band at 13000 em-I (E = 390 M-Icm- I) shows a negative MCD feature 

(Band 3) overlapping another broader negative feature (Band 4) centered at 15000 em-I. 

The absorption peak at 20000 em-I corresponds to a positive peak in the MCD (Band 

5). Peak maxima in the absorption spectra at 24900 and 27400 em-I correspond to 

crossing points in the MCD spectrum suggesting two overlapping pseudo-A terms, the 

first positive (Bands 6 and 7) and the second negative (Bands 8 and 9). Bands 7 and 

8 are of the same sign and overlap each other. A negative MCD peak (Band 10) is 

found at 30000 em-I and a positive one (Band 11) at 34000 em-I. 

LMoO(SPhh. The absorption and mull MCD spectra of LMoO(SPhh are shown in 

Figure 11.39. The low energy portion of this MCD spectrum should be measured further 

into the IR and a glass sample should be examined in all energy ranges. The lowest 
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energy absorption peak stretches beyond 10000 cm-' and peaks at 13600 cm-', we 

assume that Bands 1 and 2 in the MCD are a single pseudo-A term. The absorption 

shoulder at 16200 cm-' shows no features in the MCD. At 20000 cm-' a positive feature 

(Band 3) is present in the MCD. Band 4 has positive MCD and peaks at 22600 cm-', 

corresponding to a shoulder in the absorption spectrum. An intense absorption (e = 

15900 M-'cm-') peaks between Bands 4 and 5 at 26600 cm-'. Band 5 has negative 

MCD intensity, peaking near 29000 cm-'. An additional, unresolved component may 

be present between the maxima at Bands 4 and 5. Band 6 has positive MCD intensity, 

but does not peak in the energy range studied. No peaks in the UV absorption range 

have been reported. 

LMoOCI(SEt). Figure HAO shows the room temperature solution absorption and 5 K, 

5 T MCD spectra of LMoOCI(SEt). The mull and glass MCD spectra are substantially 

different in appearance, but show the same signed features at the same energies, leaving 

the baseline position and intensities in question. The broad low energy absorption band 

at 15500 cm-' is resolved into two or perhaps three components (Bands 1 and 2) in the 

MCD spectra. A shoulder in absorption at 21000 cm-' corresponds with the MCD 

feature (Band 3) peaking at 21000 cm-'. The absorption shoulder at 28000 is roughly 

centered over Bands 4 and 5, which are a pseudo-A term, though quite broad and 

possibly overlapped by other unresolved transitions. Band 6 peaks at 33500 cm-' in the 

MCD spectrum. 
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LMoO(SCH2CH20). Figure II.41 shows the room temperature solution absorption and 

5 K, 5 T MCD spectra of LMoO(SCH2CH20). The glass and mull MCD spectra are 

very similar, with the mull spectrum being cleaner and showing the pseudo-A term at 

16500 em-I very nicely. The low energy absorption band is weak (E = 130 M-Icm-I) 

and clearly contains only two components (Bands 1 and 2). Band 3 has positive MCD 

intensity, peaking at 22400 em-I. Band 4 has negative MCD and peaks at 25000 em-I 

corresponding to an absorption shoulder. The absorption peak at 29000 em-I falls 

between an MCD maximum at 28000 em-I and a minimum at 32500 em-I. 

11.5.2 Fenske-Hall MO Calculations 

The Fenske-Hall method has been used to investigate the bonding in LMoOXY 

complexes and to provide a framework for interpreting the MCD spectra of the 

complexes. Figure II.42 shows the coordinate system used for these calculations and 

the relative energies and primary character of the most important molecular orbitals for 

some LMoOX2 compounds. Figure II.43 depicts the same for some of the LMoOXY 

compounds. The standard group theoretical setting of axes for Cs places z normal to the 

x-y mirror plane. In order to provide continuity with the C4v compounds and continue 

using the standard C4v notation for d orbitals, we have chosen a Cs coordinate system 

in which the z axis is parallel to the Mo=O bond and x and y point to the equatorial 

plane X groups. 
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Figure 11.42. Partial molecular orbital energy level diagram of some LMoOX2 
complexes. 
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Figure 11.43. Partial molecular orbital energy level diagram of some LMoOXY 
complexes. 
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The HOMO is calculated in each case to be the singly occupied dxy orbital which 

is consistent with experiment. 19 In Figure H.42 and Figure II.43 all energies are relative 

to this HOMO, which is defined as zero. The Cs or C1 symmetry lifts the degeneracy 

of the dxz,yz (LUMO) orbitals from that found in the lone molybdenyl fragment 

(Figure ILl). The symmetry adapted combinations of the dxz,yz orbitals in the coordinate 

frame of Figure H.42 are referred to as dx'z (lying in the mirror plane) and dy'z (lying 

normal to the mirror plane). The ordering of the dx'z and dy'z orbitals will depend upon 

the relative interaction of these two orbitals (already split by the effects of the 

pyrazolylborate ligand) with the 1t-orbitals of the donor atoms, X and/or Y. The dx2-y2 

and dZ2 orbitals occur at higher energy, as do a collection of pyrazolyl ring 1t* orbitals. 

Only the metal and x/Y orbitals are shown in the figures, even when the calculated 

energies are in the same region. 

The first set of orbitals found below the HOMO are the filled X/Y ligand lone pair 

orbitals, which are essentially pure p-type orbitals. 1 These orbitals are the donor atom 

lone pair p-type orbital which is perpendicular to the metal-donor-substituent plane. All 

of the complexes investigated possess donor atom non-bonding 1t-orbitals aligned 

1 In bonding between a metal and alkoxides or thiolates the donor atom has four 
valence orbitals which participate - an s and three p's. The exact contribution of each 
orbital depends on the exact situation, but often, something near the sp2 hybridization 
model is appropriate. The sp2 model leaves one pure p-type orbital aligned 
perpendicular to the metal-donor-substituent plane. In metal halide or metal-linear 
alkoxide bonding an sp hybridization model is more appropriate. The sp hybrid 
participates in the metal-donor bond and two pure p-type orbitals are found on the 
donor. 
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essentially perpendicular to the equatorial plane (out-of-plane 1t orbitals, which are 

parallel to the Mo=O bond). When the donor atoms are part of a chelating ring, these 

orbitals are also perpendicular to the rough plane of the ring. When the donor atom is 

part of a monodentate ligand, the orientation of this orbital is controlled by the position 

of the substituent group, which is often at a balance between sterics and repulsions 

between this orbital and those found on the metal. 69.70 There is little change in the 

character of the out-of-plane 1t orbitals if the chelate ring is conjugated rather than 

aliphatic (other than a further splitting of symmetric (X1ts) and anti symmetric (X1ta) 

orbitals in energy when X and Y are the same). Therefore, the same diagram may be 

used for the catechol ate as for the glycolate. This also holds for the sulfur analogues. 

For halide donor atoms, ligand in-plane (in this case in-plane refers to the metals 

equatorial plane2
) p-type orbitals will also be present. The character of these (in-plane) 

orbitals depends greatly on the identity of the other (X or Y) donor atom. For X = Y 

= CI, the in-plane anti symmetric combination (a") is the highest energy of the CI1t 

orbitals, followed by the 1ta and 1ts out-of-plane combinations, respectively. The 

symmetric in-plane CI1t orbital is stabilized by a small 1t-bonding interaction with dxy 

and does not appear in Figure 11.42. For X = CI and Y = F, a similar mixing occurs as 

in the dichloride, but the energies are lower due to the fluoride contribution. The out-

of-plane chloride orbital is highest. A mixed chloride-fluoride (mostly chloride) in-plane 

2 Since in most cases the thiolate or alkoxide metal-donor-substituent plane roughly 
lines up with the metal's equatorial plane, the terms will be used interchangeably. 
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orbital is next, the fluoride out-of-plane orbital follows. As with the dichloride the 

mixed in-plane orbital (mostly fluoride) gains further stabilization by a small bonding 

interaction with the metal and is not shown in Figure II.43. For X= CI and Y = Br, the 

situation is again similar. The Br out-of-plane 1t coming highest, followed by an orbital 

that is mostly Br in-plane 1t. Next is an orbital that is a mixture of Br and CI in-plane 

1t and metal functions. Closely following is the CI1t out-of-plane orbital. For X = CI 

and Y = SPh, the situation is somewhat different, since the phenyl ring controls the 

orientation of the "out-of-plane" S 1t orbital and that ring is not constrained to lie in the 

metal's equatorial plane. In the structure of LMoOCI(SPh), that orbital lies about 30 

degrees away from the equatorial plane of the metal. The intermediate orientation and 

similar energies of Sand CI allow the two CI and one S p-1t orbitals to mix 

substantially. The three resulting orbitals are (according to major contributor) the in

plane CI1t, the out-of-plane S1t, and the out-of-plane CI1t. The final mixed system 

examined is that of mercaptoethanol (OCH2CH2S). This system looks similar to the 

other chelates, because the 0 and S out-of-plane 1t orbitals are at similar energies to 

their single heteroatom counterparts. However, the in-plane p-type orbital (often thought 

of as an Sp2 hybrid, but really having little s character)7o of the S atom falls between the 

o and S out-of-plane 1t orbitals. The in-plane p orbital for the 0 atom is also shown. 

---_. ----.. --- _ .... 
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11.5.3 Expected Transition Energies 

The general ordering of the d orbitals for the LMoOX2 complexes of Figure II.42 

parallels that for C4v symmetry (Figure 11.24); however the energies of the calculated 

virtual orbitals are substantially higher. It has been observed in other nonempirical 

Hartree-Fock calculations,71 that the relative energies of excited states do not follow 

from the virtual orbitals considered in these types of calculations. Spectroscopic 

determinations of the d-d transition energies in previously assigned molybdenyl 

compounds provide a better estimate of the expected energy range of such transitions 

in these complexes. For the vast majority of molybdenyl complexes examined to dat~, 16 

ligand field transitions to the dxz,yz pair of orbitals have been observed within 

12000-19000 cm- I as a single broad band. Transitions to the dx2-y2 orbital are observed 

in the 18000-28000 cm- I region as a relatively narrow band whose energy is a measure 

of lODq for the equatorial ligands. No transitions to the dZ2 orbital have been identified 

in molybdenyl compounds, and they are expected to lie at energies greater than 35000 

cm- I and be obscured by intense charge transfer transitions.72 The energies of these 

charge transfer transitions will vary widely depending on the donor atom occupying the 

X positions. The orbitals commonly thought of as an sp2 lone pair on thiols and 

alkoxides do not have substantial s character but are still found to lie rather low in 

energy by our calculations; only in the case of sulfur might their charge transfer 

transitions be expected below 35000 cm- I . The lowest energy charge transfer transitions 

are therefore expected to arise from the "out-of-plane" p-1t type orbitals on the X 
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ligands, which the molecular orbital calculations (Figures 9 and 12) place consistently 

as the SHOMO. In [MoOCI4r. the first chlorine charge transfer transition occurs at 

28000 cm- I (Figure 11.25, Band 4), JliSrgenson's optical electronegativities73 predict that 

oxygen charge transfer transitions will start at least 3000 cm- I higher in energy than 

those originating from chlorine (>31000 cm- I ) and sulfur charge transfer transitions will 

begin at least 6000 cm- I to lower energy «22000 cm- I ). Thus, for oxygen donors the 

first three d-d transitions should occur below the X donor atom charge transfer, for 

chloride donors the third d-d transition may overlap the lowest energy charge transfer, 

and for sulfur donors, the d-d and lowest energy charge transfer transitions may be 

expected at similar energies. 

11.5.4 Classifications based on MCD spectra and MO Calculations 

The MCD spectra and MO calculations both allow the compounds to be classified 

according to two variables 1) the energy of the first charge transfer transition; 2) the 

orientation of the essentially non-bonding p lone pair orbitals of the donor X and Y 

orbitals. The first charge transfer energy is a function of the donor atoms and (in the 

most simplified case following electro negativity trends)39,33 increases in the order sulfur 

< bromine < chlorine :::: nitrogen < oxygen < fluorine. The energy of the onset of 

intense absorbance in the compounds follows this general trend. Remember that all of 

the low symmetry compounds also contain nitrogen donors from the L ligand and a 

terminal oxo group. The first charge transfer transition will usually arise from the X 
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and/or Y donor atoms. It will consist of moving an electron from the non-bonding p 

lone pair orbitals to the HOMO. The orientation of these non-bonding p orbitals on the 

X donor is basically a function of whether the atom is part of a chelate ring or not. As 

stated above, the non-bonding "out-of-plane" p orbitals are perpendicular to the rough 

ring plane. Non-chelating thiolates or alkoxides are free to rotate this orbital along with 

the rest of the organic fragment. Halides have two roughly equivalent p orbitals which 

may rotate or mix with other orbitals. The assignment of bands in the compounds has 

been subdivided according to these variables. 

classifications arising from the possible combinations: 

1) chelating oxygen donors. 

The compounds cover seven 

LMoO(OCH2CH20), LMoO(catecholate) and LMoO(OCH(CH3)CH2CH20) 

The ligand field and the first oxygen charge transfer transitions can be expected 

to be well separated in energy. Two weak absorbancies are visible prior to the 

onset of intense absorbance. The first two compounds are constrained to have 

quite planar rings, the final compound may have several ring conformations. 

2) monodentate oxygen donors. 

LMoO(OEt)z 

The ligand field and the first oxygen charge transfer transitions can be expected 

to be well separated in energy. Two weak absorbancies are visible prior to the 

onset of intense absorbance. The ethoxide groups are free to rotate and the 0 p

orbital orientation is not known. 
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3) dihalides. 

LMoOFCI, LMoOCI2, LMoOClBr 

The ligand field and charge transfer transitions may overlap in energy. For all 

three compounds, only a single weak absorbance is visible prior to intense 

absorbance. The Cs or pseudo-Cs symmetry requires two halide p orbitals to be 

in the equatorial plane of the metal and two orbitals to be normal to the equatorial 

plane. 

4) chelating sulfur donors. 

LMoO(SCH2CH2S), LMoO(SCH2CH2CH2S), LMoO(SCH2CH2CH2CH2S), 

LMoO( toluene-3 ,4-dithiolate) 

The ligand field and charge transfer transitions are expected to overlap in energy. 

In these compounds either multiple moderate absorbancies precede intense 

absorbance or all absorbancies are intense. There is no definitive separation 

between ligand field and charge transfer bands. The ethanedithiolate and 

toluenedithiolate compounds have constrained ring systems which place the S 

"out-of-plane" p orbitals normal to the equatorial plane of the metal. The larger 

ring systems have accessible conformations (using physical ball and stick models) 

which bring these orbitals into the equatorial plane of the metal. 

5) monodentate sulfur donors. 

LMoO(SPhh 



155 

The ligand field and charge transfer transitions are expected to overlap in energy. 

All absorption bands are intense. The thiophenolate groups are free to rotate, 

however, in the crystal structure one ring has its "out-of-plane" p-orbital roughly 

in the equatorial plane of the metal, whereas the other is roughly normal to the 

equatorial plane. EPR data suggests that the rings remain inequivalent in 

solution. 19 

6) chelating mixed donors. 

LMoO(OCH2CH2S) 

The first charge transfer transition is expected to overlap the ligand field 

transitions. However, this compound is unique in that despite sulfur ligation, the 

lowest energy absorbance band is weak and assignable as a ligand field band. As 

with the other five membered chelating compounds, the ring conformation restricts 

the "out-of-plane" p-orbitals to be normal to the equatorial plane of the metal. 

7) monodentate mixed donors 

LMoOCI(SEt) 

The ligand field and charge transfer transitions are expected to overlap in energy. 

The first two absorption bands are of moderate intensity. The thiol group is free 

to rotate, so the orientation of the "out-of-plane" p-orbital on sulfur is unknown. 

The sulfur and chlorine orbitals can mix substantially. 
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11.5.5 MCD Selection Rules 

Selection rules for linearly polarized absorption in Cs symmetry (Table II.2) 

predict that transitions will be polarized in one of two different directions, either normal 

to the mirror plane (y/), a', or in the mirror plane (z or x'), a", which leads through spin 

orbit coupling, to (in first order) oppositely signed transitions in the MCD spectra29,9 for 

each, but no knowledge of their absolute sign. Recognizing that the electronic structures 

of molybdenyl complexes are dominated by the [Mo=O]3+ fragment and that this leads 

to close similarities in the overall bonding and ground states of pseudo-octahedral 

molybdenyl compounds as the symmetry is lowered from C4v to C2v to Cs' it is 

reasonable to use "symmetry ascent selection rules"74 (which is equivalent to saying 

all molybdenyl complexes have effective C4v symmetry) to predict the absolute signs of 

MCD transitions in low symmetry complexes. In this method, when distortions to a 

molecule in one symmetry sub-group are small compared to another, the selection rules 

of the higher group may approximately apply to the lower group. We have already seen 

this holds for the quite small distortions of an axial ligand being added to [MoOCI4r 

(C4v to C2v[H20] or Cs[CH30HD. Its usefulness under more drastic perturbations has 

been shown in the interpretation of the He(I) photoelectron spectra of d6 metal 

carbonyls 75 in which the Cs compounds CpFe(COhX were related to the parent C4v 

compound Mn(CO)sX. In the LMoOX2 compounds the same reduction in symmetry 

occurs through the substitution of the facially coordinating L ligand for two chlorides 

and an open coordination site in [MoOCI4r. Our Fenske-Hall calculations on these and 
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related C2v and Cs systems indicate that the ground state, the metal d orbitals and the 

filled out-of-plane 11:-donor orbitals change little in energy or composition when the 

symmetry is lowered from idealized C4v to C2v and Cs' Experimentally, the EPR, 

absorption and MCD spectra76 of [MoO(SPh)4r, [MoO(SCH2CH2S}zr. 

LMoO(SCH2CH2S) and related compounds are found to be quite similar, suggesting that 

even this fairly drastic change in ligand set coupled with the symmetry reduction does 

not greatly perturb the ground state or basic bonding framework of molybdenyl 

complexes. 

We begin with the C4v selection rules develQped earlier (Figure II.24) and assume 

that an MCD transition between two specific molecular orbitals will maintain its sign 

under lower symmetry distortions. Upon lowering the symmetry from C4v to Cs' all 

transitions fall into two classes, those in which the symmetry changes and those in 

which it is retained; which we have already noted will have oppositely signed MCD 

peaks. The most interesting orbitals, dxz,yz and X out-of-plane 11:, give symmetric and 

antisymmetric combinations in Cs which are derived from an e set in C4v' Since the e 

orbitals are split by spin-orbit coupling rather than symmetry, it is not clear how each 

component transforms on lowering the symmetry. A transition which is non-degenerate 

in both symmetries is required. The dx2-y2 orbital transforms as b l in C4v and as a" in 

Cs' The dxy HOMO transforms as b2 in C4v and a' in Cs' The dxy -7dx2_y2 transition is 

easily identifiable based on absorption data alone and has a positive MCD transition for 

the C4v compounds examined above. Thus, this symmetry ascent procedure predicts that 
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in point group Cs' a positive MCD will be observed for transitions involving a change 

in symmetry (a"fo-a'), and a negative MCD will be observed for transitions between 

states of the same symmetry (a' fo-a'). 

11.5.6 Band assignments 

11.5.6.1 Chelating Oxygen Donors: LMoO(OCH2CH20), LMoO(catecholate) and 

LMoO(OCH(CH3)CH2CH20) 

Figure II.28 presents the absorption and low temperature MCD spectra of 

LMoO(OCH2CH20). The low energy absorption band typical of molybdenyl 

compounds is split into two distinct peaks (Bands 1 and 2) at 15600 and 19000 cm- I (e 

= 20 M-1cm- I ). These peaks exhibit equal and opposite MCD intensity with the higher 

energy component being positive. The absorption and MCD spectra of 

LMoO( catecholate) (Figure II.30) are strikingly similar to those for LMoO(OCH2CH20), 

but the molar absorptivity for the band envelope near 15000 cm- I for LMoO(catecholate) 

(Bands 1 and 2, e = 190 M-1cm- l ) is about an order of magnitude larger than that for 

LMoO(OCH2CH20). This low energy peak is not split in the LMoO(catecholate) or 

LMoO(OCH(CH3)CH2CH20) absorption spectra, but exhibits a positive pseudo-A term 

in the MCD spectrum (Bands 1 and 2). The small bite angle of the ethylene glycolate 

and catecholate ligands (approximately 80 degrees)69.77 places the chelate ring 

approximately in the equatorial plane and restricts the oxygen out-of-plane x-orbitals to 

be roughly parallel to the Mo=O bond. In general, LMoOX2 compounds possessing a 
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chelating X2 ligand show transitions to dxz.yz that are 2000-3000 em-I higher in energy 

than their monodentate analogues due to the electron-electron repulsion between the 

filled donor n:-orbitals and the filled terminal oxo bonding orbitals. 19 These steric 

restrictions also lead to a substantial splitting of the dx'z and dy'z orbitals (ca 3500 em-I) 

that is clearly visible in the absorption spectrum of LMoO(OCH2CH20) due to its 

unusually narrow peak widths (Figure 11.28). The negative feature in the MCD (Band 

1) at 15000 em-I is assigned to the a/(dxy)~a/(dx'z) transition; the positive feature at ca 

18500 em-I is assigned to the a/(dXy)~a"(dy'z) transition. This energy ordering for the 

dx'z and dy'z orbitals is the opposite of that calculated in Figure 11.42 and that observed 

in LMoOCl2 (Figure II.32,vide infra) or LMoO(OEth (Figure II.31,vide infra). 

The next feature, to higher energy, is a positive MCD peak (Band 3) at 25200 

em-I in LMoO(OCH2CH20) and LMoO(OCH(CH3)CH2CH20) which is just inside the 

tail of rising absorbance intensity. The peak at 25000 em-I (Band 3) of 

LMoO(catecholate) is substantially broader and more intense in both the MCD and 

absorption spectra than the corresponding peak in LMoO(OCH2CH20). These positive 

features are reasonably assigned as the a' (dxy)~a" (dx2-y2) transition. The greater 

absorption intensity is as expected considering the greater covalency of the catecholate 

metal bond. 

A negative MCD feature (Band 4) in LMoO(OCH2CH20) peaks at 30050 em-I 

corresponding to an intense absorption band (£=3940 M-Icm- I) at 28740 em-I. Our 

current data does not extend above 29000 em-I for LMoO(catecholate), but it is 
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reasonable to associate a negative MCD peak (Band 4) with the absorbance feature at 

29410 cm- I. Only LMoO(OCH(CH3)CH2CH20) does not have a negative MCD peak 

near 30000 cm- I
. Band 4 is common to all the other tris-pyrazolylborate compounds 

and is probably due to a charge transfer transition involving the pyrazoylligands. The 

lowest energy 1t-1t* transition in unperturbed pyrazole occurs at 46700 cm- I and 

substituent effects lower the energy of the transition.78 It is quite possible that the first 

charge transfer transitions from the alkoxides begin in this energy region. Since 

LMoO(OCH(CH3)CH2CH20) has a more flexible ring system its first charge transfer 

could reasonably begin at a lower energy; accounting for this difference. 

11.5.6.2 Monodentate Oxygen Donors: LMoO(OEth 

The spectra of LMoO(OEth is presented in Figure II.31. The low energy 

absorption band typical of molybdenyl compounds peaks at 13000 cm- I in the 

absorbance spectrum. In the MCD spectrum, the absorbance continues into the near-IR 

and could not be measured with the instrument used. It is assumed that the negative 

peak at approximately 13000 cm- I is the second component of a negative pseudo-A term 

crossing approximately at 11000 cm- I
. The difference in positions may be due to either 

temperature or phase differences. The negative feature in the MCD (Band 2) assigned 

to the a'(dxy)---7a'(dx') transition; the positive feature (Band 1) is assigned to the 

a'(dXy)---7a"(dy'z) transition. This is the opposite energy ordering than that found for the 

chelating alkoxides above. 
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The next feature, to higher energy, is a positive MCD peak (Band 3) at 

approximately 25000 cm-I which is just inside the tail of rising absorbance intensity. 

This sharp rise in absorbance prevented the measurement of a concentrated sample at 

energies above 25000 em-I. The second higher energy trace was made with a sample 

diluted by approximately 100. It was noted that the more concentrated sample produced 

a much better quality glass, so the features in it are used in the overlapping region. The 

positive feature is reasonably assigned as the a' (dxy)-7a"(dx2_y2) transition. 

The MCD bands 4 and 5 near 30000 and 33000 em-I may be 0 lone pair or 

pyrazoyl ring charge transfer transitions as explained for the chelating 0 donors above. 

11.5.6.3 Halide Donors: LMoOFCI, LMoOCI2, LMoOClBr 

The absorption and low temperature MCD spectra for LMoOCIF, LMoOCl2 and 

LMoOClBr are presented in Figure II.33 through Figure I1.34. Each shows a low 

energy absorption band (E:::: 50 M-Icm- I) near 14000 em-I which gives rise to a pair of 

MCD peaks (Bands 1 and 2) constituting a negative pseudo-A term. The weak 

absorption and pseudo-A behavior identify this as the dxy-7dx'z,y'z transition. The 

positive sign of the lower energy MCD component indicates that dy'z lies lower in 

energy than dx'z. This energy ordering of the dx'z,y'z orbitals is the same as that found 

for LMoO(OEtb but is opposite to that observed for the oxygen chelates above. 

To higher energy in the MCD spectrum of LMoOCI2, a positive MCD feature at 

22000 cm- I (Band 3) corresponds to a shoulder in absorption at 22990 em-I. Band 3 is 
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assigned to the dx2-y2 transition due to its positive MCD and similar energy to that found 

in [MoOCI4]". While the absorption intensity is somewhat high for a strictly d-d 

transition, the same assignment has been proposed for peaks with epsilons measuring 

several hundred in other low symmetry molybdenyl compounds79,19. The same 

transitions are expected in LMoOCIF and LMoOClBr at roughly the same energy. The 

differing equatorial ligand fields would predict a slight lowering in energy for the Br 

complex and a slight rise in energy for the F complex. The tails of absorbance and 

MCD follow this trend. Therefore the tails labeled Band 3 are assigned to the 

dxy -7dx2_y2 transition. 

In LMoOCl2 (Figure 11.32), further positive MCD features (Bands 4 and 5) occur 

at ca. 26000 and 28000 cm- I
, the latter of which corresponds to an absorption peak at 

29670 cm- I . A weak negative MCD feature (Band 6) is located at 30000 cm- I and the 

absorption peak at 32500 cm- I corresponds to a positive MCD peak (Band 7). 

LMoOCIF and LMoOClBr contain the same basic pattern, but without a maxima for 

Band 5. The remaining MCD features (Bands 4-7) are assigned to charge transfer 

transitions. For the dichloride, Band 4 is assigned to the a" f-a' transition from the 

antisymmetric in-plane chloride-1t orbitals to dxy • The next positive feature (Band 5) is 

assigned to the transition from the anti symmetric combination of the out-of-plane 

chloride-1t orbitals to dxy • The symmetric combination of the out-of-plane chloride-1t 

orbitals should have a negatively signed component which we assign to Band 6. 

However, as noted in the oxygen donors, this feature may instead or additionally be due 
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to a transition involving the pyrazoyl ligand. The remaining positive feature (Band 7) 

may be either an oxo or pyrazolyl charge transfer; both types of transitions are expected 

near this energy. For the mixed halides, analogous assignments are made, however, the 

positive and negative pseudo-A like pairs need not be close in energy since the halides 

contribute differing amounts of character to each molecular orbital and they tend to be 

more like an individual atoms p orbitals. 

11.5.6.4 Chelating Sulfur Donors: LMoO(SCH2CH2S), LMoO(SCH2CH2CH2S), 

LMoO(SCH2CH2CH2CH2S) and LMoO( toluene-3,4-dithiolate) 

The absorption and MCD spectra ofLMoO(SCH2CH2S), LMoO(SCH2CH2CH2S), 

LMoO(SCH2CH2CH2CH2S), and LMoO(toluene-3,4-dithiolate) are shown in Figure 11.35 

through Figure II.38 respectively. In molybdenyl compounds containing multiple sulfur 

donors, it is difficult to uniquely identify d-d transitions since they are usually 

overlapped by more intense low energy charge transfer transitions.80.17.18 They may 

also be rather covalently bound, leading to larger than expected intensities for ligand 

field transitions.69 In addition to low energy charge transfer transitions to the ground 

state dxy orbital, charge transfer transitions to the dxz•yz orbitals are also expected to 

occur within the energy range of this study. Their energies should be approximately the 

sum of the charge transfer to dxy and the first ligand field transition (not taking into 

account differences in electron repulsion). These transitions would only be in the visible 

region of the spectrum for very soft ligands such as sulfur which already have very low 
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energy first charge transfer transitions. For example, in the MOIV compoundl7 

[MoO(SC6Fs)4f-, the lowest energy charge transfer transition is observed near 22200 

cm- I and has been assigned to S1t-7dxz,yz' Oxidation to Mo v shifts this band to 18000 

cm- I and results in new weak transitions at 7090 and 8580 cm- I which are most 

probably charge transfer in nature. In [Mo vO(SCH2CH2Shr. the corresponding weak 

low energy charge transfer feature was observed76 near 10000 cm- I by MCD, but not 

in the initial absorption spectra indicating that care must be taken in examining the 

electronic spectra of molybdenyl compounds of thiolate ligands. 

Figure II.44 depicts a plausible state diagram for these LMoO(dithiolate) 

compounds in their effective Cs symmetry along with the selection rules for transitions 

to each state. The proposed energy orderings have been derived from the spectra of 

Figure II.35 and Figure II.38, as described below, after starting from the possible states 

obtained from the orbital orderings in Figure II.42. Only states expected to lie between 

5000 and 35000 cm- I are included in Figure II.44. As stated when the MOs were 

described, the sulfur in-plane p orbitals fall below the out of plane set, but at an energy 

that may have charge transfer transitions below 35000 cm- I
. These states have been left 

out of Figure II.44, even though they may be present. 

Band 1, the lowest energy transition (12000 cm- I in LMoO(SCH2CH2S) and 9000 

cm- I in LMoO(toluene-3,4-dithiolate» is assigned to the charge transfer transition from 

the a" out-of-plane sulfur-1t orbital to dxy . The positive MCD is as expected and the 

moderate absorption intensity is reasonable for a 1t out-of-plane to 1t in-plane charge 
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transfer transition. Further, the energy in LMoO(toluene-3,4-dithiolate)) is substantially 

lower than any reported molybdenyl d-d transition and the shift to lower energy for the 

unsaturated ligand follows the trend expected from the MO calculations. For the 

unsaturated skeletons, there is a trend of the lowest energy band to move higher in 

energy and gain intensity as the size of the ring is increased. A simple explanation for 

this is that the sulfur out-of-plane orbitals are destabilized by electronic repulsion with 

the molybdenum-oxo bond. For the five membered -SCCS-Mo- rings they are forced 

into the most destabilized conformation of being completely aligned. As the ring size 

is increased, it has greater flexibility and allows the S out-of-plane orbitals to rotate 

away from the Mo=O bond, there by stabilizing the orbital (raising the CT transition 

energy) and increasing the overlap with the dxy ground state orbital (increasing the 

transition intensity). 

The remaining spectral features below 18000 cm- i are more difficult to assign 

unambiguously. A negative feature arising from the a' out-of-plane sulfur 1ts orbital to 

dxy and a negative/positive pair arising from the dxy to dx'z,y'z transitions are all expected 

to occur in this region of the spectrum. For LMoO(SCH2CH2S) the weak symmetrical 

positive MCD feature at 15000 cm- i can be assigned to dxy-7dy'z (Band 2 III 

Figure 11.35), and the return to zero can be assigned to dxy-7dx'z (Band 4 III 

Figure 11.35), which should have negative MCD. The negative counterpart of Band 1 

is not observed directly in the MCD spectrum (Figure 11.35). This expected negative 

MCD feature (S1ts-7dxy, Band 3 in Figure 11.44) should have a weak intensity 
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comparable to that of Band 1 and is probably obscured by Bands 2 and 5. For 

LMoO(toluene-3,4-dithiolate) only mull spectra could be obtained (Figure II.38) and the 

MCD intensities are not quantitative. Nonetheless it is clear that the positive feature at 

9000 cm- I is followed by two negative MCD features between ca 12000 and 16000 

cm- I . These negative features can be assigned to the S7ts --7dxy and dxy --7dx'z transitions 

(Bands 3 and 4 of Figure II.44), but their relative order cannot be specified. 

Figure II.44 predicts a fourth feature (Band 2) in this energy region which would be 

positive in sign and is the counterpart of Band 4. We suggest that two overlapping 

positive MCD transitions make up the feature labeled Band 1 in Figure I1.38. For 

LMoO(SCH2CH2CH2S) and LMoO(SCH2CH2CH2CH2S) it becomes more difficult to 

identify the transitions because the charge transfer transitions increase in intensity and 

the number of identifiable feature decreases to two and one as the first charge transfer 

band becomes more dominant. 

The above interpretation of the low energy «18000 cm- I ) MCD features of 

LMoO(dithiolates) are consistent with positive-positive-negative-negative MCD features 

for the compounds, but only some of these features can be clearly identified in each 

case. Our proposed assignments of the relative ordering of Bands 1 and 2 and of Bands 

3 and 4 cannot be unambiguously specified from the available data. Moreover, second

order spin-orbit coupling of the charge transfer and ligand field states, as is observed in 

[MoOCI4r (vide supra), would further complicate making unambiguous assignments. 
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Resonance Raman experiments would be of much help in furthering and confirming 

these assignments. 

From 18000 cm- I to 35000 cm- I the MCD and absorption spectra of 

LMoO(SCH2CH2S) and LMoO(toluene-3,4-dithiolate) are almost identical. Both have 

a positive MCD peak (Band 5) which corresponds with the absorption peak at 20000 

cm- I . Peak maxima in the absorption spectra at 23500 and 28200 cm- I and 24900 and 

27400 cm- I , respectively, correspond to crossing points in the MCD spectrum suggesting 

two overlapping pseudo-A terms, the first positive (Bands 6 and 7) and the second 

negative (Bands 8 and 9) with their positive components overlapping. Neither of the 

remaining MCD features have corresponding features in the absorption spectra; a 

negative MCD peak (Band 10) would account for the breadth of the MCD troughs at 

29300 and 30000 cm- I , while a positive feature (Band 11) peaks at 33000 and 34000 

cm- I . The high energy portions of spectra of LMoO(SCH2CH2CH2S) and 

LMoO(SCH2CH2CH2CH2S) differ from those of LMoO(SCH2CH2S) and 

LMoO(toluene-3,4-dithiolate) in only one respect. An additional negative MCD feature 

is found in the 26000-27000 cm- I range, which is marked with an A in Figure 11.36 and 

Figure 11.37. This feature is treated as a single negative band, based on the spectra of 

LMoO(SCH2CH2S) and LMoO(toluene-3,4-dithiolate), but with the overlapping bands 

in this region other components are possible. 

The positive MCD peak near 20000 cm- I is assigned to the dxy--7dx2_y2 transition 

(Band 5) for all the compounds. The low energy of this transition compared with the 
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previous compounds is consistent with thiolate being the weakest field ligand of those 

that have been examined. As with LMoOCl2 (Figure II.32), the absorption intensity is 

large for a d-d transition, but not unreasonable considering the low symmetry and 

substantial S ligand p contribution (20% in our M.O. calculations) to this Mo-S a* 

orbital. 

The negative-positive-positive-negative C-term pattern from 21000 to 29000 cm- I 

corresponds to two peaks in the absorption spectra. This pattern is precisely what is 

expected for the charge transfer transitions from the two out-of-plane sulfur-n: orbitals 

to the dy'z and dx'z orbitals, as depicted in Figure II.44. The high absorption intensity 

is as expected for a n:-out-of-plane to n:-out-of-plane transition compared to the n:-out-of

plane to n:-in-plane transition that occurs to the dxy orbital (Bands 1 and 3). This pattern 

fixes the order of the dy'z and dx'z orbitals to be the same as that observed for the 

monodentate compounds and opposite to that found for the oxygen chelates indicating 

that the bond angle between X ligands is not solely responsible for determining their 

energy ordering. 

In LMoO(SCH2CH2CH2S) and LMoO(SCH2CH2CH2CH2S) an additional MCD 

feature (Band A) is found in the 26000 to 27000 cm- I range which is tentatively 

assigned to an in-plane S n: lone pair to dxy charge transfer transition. Just as the greater 

ring flexibility allows the S out-of-plane orbitals to be stabilized, this rotation will 

destabilize the S in-plane orbital, lowering its charge transfer transition energy. 
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The final features, Bands 10 and 11, analogous to LMoOCI2, are tentatively 

assigned to charge transfer involving pyrazole ligands; however, further sulfur based 

charge transfer transitions are also expected to be in this energy region. 

11.5.6.5 Monodentate sulfur donors: LMoO(SPhh 

At first glance, the MCD of LMoO(SPh)2 appears more like that of LMoOCl2 than 

the other sulfur containing compounds. However, the absorption spectrum is clearly of 

the type exhibited by the bis sulfur compounds. The lowest energy band is rather 

intense and t~o intense features occur in the 22000-28000 cm- i range. If one makes 

the assumption of an equal concentration in the mull samples (best you can do without 

quantitative intensity data) it is observed that the MCD intensity is five times as intense 

between 10000 and 17000 cm- i and twice as intense between 18000 and 35000 cm- i for 

the dithiophenolate compared to the dichloride. This is in qualitative agreement with 

comparison of the other sulfur compounds with the other dihalides. It is therefore only 

the resulting shape that makes these appear similar and not necessarily transitions which 

are occuring. It is quite reasonable to assign LMoO(SPhh as the other sulfur 

compounds, and accounting for overlap which gives an MCD similar to LMoOCI2. 

Bands 1 and 2 can be assigned to the first sulfur charge transfer transitions to dxy ' 

but in the opposite energy ordering of what is predicted for Cs symmetry. This switch, 

with the negative MCD component (S1ts---7dxy) occuring lower in energy may be due to 

how the sulfur lone pairs interact (producing a switch in the energies of S1ta and S1ts' 
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which has been noted in some thioether compoundssl ), or may be a consequense of 

the true symmetry being C I . The two mono dentate SPh ligands are known to have very 

different orientations and environments from the crystal structure and EPR results. 19 

If the true symmetry is too far from Cs then the assignments based on the Cs lowering 

of symmetry from C4v may not be valid. Components derived from E states in C4v may 

not necessarily have opposite sign. We will continue assignments based on Cs however, 

because they are self consistant. Bands 3 and 4, corresponding to the ligand field 

dxi-~dxz.yz transitions can be assigned to the absorption shoulder at 16200 cm- I
. No 

MCD features are observed in this region, but the ligand field MCD transition intensity 

is expected to be much smaller than that of the charge transfer intensity. As with the 

other molybdenyl compounds, Band 5 is assigned to the dxy~dx2_y2 transition. Bands 

6 and 7 cover the region in which the other bis-sulfur compounds contain two 

identifiable pseudo-A terms. This is probably still the case considering the two 

absorption features observed. The same assignments of S1ta.s to dxz.yz charge transfer are 

made. The reason that only two MCD features are observed in the broad, almost linear 

region arises from overlap of components. Since the order of the S1ta and S1ts is 

reversed a positive-negative-positive-negative pattern is expected for these four 

transitions. With the center two components canceling, no features would be expected 

between the outer components. Bands 7 and 8 may also arise from transitions involving 

the pyrazoyl ligands. 
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11.5.6.6 Monodentate Mixed Donors: LMoOCI(SEt) 

The spectra of this compound, as might be expected, appear as a cross between 

those of LMoOCl2 and LMoO(SPhh. The low energy absorption peak is resolved into 

two or perhaps three transitions in the MCD spectra. It is difficult to determine where 

the zero line is since it does not coincide between the two phases shown. There is 

definitely a negative MCD feature (Band 1) and a more intense feature (Band 2). Band 

1 is assigned to one component of the dxy ~dxz,yz pair of transitions, the other 

component is probably covered by Band 2. In a complex with no symmetry, the 

approximate rules of Cs symmetry cannot be used to make more specific assignments, 

although the approximate C4v rules (containing an ambiguity for e states) may still 

apply. Band 2 is assigned to the single S 1t out-of-plane orbital charge transfer to dxy 

which is expected for this complex. Band three is assigned to the dxy~dx2_y2 transition, 

based on its energy and absorption intensity. The positive MCD observed helps support 

the assumption that all pseudo-octahedral molybdenyl complexes act in approximate C4v 

symmetry. 

Bands 4 and 5 are assigned as the two S 1t out-of-plane orbital charge transfer to 

dxz,yz transitions expected in this complex. The dxz,yz pair will split according to (at 

least) spin-orbit coupling, which will result in oppositely signed transitions. As with the 

other trispyrazoyl compounds, Band 5 may additionally arise from charge transfer 

transitions involving the pyrazoyl ligands. Band 6 may also arise from the pyrazoyl 
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ligands, however, other sources, including further sulfur charge transfer transitions, are 

also possible. 

11.5.6.7 Chelating Mixed Donors: LMoO(OCH2CH2S) 

Contrary to what might be expected from LMoOCI(SEt), the spectra of this 

compound does not appear as a cross between those of LMoO(OCH2CH20) and 

LMoO(SCH2CH2S). The low energy absorption peak is resolved into only two MCD 

features, which show equal and opposite MCD intensity. The absorption intensity is 

similar to what has been previously assigned to the dxy --7dxz,yz transitions in single sulfur 

containing molybdenyl compounds. 19 Band 1 is assigned to one component of the 

dxy --7dxz,yz pair of transitions; Band 2 to the other component. In a complex with no 

symmetry, the approximate rules of Cs symmetry cannot be used to make more specific 

assignments, although the approximate C4v rules (containing an ambiguity for estates) 

may still apply. Band 3 is assigned to the dxy--7dx2_i transition, based on its energy. 

In the same energy region as Bands 1-3 the first sulfur to molybdenum charge 

transfer transition is expected. However, no feature in either the MCD or absorption 

spectra appears assignable as this transition. This situation also appears to be the case 

in other single sulfur molybdenyl compounds such as MoOCI3(SPPh3)82. It may be 

that the transition carries little absorption intensity, or it may be that mUltiple sulphur 

atoms are required for the low energy transitions that characterize molybdenum-sulfur 

complexes. Few molybdenum compounds with a single ligating sulfur atom are known 
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and most data have been collected on systems including two or more coordinated 

sulfurs. 

Bands 4 and 5 are assigned as the two S n out-of-plane orbital charge transfer 

transitions to dxz,yz expected in this complex. The dXZ,yz pair will split according to (at 

least) spin-orbit coupling, which will result in oppositely signed transitions. As with the 

other trispyrazoyl compounds, Band 5 may additionally arise from charge transfer 

transitions involving the pyrazoyl ligands. Band 6 may also arise from the pyrazoyl 

ligands, however, other sources are possible, including further sulfur to molybdenum 

charge transfer transitions. 

11.5.7 Generalizations Regarding Assignments 

The assignments of both the high and low symmetry molybdenyl complexes 

(pseudo-octahedral, one strong pi-donor) fit within a framework in which the 

molybdenyl group dominates the splitting and energies of the metal orbitals. The 

equatorial ligands may be thought of as a separate fragment whose symmetry adapted 

combinations are controlled by the identity of the ligands, but typically fall into in/out

of-equatorial-plane n-Ionepair and a-donor orbital categories. In this framework, 

molybdenyl complexes may be thought of as a C4v Mo=O group complexed by a square 

of donor ligands, which maintain an existing tetragonal field and further perturb the 

metal more on the basis of charge transfer energy than on symmetry properties. This 

interpretation explains the consistency of the energy for all the ligand field transitions, 
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while allowing for the small deviations which mark individual compounds. This model 

accounts for the onset of intense absorptions following the same trend as the ionization 

potentials of the ligands and for the patterns found in MCD spectra when charge transfer 

to higher energy metal orbitals may also be observed in the visible region. The small 

effects of interligand non-bonded repulsion on geometric structure have been noted 

previously.s3 This extends that concept to the effects of ligand non-bonded orbitals 

on the electronic structure of molybdenyl compounds. 

11.6 Enzyme and Enzyme-like Mo-Fe Mixtures 

Two variable temperature MCD experiments were carried out using mixtures of 

a molybdenum(V) compound and an intensely absorbing diamagnetic heme related 

compound in order to assess the difficulties in performing a variable temperature MCD 

differentiation of these two spectroscopic components. Then, an attempt was made to 

separate the molybdenum and heme contributions to the MCD spectrum of the enzyme 

sulfite oxidase. 

11.6.1 Difference Spectroscopy 

As pointed out in previous sections, C-term MCD intensity is temperature 

dependent, while A- and B-term intensity is temperature independent (for most cases, 

including monomeric molybdenum). This makes possible, at least in principle, the 
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separation of C-term intensity from A- and B-term intensity by variable temperature 

difference MCD spectroscopy. 

In this variation of MCD spectroscopy, the MCD spectrum of the sample is 

measured at a minimum of two different temperatures. Usually one temperature is as 

low as possible to maximize the C-term intensity, and the other temperature is as high 

as possible, in order to minimize the C-term intensity. It is essential that the sample be 

unchanged during the measurements (no melting, reaction, etc.). The result of 

subtracting these two spectra is the temperature dependent C-term intensity. The 

observed C-term intensity will be a function of the temperature difference and will be 

the full C-term intensity only if the high temperature spectrum has zero contribution 

from C-terms (temperature is high enough to equally populate all sublevels of the 

ground state). In practice, a temperature difference of this magnitude will produce other 

changes in the sample, such as melting of the solution or decomposition of the 

compound, and measurements are made at liquid helium temperatures and just below 

the solvent melting point. The errors introduced by this practice are usually small and 

assumed zero. In addition, any temperature dependent change in the sample which 

causes depolarization, such as freezing induced stress, cracks or bubbles, will be 

included in the C-term difference intensity. These effects need to be avoided and 

checked for by zero field measurements at each temperature. Uncorrected temperature 

dependent change in the baseline can manifest itself as a shifting of the entire spectrum. 
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A variable temperature MCD difference experiment that does not have sample 

problems such as a drifting baseline, mUltiple species or noise on the order of the signal 

exhibits certain characteristics. First, the shape of each difference spectrum should be 

the same, with the maximums and minimums of intensity varying with the difference 

in temperature. The largest magnitude should be observed for the largest change in kT. 

For example, if the temperature difference is between 5 and 10 K, the C-term intensity 

should halve, resulting in a difference spectrum with 50% of the true intensity at 5 K. 

Between 5 and 60 K, the difference spectrum will have 91.6% of the true intensity at 

5 K. However, for the same absolute temperature difference between 55 and 60 K, the 

C-term intensity would only decrease by 0.76%, resulting in a difference spectrum with 

less than one percent of the true intensity at 55 K, which itself is only 9% of that 

observed at 5K. Low temperatures and wide differences provide the best difference 

spectra. This also points out the need for strict temperature control, especially at liquid 

helium temperatures, where small temperature differences can mean large intensity 

differences. In addition to the overall shape, the zero line crossing points should be the 

same for each spectrum; positions where the MCD absorbance is zero should not change 

with temperature. Contamination by species with a different gis/J may cause these points 

not to align, in addition to the reasons causing baseline shift mentioned above. 

11.6.2 TTPILMoO(SCH2CH2S) mixture 

Experiment and Results 
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Figure 11.47. TTPILMoO(SCH2CH2S) mixture difference MCD spectra. 
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Figure 11.48 Baseline corrected difference MCD spectra of TTP/LMoO(SCH2CH2S). 
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The first mixture investigated was of the molybdenum dithiolate compound, 

LMoO(SCH2CH2S), and free-base tetratolylporphyrin. The ratio of Mo to TTP was 

approximately 3: 1 so that the molybdenum contribution to the absorption spectrum was 

clearly visible, although still dominated by the porphyrin absorption. The absorption 

spectrum of the initial TTP sample and the mixture sample is shown in Figure II.45. 

The glassing mixture was a 2: I solution of toluene and DMF. The overall concentration 

was chosen such that the most intense absorption (the TTP Soret band at 424 nm, 23600 

cm- I ) peaked at approximately 2 absorbance units. The resulting concentrations were 

approximately 2.8x1O-s M and 6.7x1O-s M for TTP and LMoO(SCH2CH2S), respectively. 

The MCD spectra obtained at a magnetic field of 5.0 T and temperatures of 4.9, 10, 30 

and 60 K are shown in Figure II.46. A control experiment measuring the temperature 

dependence of TTP alone, showed all features to be temperature independent and each 

spectrum appeared almost identical to the 60K spectrum in Figure 11.46. The MCD 

spectra are dominated by the two B terms of opposite sign attributable to the TTP Soret 

band84• The spectrum attributable to free-base TTP is in accord with previous 

determinations.8s
•
86 In the figure, the vertical scale is given in ellipticity (800 to -

600), the corresponding delta epsilon scale is -3100 to 4133 for the TTP component and 

200 to -150 for the LMoO(SCH2CH2S) component at a field of 5 T. In Figure II.47, 

the difference spectra obtained by subtraction of each higher temperature spectrum from 

the 4.9 K spectrum are shown. Delta epsilon values are not indicated since they are a 

function of both temperatures involved. The intensities vary with the temperature 
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difference, as expected, but the baseline shifts and crossing points do not line up. This 

is probably due to using the 4.9 K zero field baseline for all temperatures. The baseline 

may be corrected by assuming that the non-absorbing region from 10000-13000 cm-1 is 

the true baseline location and adjusting this to zero. The· result of this procedure is 

shown in Figure II.48. In this case, simple linear shifts brought all non absorbing areas 

to zero, while aligning the crossing points and correctly ordering the intensities 

according to temperature. There is, however, no reason that this correction should 

always be linear in wavelength. 

Analysis 

The 4.9-60 K baseline corrected MCD difference spectrum ofLMoO(SCH2CH2S) 

is compared to that obtained on a pure sample in Figure II.49. Due to the difference 

technique, the difference spectrum should be 8.4% less intense than the spectrum 

obtained on a pure sample. This fits closely in the 14000-19000 cm-1 region, but in 

other regions noise and differences between samples cause some minor differences in 

intensity and crossing points. The peak maxima positions are the same in both 

determinations. All of the essential features and similar intensities are reproduced in the 

difference spectrum. Clearly, the difference method can separate temperature dependent 

absorbencies from temperature independent ones, even when the total absorption 

spectrum is dominated by the temperature independent species. 

11.6.3 (LMoO-3,4FeTTP)20 
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Experiment and Results 

H-

Figure 11.50. Structure of the LMo(FeTTP) monomer. 

The second experiment was performed on a bimetallic complex in which a 

molybdenum catechol fragment is covalently bound to an iron porphyrin. This situation 

assures a Mo:Porphyrin ratio of 1: 1, as is found in sulfite oxidase. The structure of this 

novel compound is shown in Figure II.50. Spectroscopic studies of a series of these 

compounds shows that while the Mo and Fe centers interactS7
, they may be considered 

as separate entities. The Il-oxo Fe-O-Fe bridged dimer was used in the experiment to 

place the heme groups into a diamagnetic state which is resistant to air oxidation. The 

validity of the assumption that the Il-oxo dimer is diamagnetic will be addressed in the 
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analysis section. The solvent used was 20: 1 DMF/dichloroethane. The concentration 

was again chosen so that the most intense absorption (Soret peak at 24500 cm- I ) peaked 

at approximately 2 absorption units. Figure II.51 shows the absorption spectrum of the 

sample. It is typical of that found for other /A-oxo iron porphyrins88 and no 

contribution to the absorption spectrum from the molybdenum portion is evident. The 

MCD spectra in a magnetic field of 5.0 T and at temperatures of 4.2, 11 and 22 K are 

shown in Figure II.52. The MCD signal is substantially smaller than in the case of the 

free-base tetratolylporphyrin, but still, the dominant features are attributable to the 

porphyrin centers. Temperature dependence is evident in the regions of 18000 to 23000 

and 25000 to 33000 cm- I ; where the porphyrin does not absorb strongly. The difference 

spectra resulting from subtraction of a higher temperature MCD spectrum from a lower 

temperature one are shown in Figure II.53. Delta epsilon values are not indicated since 

they are a function of both temperatures involved. There is no indication of a simple 

baseline correction which can be made to these spectra, since absorption occurs 

throughout the observed region. 

Analysis 

The main problem in this experiment is the question of whether molybdenum is 

the only species giving rise to temperature dependent MCD spectra in the temperature 

range examined. Three other possible sources (temperature dependence of /A-O dimer, 

contamination by small amounts of other porphyrin species, and baseline deviations) 
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each have a high probability of occurring. In addition, the large amount of noise, the 

non-coincidence of crossing points, and the lack of positive portions to the spectrum 

indicate that at least one of the above is contributing. 

It is not known if the fl-O dimer gives a temperature independent MCD signal. 

MCD spectra of fl-O bridged Fe porphyrins were not found in a literature search, in 

contrast to the great amount of work done on monomeric species85
• The molybdenum 

free porphyrin was not available at the time these MCD samples were collected and so 

the control experiment has not been performed. Iron porphyrin literature89
•
90

, 

indicated that the fl-O dimer unit might behave diamagnetically, especially at low 

temperatures, because no EPR signal is observed at room temperature and because 

magnetic susceptibility and temperature dependent HI NMR studies indicate strong anti

ferromagnetic coupling, with a coupling constant of -271 cm,l between the ground and 

first excited states in tetraphenylporphyrin. At room temperature the paramagnetic state 

population is about 27%; it is virtually zero at temperatures below 50 K. While this 

leads strongly to the idea that no temperature dependence will be observed in the 

absorption spectra of fl-O ferric dimers, this has not been shown experimentally. 

An even more probable source of temperature dependence is the presence of 

paramagnetic porphyrin contaminants. The FelII(TTP and substituted)CI species is a 

possible trace contaminant in the synthesis of this dimer. It has also been reported89 

that, to a very small extent, a fl-O ferric dimer may photodissociate into TTPFell and 

TTPFelv =0. Each of these species has absorption bands in the same energy regions as 
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those observed in Figure II.51. The noncoincidence of crossing points and the fact that 

intensities do not smoothly decrease as the temperature difference decreases indicates 

that there are other paramagnetic species present. 

Baseline deviations, as seen in the previous experiment, may also be occurring in 

this set of spectra. The almost entirely negative intensity suggests that the baseline has 

been shifted. In all of the previous molybdenum spectra, at least one crossing point was 

observed; here there are only two very small portions of positive intensity, which do not 

show smooth temperature dependence or coincident crossing points. 

After recognizing the problems in this set of spectra, there seem to be two 

assignments which might be tentatively advanced. It would be reasonable to attribute 

the features at 18000 and 23000 cm- I to a paramagnetic iron porphyrin species. The 

known MCD features86 of TTPFelllCI are similar, but differ in relative intensity. The 

region from 25000-33000 cm- I might be assigned to a molybdenum species. While for 

porphyrin species absorption and MCD intensity declines in this region, it is exactly 

where intense absorption and MCD intensity begins for molybdenum catecholate 

compounds. The temperature dependence is not inconsistent with a molybdenum 

species, but the small temperature range and number of observations does not allow a 

determination of the g value of the species. 

11.6.4 Sulfite Oxidase 

Experiment and Results 
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The MCD spectra of a sample of sulfite oxidase was collected as a preliminary 

examination to further studies attempting the separation of Mo and Fe contr~butions to 

the absorption spectra of molybdo-enzymes. The initial sample was approximately 200 

~ sulfite oxidase in 100 mM phosphate buffer at a pH of 7.8. The sample was 

reduced with excess sodium sulfite in the absence of oxidizing agents, and 40% (by 

volume) glycerol added to aid in glassing. The initial sample did not produce a 

satisfactory glass, and an additional 10% glycerol was added; resulting in an excellent 

glass. Figure II.54 shows the absorption spectrum of the sulfite oxidase sample used 

at room temperature. It is typical of reduced sulfite oxidase. Using the extinction 

coefficients91 of beef liver hepatic sulfite oxidase, the estimated final concentration 

was 120~. The concentration had been chosen to give a maximum absorbance of 

approximately 2 absorbance units. The full spectrum MCD of the sample at 60 K and 

5 T is shown in Figure II.55. The temperature dependence observed is very minor and 

does not include the heme features which dominate the spectrum. The delta epsilon 

values were computed using the 120 ~ concentration and are probably correct for the 

heme center since quantitative reduction of the heme center occurs, but are a limiting 

maximum for the molybdenum center since the amount of Mo(V) is unknown. 

Figure I1.56 shows the MCD spectra obtained at temperatures of 4.2, 15, 30, and 60 K 

on an expanded scale. The heme features between 18000 - 20000 cm- I are truncated. 

The crossing points are clean and the baseline appears to be flat and near zero, judging 

from the non-absorbing region between 13000 -17000 cm- I . Difference spectra obtained 
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by subtraction of a higher temperature spectrum from a lower temperature one are 

shown in Figure 11.57. Except for the region of 20000 - 23000 cm-1 between the heme 

features which dominated the high temperature MCD spectra, any possible signal is of 

the same magnitude as the noise in the spectrum. The noisiest portion of the difference 

spectra are found at the location of the heme features. 

Analysis 

The sulfite oxidase temperature independent MCD (Figure 11.55) is very similar 

to the reported92 MCD of rat liver microsomal cytochrome bs. Two minor differences 

are found. The MCD intensity of the pair of oppositely signed B-terms at 18000 cm- I 

is almost twice as large in sulfite oxidase as in the microsomal bs. This may be due to 

an ambiguity in whether the sulfite oxidase extinction coefficients are per enzyme or per 

dimer unit. The second difference is in the small region between 18700 and 19500 

cm- I . In sulfite oxidase there are a positive-negative-positive-negative set of small peaks 

in this region; where in microsomal bs' the spectrum is almost flat at zero. The more 

intense features on either side are assigned in other non-symmetric porphyrins to the 0-0 

vibrational components of the Qx and Qy electronic transitions.84 Coupling with 

different vibrational modes can result in a complex pattern in this region. 

The sulfite oxidase temperature dependent MCD shows hints of paramagnetic 

transitions which could be attributable to molybdenum. However, the signal in general 
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is not significantly above background noise, and the region in which temperature 

dependence was observed is small. 

11.7 Overall Conclusions and Future Work 

11.7.1 Model Compounds 

MCD studies on a series of oxo-Mo(V) complexes of known stereochemistry have 

enabled the MCD spectra of low symmetry (Cs) complexes to be assigned by relating 

the observed spectra to those from higher symmetry (C4Y) species. For LMoOX2 

complexes with sulfur donor atoms, overlap of the low energy charge transfer bands and 

the lowest energy d-d bands makes it difficult to unambiguously assign the spectra 

below 15000 cm- I . We have assigned the lowest energy absorption band to a charge 

transfer transition from an out-of-plane S1t orbital to Mo dxy. This presence of a low· 

energy charge transfer transition supports the idea that the large g values (gl > 2.00) 

observed in such compounds result from positive contributions to g from charge transfer 

terms that are comparable to or even outweigh the contributions from d -7 d terms, 

which act to lower the g value. 19,93 The transition from the HOMO (dxy) to dx2_y2 and 

the charge transfer transitions from the filled S1t orbitals to dx'z,y'z can be assigned with 

more confidence. The MCD spectra of the sulfur containing model complexes strongly 

suggest that S1t to Mo(dxy) and S1t to Mo(dxz,yz) charge transfer transitions are the 
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dominant features in the MCD spectra of molybdenyl centers with multiple sulfurs 

coordinated cis to the oxo group. 

11.7.2 Comparison of Model MCD with DMSO Reductase MCD 

The MCD spectra of native9 and glycerol inhibited 10 DMSO reductase are similar 

to each other in appearance, but the corresponding bands for the native form are shifted 

to higher energy by approximately 900 em-I and exhibit differential absorbencies that 

are only about one fourth as intense as those of the inhibited form. In Figure II.58 the 

MCD spectrum of the glycerol inhibited Mo(V) form of DMSO reductase lO is replotted 

as a function of energy and overlaid on our MCD spectrum of LMoO(SCH2CH2S) in 

the same energy region. The low energy region of this enzyme spectrum was not 

included in the published figure, but a broad weak negative MCD band at :::::11000 em-I 

has been described.1O Considering the differences in temperature and magnetic field 

strength of the data collections, the native form and our model show comparable 

differential absorbance values between 20000 and 30000 em-I, as do other sulfur 

containing model compounds.76 Comparison of the two spectra shows some general 

similarities and some marked differences. Both spectra show a medium intensity 

positive peak near 20000 em-I and weak absorbance near 11000 em-I. From 21000 to 

30000 em-I the enzyme and model exhibit peaks at similar energies and intensities, but 
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of opposite sign. The striking difference between the two spectra is the intense positive 

pseudo-A term in the enzyme spectra at 15000 cm- I which is not present in the spectra 

of our thiolate containing model compounds. 

Both reports of the MCD spectra of DMSO reductase have analyzed the observed 

spectrum in terms of charge transfer transitions in a simple C2v model that consists of 

Mo(V) ligated by a single dithiolene ligand, but neither analysis included the effects of 

the terminal oxo-group of the molybdenyl fragment that is known to be present in the 

enzyme. The MCD bands have been assigned9,IO to charge transfer transitions from 

three filled dithiolene 1t-orbitals to the two lowest lying metal d orbitals. We propose 

a modified interpretation of the MCD spectra of DMSO reductase based upon our 

investigations of the MCD spectra of model oxo-Mo(V) complexes presented above. 

Our interpretation rests on two key observations. 1) The terminal oxo group dominates 

the splitting of the metal d orbitals in both high and low symmetry complexes for all 

types of donor atoms.94 2) The filled 1t-orbital of dithiolene ligands that is primarily 

the C=C pi bond is substantially lower in energy than the sulfur 1t-orbitals of the ligand. 

PES spectroscopy places this orbital 16000 cm- I lower in energy for thiomethyl 

substituted ethylenes,81 and molecular orbital calculations on molybdenyl-monodithiolene 

fragments suggest that such a transition would be much higher in energy than S1t to 

metal dxz,yz charge transfer transitions. There is no experimental evidence for a charge 

transfer transition from this filled n-orbital to Mo in the MCD spectra of model 

complexes because LMoO(SCH2CH2S) (saturated ligand skeleton) and LMoO(toluene-
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3,4-dithiolate) (unsaturated ligand skeleton) show very similar spectral features. This 

orbital is not included in the energy diawam for sulfur donors in Figure 11.42 and is not 

expected to contribute to the spectrum of the enzyme. 

The dominance of the oxo group in determining the d orbital splittings of the Mo 

atom and the low energy of the C=C pi bond in mono-dithiolenes, suggest that the state 

diagram developed here for LMoOX2 compounds (Figure II.44) may also be used to 

interpret the MCD spectra of DMSO reductase. We consider three possible explanations 

for the differences observed between the MCD spectra of DMSO reductase and the 

model compounds containing chelating thiolate ligands (Figure II.58). 1) The active site 

of DMSO reductase is structurally similar to our model compounds, but the other 

ligating atoms at the metal site lead to an inversion of the energies of the dx'z and dy'z 

orbitals compared to the model compounds. This study has shown that the relative 

energies of the dx'z and dy'z orbitals depend on the ligands in the equatorial plane of the 

complex. In terms of the state diagram (Figure II.44), this would switch not only Bands 

2 and 4, but Bands 6 and 7 and Bands 8 and 9 as well, resulting in an expected 

positive-negative-negative-positive feature and effecting a change of sign for the 

transitions between 21000 and 30000 cm- I . The positive peak near 20000 cm- I would 

be the ligand field dxy~dx2_y2 transition. The weak band at ::::11000 cm- I is lower in 

energy than any reported molybdenyl ligand field band69
•
95 and is probably a weak 

sulfur to molybdenum charge transfer transition. 2) The active site of DMSO reductase 

possesses additional sulfur atoms (EXAFS studies of related oxomolybdenum enzymes 
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indicate up to four coordinated sulfur atoms).23 Additional sulfur atoms could give rise 

to the intense pseudo-A term at ::::::15000 em-I, while maintaining the pattern expected for 

two sulfur atoms in the equatorial plane. 3) Available structural data for oxo-Mo(IV/v) 

model compounds l6 suggest that sulfur atoms prefer to coordinate cis to the single 

terminal oxo group. However, an alternative geometry may exist at the active site of 

DMSO reductase that is not related to the pseudo-octahedral complexes with two sulfur 

donors in the equatorial plane examined here. In the absence of MCD data from well 

defined compounds with alternative coordination numbers, geometries, and 

stereochemistries, it is not possible to eliminate explanation 3 at this point. 

Finally, these spectral studies of molybdenyl complexes provide significant insight 

into the electronic structure contributions to catalysis by oxo-molybdenum enzymes. 

The proposed catalytic cycles for these enzymes involve both atom transfer and electron 

transfer reactions.3.23 Substrate oxidation (reduction) is proposed to involve oxygen 

atom transfer between the substrate and the MolVO and Mo VI02 forms of the 

molybdenum center.3.96 Holm96 has suggested that the role of sulfur coordination to 

molybdenum is to destabilize the oxidized Mo VI02 state in order to facilitate cleavage 

of the Mo=O bond during the catalytic cycle. The energies and intensities of the MCD 

bands for well-characterized LMo vOX2 complexes with chelating sulfur ligands indicate 

that the filled sulfur n-orbitals are close in energy to and can strongly covalently overlap 

with the molybdenum d orbitals; n-donation from these filled sulfur orbitals will 

compete with n-donation from the terminal oxo group to weaken the Mo=O bond. The 
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observed Mo=O stretching frequencies for analogous LMovOX2 complexes are 10-15 

cm- I lower for X = S compared to X = 0, reflecting this effect. 19,20 

Regeneration of the catalytic molybdenum center following oxygen atom transfer 

to the substrate is proposed to involve two successive one-electron transfers, passing 

through the MovO state.3,23 The low energy sulfur to molybdenum charge transfer 

bands of moderate intensity observed for LMo vO(SCH2CH2S) and LMo vO(toluene-3,4-

dithiolate) in this work show that the filled sulfur TC-orbitals are close in energy to and 

overlap significantly with the dxy orbital whose occupancy changes during the one

electron steps. These sulfur orbitals should provide an effective low energy super 

exchange pathway for the one-electron transfers that interconvert the Mo(IV,V,VI) states 

during the catalytic cycle. Recent studies show that for LMo vOX2 complexes with 

chelating X2 ligands the rates of heterogeneous electron transfer for the Mo(V flV) 

couple with X = S are about 1.5 orders of magnitude faster than those for analogous 

compounds with X = 0.97 Thus, sulfur ligation of oxo-molybdenum centers leads to 

electronic structures that facilitate both the oxygen atom and electron transfer reactions 

that are proposed to occur in the catalytic cycles of these enzymes. 

11.7.3 Future Model Compound Experiments 

The MCD spectra of the model compounds analyzed here should provide a basis 

for interpreting the MCD data from other oxo-Mo(V) compounds, especially those with 

sulfur donor ligands. However, additional MCD data on oxo-Mo(V) complexes with 
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alternative stereochemical relationships between the terminal oxo group and the sulfur 

donor ligands are needed in order to more definitively relate the MCD spectra of DMSO 

reductase to the stereochemistry of the oxo-molybdenum center of the enzyme. Of 

particular interest would be an examination of the entire series of five coordinate 

oxomolybdenumtetrathiolate compounds, especially in the near-IR region and, if such 

a compound could be made, an oxo dithiolate in which one sulfur was cis to the oxo 

and the other trans. Mono-sulfur molybdenyl complexes might also prove interesting 

based on the surprising MCD spectra of LMoO(SCH2CH20). Are multiple sulfur 

donors required for the low energy charge transfer transitions? A wider range of 

LMoOXY compounds should also be explored in an attempt to find a correlation with 

the energy ordering of the dx'z and dy 'z orbitals. 

11.7.4 Future Enzyme Experiments 

The preliminary experiments performed here on separating Mo and heme based 

absorbances by temperature dependent MCD indicate that the experiment is feasible, but 

requires favorable circumstances in order to be successful. Further measurements on 

sulfite oxidase should be performed after a method for increasing the Mo(V) 

concentration while maintaining a reduced Fe(II) heme center is developed. However, 

the sample conditions employed for the preliminary experiment may be sufficient to 

detect the differential absorbtion contribution of Mo(V) outside of the Soret region if 
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the temperature is further decreased to 1.6 K and special care is taken to account for 

possible changes in the CD baseline with the changes in temperature. 
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CHAPTER III 

ELECTRON DENSITY DISTRIBUTIONS BY X-RAY DIFFRACTION 

111.1 Introduction 

Soon after the discovery of X-rays by von Laue in 1912, it was realized that a 

single crystal would act as a diffraction grating for this new type of radiation. Both P. 

Debye and W. H. Bragg noted the utility of such a diffraction experiment, "since along 

this way it should be possible to determine the arrangement of the electrons in the 

atoms" . 98 As it turns out, the principle use of X -ray diffraction has been the other way 

around, finding the atomic nuclei in the electron cloud and reporting the geometric 

configuration of atoms. However, since the basic premise of Debye's statement is that 

it is the electrons, not the nuclei, that scatter X-rays, the distribution of electrons on a 

scale smaller than that of a single atom should be determinable from the same 

experiment. In the basic X-ray diffraction experiment,99.100 the intensity and 

distribution of the diffracted beams are measured and related back to the diffraction 

grating (the periodic electron density in the crystal). The crystal is modeled by spherical 

unperturbed atoms positioned at the center of peaks in the total electron density. This 

is called the fixed core approximation. For the most part, this approximation is very 

good, but it discards a lot of information about electrons which are farther from the 

atomic core, the valence electrons. For chemists, these valence electrons are usually the 
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more interesting component of a molecule; they are involved in the bonding and control 

a molecul~s reactivity. Often chemists forget that this information is present in the same 

experiment; it is just more difficult to extract and requires high quality samples. When 

performed with sufficient accuracy, not only the atomic positions, but detailed 

information on lone pairs, bonds, and one-electron properties may be obtained. An 

extended diffraction experiment that includes examining the electron density in addition 

to the atomic centers is termed a Charge Density Analysis (CDA). An eloquent history 

of the development of CDA techniques has recently been given by Coppens and 

Feil.101 In CDA studies, the crystal is modeled by shapable atoms allowing for 

perturbation from a non-interacting sphere and accounting for bonding effects. A much 

more complete picture of the molecule can be obtained. This is not to say that the 

geometric structure determination is unimportant, indeed, it is arguably the most useful 

tool man has developed for determining the chemical structure of pure substances. 

Crystallography has answered hotly debated questions on the structures of diamond, 

sodium chloride, benzene and DNA, to name a few, when no other technique could. 

The goal of the present work is to help extend diffraction studies to equally important 

questions about the electronic structures of molecules through CDA. 

The culmination of a "normal" X-ray structure determination is the ORTEpI02 

drawing. This frequently seen visual representation of a molecule depicts the geometric 

relations of the nuclei and often their thermal vibrations, but represents bonds solely as 

lines. There are several features typically seen in ORTEP drawings which are present 
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Figure 111.1 ORTEP drawing of a routine research compound. 

due to breakdowns in the fixed core approximation. Figure III.I shows the ORTEP 

drawing of a typical inorganic research compound103 which will be used to 

demonstrate these. 

The fixed core approximation works on the idea that the electrons are spherically 

distributed about a stationary nuclei; it makes no provisions for either a change in shape 

due to bonding or a change in position due to thermal motion. Both of these effects 

lead to a smearing out of the observed electron density. To account for this smearing, 

"normal" X-ray structure determinations allow for thermal motion by the inclusion of 

a temperature factor (which may be isotropic or anisotropic and for individual atoms or 
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groups). The ORTEP feature which presents the temperature factor(s) is the use of 

percent probability ellipsoids, more commonly called thermal ellipsoids because thermal 

motion is usually the major effect. The magnitude of thermal vibration is a function of 

the temperature and the force constants of vibrations in which that atom takes part. In 

general, the higher the temperature, the greater the vibrational motion. The effect of 

such thermal motion is to spread out the electron cloud over a greater volume, thus 

leading to a range of locations where the nucleus may be found. The percent probability 

ellipsoidsI02 illustrate the chance of finding the nucleus within a region that is a 

Gaussian distribution centered on the electron density maximum and convoluted with 

a harmonic oscillator type motion at the nuclei. 

In cases where the fixed core approximation completely breaks down, as in the 

bonding of hydrogen atoms, either the probability ellipsoid is replaced with an artificial 

sphere or the atom positions are noticeably closer to the atoms to which they are bonded 

than indicated by other independent methods (sometimes both, as was done in 

Figure III.l). The shortening of the bond to a hydrogen atom is the best known 

example of bonding effects observed by diffraction methods. It is a sign that electrons 

are not tied to one atom, but may be shared through a bonding interaction. The average 

carbon-hydrogen bond distance determined by X-ray diffraction is 0.95 A, however, 

neutron diffraction, electron diffraction and IR spectroscopy find the value to be 1.05 

o 104 A. The explanation for this difference is that the peak in electron density 

corresponding to the hydrogen atom is not located at the hydrogen nucleus position, but 
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is displaced toward the carbon atom due to participation in the C-H bond. The same 

effect has been observed for heavier atoms with core electrons where multiple bonding 

causes electrons to be localized between the two atoms, such as between the two carbon 

atoms in acetylene and between the oxygen and carbon atoms comprising a carbonyl. 104 

In these cases the effect is smaller (typically 0.01 A or less difference). 

Another practice common in the preparation of ORTEP drawings is the use of a 

single line to indicate a bond, regardless of the bond type. In Figure III. 1 , the carbon

carbon bonds in the pyrazole rings are much shorter and contain more 1t character than 

those attaching the methyl groups to the ring, yet both are depicted as a single line. 

Clearly, a lot of useful information is conveyed in an ORTEP drawing, but in the 

"normal" structure determination analysis of the electron density rarely is treated to the 

extent possible. 

Charge Density Analysis is concerned with determining the valence electron 

density that is involved with bonding. CDA begins with the fixed core approximation, 

takes into account thermal motion, and then separates the contributions which can be 

related solely to bonding by allowing shapeable atoms. The major challenge of CDA 

is to deconvolute the effects of thermal motion and bonding which are combined in the 

thermal ellipsoids of a "normal" X-ray structure. The" results of a CDA study are often 

in the form of a contour map depicting the shift of electron density from neutral, 

spherical, unperturbed atoms to those "perturbed" by bonding. A map of this type 

depicts what is termed the "deformation density". A spherical atom has its electron 
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density distributed uniformly about it with only a radial dependence. Once another 

atom(s) interacts with the first, the electron density can be better described by molecular 

orbitals which localize the density in regions between or about the nuclei. This 

interaction causes an orientation dependence of the electron density about the atoms 

which is viewed as positive or negative regions of deformation density. While the 

interpretation of such maps is nontrivial,105 a positive accumulation is often a bonding 

or lone pair feature, while a negative, deficit density is found in empty space between 

molecules and in "unused space" between positive features. 

There are many examples in the literature which demonstrate the information 

obtainable from a charge density study.106,107,108,I09,IIO,lll,112 A new 

redetermination of oxalic acid dihydrate will be presented in section III.3 along with 

previously reported results as an example. In addition to the wealth of information 

about bond and lone pair location, integration of the charge density allows one-electron 

properties of the molecule in the crystal lattice to be calculated. This leads to an 

experimental method of determining atomic charge, dipole moment, and electrostatic 

potential, among other properties. In the next section, we will look at the theoretical 

background and experimental requirements of the technique. 

111.2 Technique 

Charge Density Analysis has not yet reached the point where a few select 

references provide a good summary of the technique. No textbook describing the 
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technique has been written. It is a demanding and rapidly growing area that spans 

chemistry, physics, mathematics, biology, engineering, and computer sciences. To date, 

the main method of passing on information has been through discussions and 

collaborations. Occasionally, these discussions make it into the literature, and these are 

the starting points for learning the technique. Several summer school-type conferences 

have been held to bring together experts and students; their printed 

transcripts113,114,115,116 are the most complete summaries of the technique and 

provide essential references to the original literature. 

The theoretical and experimental summary provided below assumes a familiarity 

with the "normal" X-ray structure experiment, 117,99 just as performing a CDA assumes 

knowledge of the "normal" X-ray structure of the compound. It provides an overview 

of the technique for understanding specifics in sections III.3 and IlI.4, devoted to 

specific compounds. For a full understanding, there is no substitute for the original 

literature. The theoretical summary starts with the elastic scattering assumption, 

examines how thermal motion is treated, describes how different refinement types can 

model deviation from the unperturbed spherical atom, and defines different kinds of 

maps which illustrate the charge density. The experimental summary describes the 

prevention and/or correction for non-elastic diffraction processes and errors in the 

measurement of the elastic scattering intensities. 
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111.2.1 Theory 

The scattering of X-rays by a crystal contains two components, elastic and 

inelastic. The coherent elastic component gives rise to Bragg diffraction and represents 

the periodic electron density features in the crystal. The anomalous inelastic 

components are due to crystal-wide phenomena which produce very diffuse reflections. 

Inelastic scattering is typically orders of magnitude smaller than elastic scattering and 

is ignored or treated as background in a normal crystal structure determination. In a 

CDA study however, it is desired to obtain only the Bragg diffraction since that 

component is related to the electron density by the kinematic theory of elastic scattering. 

111.2.1.1 Elastic Scattering Assumption 

The foundation of diffraction studies of crystalline samples is that the intensity and 

position of scattered radiation is related to the periodic electron density within the 

crystal. 106.117 From measured X -ray diffraction intensities, the shape of the three 

dimensional grating (periodic electron density within the crystal) producing a given 

diffraction pattern can be inferred to fit those intensities. The mathematical relations 

connecting the intensities and electron density are given in Equations (IILl)-(III.4).3 

/(S) oc IF(S) 12 (111.1) 

3 In the following equations, a r shall be used to denote a position In space, 
whereas an italicized r shall denote a radial distance. 



F(S) == F(Punitcell(r)) = f per) exp(21ti S'r)dr 
unitcell 

per) = 1. E F(S) exp( -21ti S'r) 
V s 

S = ha· + kb· + Ie • 
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(111.2) 

(111.3) 

(111.4) 

In Equation (III. 1 ), the intensity of a scattered beam, I(S), where S defines a 

particular scattering vector (Eq. (I1I.4)) is seen to be proportional to the square of the 

structure factor, F(S). I(S) is the experimental observable in the diffraction experiment. 

The structure factor, F(S), is defined in Equation (I1I.2) as the Fourier transform of the 

unitcell electron density. The reverse transform (Eq. (I1I.3)) gives the electron density 

as a function of the scattering factors; V is the volume of the unitcell. Scattering factors 

(or reflection intensities) are identified by scattering vector, which is defined in Equation 

(I1I.4). The scattering vector identifies a reciprocal lattice point and represents, in the 

classical physics model, the reflection plane in the crystal producing that scattered beam. 

The plane is identified through the Miller indices, h, k, and 1, and the reciprocal unit cell 

b . * b* d * aSlS vectors, a, ,an c. Equation (I1I.2) may be rewritten in terms of the 

contributions from individual atoms as in Eq. (I1I.5). 

F(S) J E pir ) exp(21ti S' r j ) dV 
unitcell j 

(111.5) 

The integral in (111.5) is over the volume of the unitcell, j is an index summing over the 

atoms, Pj is the electron density of atom j and rj is the position of atom j. 
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The Fourier equation includes an imaginary component, which makes F(S) an 

inherently complex quantity. I(S) measures only the magnitude of the square, which 

does not contain information on the phase. The determination of the phase has been and 

continues to be the classical problem in X-ray structure determination. Phases can be 

calculated for a sufficiently correct model of the unit cell contents. In CDA studies, it 

is assumed that a high quality model already exists. 

111.2.1.2 Thermal Motion 

The atoms of Eq. (III.5) are static, unmoving entities. If pir) is to describe the 

observed density in real systems, a provision must be made for movement about the 

atoms mean position due to thermal vibration. As first shown by Debye, the effect of 

this motion may be approximated by mUltiplying the atomic scattering factor, Jj by an 

exponential function as in Eq. (III.6) 

(111.6) 

Jj is the Fourier transform of the spherical unperturbed atomic density. The 8n2<u2> 

factor describes the mean square vibrational amplitude assuming harmonic oscillator 

type motion and has become known as the Debye-Waller factor. ll7 Later treatments of 

vibrational motion took into account the fact that vibrations are rarely isotropic. The 

anisotropic version of the Debye-Waller factor is 



1j = exp[ -2n2(h 2a .2~,11 + 2hka*b ·~,12 + 2hla·c ·~,13 + 

k2b .2Uj ,22 + 2klb·c ·Uj ,23 + 12c .2~,33)] 
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(111.7) 

where h, k, 1, a*, b*, c* describe the scattering vector as above, and Ujj are elements of 

a symmetrical tensor describing the vibrational amplitudes in different directions. 

Further treatments have allowed for non-harmonic motion of atoms, for example, the 

Gram-Charlier method. The use of non-harmonic models, however, must be used with 

caution because their results are highly correlated with bonding effects and thus often 

do not provide physically meaningful values. I 18 

It is the greatest challenge of CDA studies to dec on volute the effects of bonding 

deformation and vibrational smearing. Hirshfeld l19 has clearly described how least 

squares refinement of models which include terms for both allow meaningful 

deformation densities to be extracted from an X-ray experiment alone. The first step 

was to develop models of the vibrational motion - the anisotropic, harmonic model being 

the most useful. The second step was development of a model for representing non-

spherical atoms. A third step is to test the vibrational parameters, with a rigid-bond 

test. 120 

A final step in making deconvolution easier has been the reduction of vibrational 

motion by performing experiments at reduced temperatures. Low temperature diffraction 

experiments have become routine l21 at temperatures of 100 K, and temperatures as 

low as 15 K have been used for very precise work. 122 Vibration population shows 
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a Boltzmann distribution dependent on the temperature. Most normal modes of 

vibration found in discrete molecules have fundamental energies in the 400-4000 cm· 1 

range. At 100 K these modes are essentially all in their ground states. Lattice 

vibrations have lower energies which require lower temperatures to depopulate. Luckily, 

they tend to be more isotropic and easier to model, so very low temperatures are a 

luxury, not a requirement. 

111.2.1.3 Refinements 

Several times in the preceding pages, reference has been made to models - models 

of atoms, molecules, vibrational motion, and bonding. The connection between a final 

model for a system and the observations of that system can be provided by the method 

of least-squares refinement. The method provides a systematic approach to choosing the 

best values of the model parameters for a given set of observations. The most 

satisfactory is that set which provides a minimum in the sum of squares of differences 

between observed and model calculated observations.117 This is the origin of the 

standard R-factor, 

also called the residual, being used as a measure of the agreement between model and 

measured system. The smaller the deviations, the smaller the value of Rand 
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presumably, the better the fit between model and observations. The observations are the 

structure factors; with an associated standard deviation to indicate the estimated error 

in its measurement. We will return to the measurement of the observed structure factors 

in Section 111.2.2. 

Types of Refinement Models 

All of the models of electron density are based on Equations (111.2) and (111.3). 

They differ in how per) is calculated (kind of atom and thermal motion). Equation 

(111.2) can be written to emphasize the common parameters used to define the structure. 

F(S) = 1."f exp[2ni(hx.+ky.+lz,)]T. 
k~ J J J J J 

J 

(111.9) 

k is a scale factor, which brings the observed structure factors to the absolute scale used 

by the calculated structure factors,ij is the atomic scattering factor (which can be made 

variable to account for bonding effects) specifying the kind and type of atom j, the 

particular scattering vector is given by the miller indices h, k, and, I, the position of 

atom j, is specified by the fractional coordinates xj' Yj' Zj' and the temperature factor of 

atom j is 1j, which we will assume is given by the anisotropic, harmonic approximation 

in Equation (111.7) (the most common and successful). 

This produces a set of nine parameters per atom plus one overall scale factor. 

These parameters define the structure and are required in any kind of structural 

diffraction analysis. An observation to parameter ratio of lO: 1 is suggested in order to 
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produce a suitably over determined set of equations to obtain the best fit parameter 

values. CDA studies presuppose the existence of such a set of observations. The ratio 

should continue to remain at or above this value after any additional parameters are 

added. The number of parameters can be reduced if appropriate symmetry exists, 

(crystallographic or chemical) or by using a less sophisticated model, such as atomic 

groups or isotropic thermal parameters. However, in such situations, the effects 

overlooked are at least of the same order in magnitude as bonding deformation, and a 

CDA study would not be appropriate. 

Having made these comments about refinement in general, let us examine the 

different models of density used to model atoms and in particular how they can account 

for the differences between unperturbed, spherical atoms and those affected by bonding. 

The different models to be examined are summarized in Table ilL I. The approach 

which has been used is like that of a series expansion where each term adds a new 

effect and allows the model to more closely fit the actual electron density function. 

Spherical Unperturbed model 

The spherical unperturbed model utilizes atoms which are quantum mechanically 

perfect. There are no interactions with outside forces and the total density is only that 

of the atom itself, as in Equation (1II.10): 

per) = p spherical atom(r) 

fj = fj,spherical atom (r) 

(111.10) 
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Table 111.1 Types of refinements. 

per) = Pspherical career) + PvalencePvalence(Kr) + LILmPlm Y1m(E>,<I»R1(K'r) 
Spherical---------------
Radial------------------------------------------
lViultipolar------------------------------------------------------------------------

Spherical 

Based on spherical 
"free" atoms, so it 
clearly can not 
account for shifts 
due to bonding. 

High Order 

Uses only high order 
reflections in order 
to remove bias due 
to bonding shifts of 
the valence density. 
Sum of spherical 
atoms at true nuclear 
positions is called 
the "promolecule". It 
is interpreted as the 
"charge density prior 
to bond formation". 

Radial 

The kappa parameter 
(K) is "a factor 
mUltiplying the radial 
coordinate of the 
atomic 
density, 

valence 
allowing 

expansion or 
contraction of the 
valence shell with 
variation of atomic 
charge." 

Atoms are still 
spherical in shape. 

Multipole 

Multipole analysis 
adds aspherical 
functions to the 
model which serve 
only to move around 
density, initial 
density is added by 
the spherical 
monopole function. 

The multipole 
popUlations allow for 
a quantitative 
evaluation of results 
since they can be 
related to real d
orbital populations. 

The values of the density (or its Fourier transform, fj, can be calculated by a variety of 

methods; the standardly used values come from Roothan-Hartree-Fock calculations and 

are tabulated in the International Tables for X-ray Crystallography. It has been 
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recognized that the scattering interaction between X-rays and electrons in wavelength 

dependent and sofj has become a multicomponent term to account for the 'anomalous' 

differences: 

fj(S,t..) = JJ(s> + Jj(t..) + i/f(t..) (111.11) 

At this point, the model is that of the "normal" X-ray structure refinement. Since 

it utilizes unperturbed atoms; it clearly cannot account for bonding effects. In the least 

squares refinement procedure, any deviations due to bonding density will be accounted 

for by small shifts in the positional and vibrational parameters from their real values so 

as to minimize the difference between the observed and calculated structure 

factors. 123.124 The already mentioned prime example of this is the shortening of 

bonds to hydrogen when X-ray and neutron structure results are compared. It should 

be obvious that use of such biased parameters in a CDA study would seriously 

compromise the results. As an example, Dunitz shows how small differences in real and 

calculated thermal parameters can result in deformation densities which resemble 

bonding features. 1 17 Alternative methods of determining the real positional and thermal 

parameters are therefore prerequisite to a charge density study. Two methods exist for 

obtaining this information, without the bias which bonding effects can introduce. The 

first is by neutron diffraction. The second is by limiting the refinement to high angle 

X-ray observations, as in the High-Order model. 
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In contrast to X-rays, neutrons are scattered by the atomic nuclei rather than the 

electron density. A neutron diffraction experiment, therefore, results in atomic 

parameters which are free of bias due to bonding effects. Quantitative electron density 

studies which combine neutron and X-ray diffraction experiments were pioneered by 

Coppens in the late 1960s.125 The big drawback to the method is the requirement for 

a stable neutron source, which is almost as difficult to obtain access to today as back 

then. This reserves neutron diffraction experiments for only the most important samples. 

However, when available, and if temperature and sample differences are minimized, this 

procedure can yield results of superb quality. 

High Order Model 

The valence and core electrons 

comprising an atom contribute different 

amounts to scattering of X-rays in 

different regions of reciprocal space. 

This is illustrated in Figure 111.2 for a 

nitrogen atom. The core electron 

scattering is very diffuse extending to 

0.5 1.0 
S. ,inll/A 

1.5 large values of S, which reflect their 

compact nature in real space. The Figure 111.2 Valence, core and total 
scattering factors of a nitrogen atom. 

valence electron contributions are just 
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the opposite, reaching a negligible value at an S resolution of 0.5 k I
• To counter the 

aspherical effects of bonding, a refinement using only high order (in this case, sinS/A 

>0.5A-I) reflections may be used to determine the structural parameters. This method 

gives excellent results when compared with neutron experiments, except for hydrogen, 

which has no core electrons and hence a negligible contribution to scattering at high 

angles. The exact value of the cut-off in this type of refinement is dependent on the 

hybridization of atoms being examined and must be determined experimentally. A 

typical value for a structure containing only first and second row main group elements 

is sinS/A = 0.8 A-I. 

Kappa or Radial Mode1I06.126 

Often the largest deviation from the unperturbed atom model that is introduced by 

bonding is a transfer of charge between atoms, so that they are no longer neutral. This 

can be modeled by changing the number of electrons populating the valence orbitals. 

per) = PcPcore(r) + PvK3Pvalence(Kr) 

~ = Pj.JJ,core(r) + Pj,/i,valence( ~) 
(111.12) 

The new density model (Eg. (111.12» has partitioned the density into core and valence 
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functions and added the new parameters,4 Pj,valcncc and K. The population parameter, 

Pj,valcncc' allows for variation in the charge of atoms of the same ele~ents, but with 

different environments. The kappa parameter is "a factor multiplying the radial 

coordinate of the atomic valence density, allowing expansion or contraction of the 

valence shell with variation of atomic charge." 126 It controls the expansion or 

contraction of the orbital as the population is changed. If kappa is larger than 1.0, the 

true valence density at distance r corresponds to the valence density at a larger distance 

in the free neutral atom (the atom is contracted). For kappa less than 1.0, the opposite 

is true. Kappa refinements have been used in an interesting study127 of a series of 

compounds containing nitrogen in different environments. The relationship between 

charge of the nitrogen atom and the kappa parameter experimentally follow a trend 

previously predicted by Slater, which predicts contraction of radial distribution for 

positively charged atoms and expansion for negatively charged atoms. The new orbital 

scattering factors fj,core and fj,valellce are theoretically calculated and tabulated in the 

International Tables; they maintain their spherical symmetry. 

Multipole Model106,I26,I16 

The next largest deviations from the unperturbed atom model are those aspherical 

features which appear due to preferential occupation of orbitals; primarily non-bonding 

lone pairs and shared covalent bonds. The multi pole model adds aspherical functions 

4 For completeness Pj,corc is also included, but this parameter is rarely refined. 
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centered at each individual atom which serve only to move around density, all density 

is still added by the core and kappa modified valence terms. Several different sets of 

mathematical functions have been used to perform this function. While Hirshfeld 

pioneered the multipole technique using products of sines and cosines, the formalism of 

Coppens,128 which utilizes the spherical harmonic functions has become the most 

widely used. In Coppens notation lO6 the atomic density and its Fourier transform are 

given by: 

[ 
r ) .1 . (111.14) 

~ = Pj.c~.core(r) + Pj.v~.valence;- + L L L Pimp 4n Z <J? dlm/ P, y) 
1 Imp 

which is the kappa model with the addition of an aspherical angular distribution term. 

In that term, the indices, [, m, p, define a particular multipole, dlmp' The dlmp multipole 

functions are related to the real spherical harmonic functions Y lmp' which describe the 

angular part of the hydro genic wavefunctions, but differ in their normalization constants. 

Unlike wavefunctions, the normalization of density functions is imposed so that a 

population parameter (Pimp) equal to one corresponds for the spherically symmetric 

function doo to a population of one electron; for the nonspherical functions (with [ > 0), 

the population parameter gives the number of electrons shifted from the negative to the 
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. positive lobes of the function. l defines the shape (order) of the multipole term, with 

increasing l they are referred to as monopolar (1=0), dipolar (1=1), quadrupolar (1=2), 

octopolar (1=3), hexadecapolar (1=4), tricontadipolar (1=5), and hexacontatetrapolar (1=6). 

In defines the multipole orientation and p the sign. K2 is a separate radial parameter for 

the multipolar functions, but which operates as KJ in the radial refinement. R/ is the 

radial distribution function, whose Fourier transform is given by <j/> and d/llli~:Y) is 

the Fourier transform of the spherical harmonics in reciprocal space. Coppens has 

developed this formalism in detail and implemented it in a FORTRAN program called 

Molly.J29 

Multipole populations can allow for a quantitative evaluation of results since they 

can be related to real orbital populations. J27 The requirement for this procedure to 

produce meaningful results is that covalent overlap between atoms must be small. A 

useful and interesting situation where this occurs is in coordination compounds of 

transition metals. The multi pole populations can be directly related to the real d-orbital 

populations via an easily constructed transformation matrix. J30 

111.2.1.4 Types of Maps 

Many different types of maps may be produced to illustrate the density distribution 

determined in a CDA study. Below are definitions and equations for determining the 

most common. A summary of those obtained by Fourier difference methods is shown 

in Table Table m.2. A few recurring fragments and terms bear definition prior to 
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Table 111.2 Fourier difference maps 

General Expression 
,1p = IN :E(FCF2) exp(-2rciS'r) 

I Map Type I FI I F2 I 
Total experimental Fobs not used 

Total model F calc. model not used 

Valence Fobs F calc. core only 
experimental 

Valence model F calc. model F calc. core only 

Experimental Fobs Fcalc. free atom 
deformation 

X-X deformation Fobs Fcalc. high order X-rayrefinement 

X-N deformation Fobs F calc. neutron refinement 

Model deformation Fcalc. multi pole F calc. free atom 

Multipole Fcalc. mUltipole not used 
deformation all core and valence depopulated 

Residual Fobs F calc. model 

defining the maps. Maps may be either experimental, deriving from the experimentally 

observed structure factors or theoretical, where the "observed" structure factors or 

density come from some quantum mechanical calculation. Experimental maps tend to 

be calculated in reciprocal space, using structure factors, while theoretical maps tend to 

be calculated in real space using quantum mechanical formulas to define the density. 

In all cases, the calculated or model maps describe the crystallographic structural model 
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being refined against, not an outside calculation. The promolecule is the charge density 

prior to the formation of bonds. It is the superposition of spherical, unperturbed charge 

density at the nuclear positions within the molecule. The procrystal is an analogous 

collection of promolecules in the molecular positions within the crystal. Static density 

is the charge density at rest; i.e. not undergoing thermal vibrations. This may be 

simulated by setting the thermal motion parameters to zero. Dynamic density is the 

charge density smeared by the vibrational motions within the crystal. 

The maps described here can be produced with several available programs for 

direct or difference Fourier synthesis. The FORTRAN programs NIELS A V and 

FORDAp131 were written for use with results generated by Molly. The DIFF and 

PLOT routines supplied with SDp132 and MolEN133 are also usable. 

Total density map 

The total density is the observed density of the molecule. It is dominated by the 

core electron contributions of atoms. Bonding effects are often not visible on the scales 

needed to display the core peaks. The total density can suffer from series termination 

effects, which occur because the sum of structure factors is not infinite, forcing a 

truncation in the Fourier series. 
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Valence density map 

The valence density is the difference between the total electron density and the 

superposition of free-atom atomic core densities. Valence densities are easier to 

examine than the total density because of the much smaller range of values obtained, 

but are difficult to interpret. They contain in inherent assumption that the core electrons 

to do not participate in bonding. They have an advantage over the total density in that 

being calculated as a difference Fourier synthesis, the series termination errors for the 

core contributions tend to cancel out, reducing the noise. 

Deformation density map 

The deformation density is the difference between the total experimental electron 

density and the promolecule (or procrystal) density. It represents the rearrangement of 

the electron density due to interatomic bonding. In the classical paradigm of the 

covalent bond, H2, electron charge is accumulated between the nuclei and depleted from 

around the nuclei. The deformation density shows a positive peak at the accumulation 

and negative troughs at the depletion sites. This observation has become the qualitative 

method for interpreting deformation density - positive peaks at bonds and lone pairs, 

negative troughs in unused space. While this is basically correct, one must keep in 

mind the form of the promolecule. In atoms with greater than half filled valence shells, 

accumulations corresponding to bonds may not be visible as a peak because of the large 

promolecule density. \05 Different definitions of the promolecule than the standard one 
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above have been used to make certain bonding features such as 1t-backbonding clear in 

deformation density maps. 

Deformation density maps can be much noisier than total or valence maps because 

the size of features are much smaller. As a difference Fourier synthesis, the series 

termination errors tend to cancel out, reducing but not eliminating noise. In addition, 

small errors in the positional and vibrational parameters will manifest themselves as 

artificial features, which can appear to be bonding related. 

X-N, X-X Deformation density maps 

X-X and X-N maps are types of deformation density maps in which the 

promolecule is defined by positional and thermal parameters from either a (N) neutron 

or (X) high-order X-ray refinement. It is important that the conditions (temperature, 

specimen quality, etc.) of the separate measurements be as similar as possible. The use 

of either of these outside sources for structural parameters can reduce the number of 

parameters used in refining the bonding density, but may add (or remove) biases to the 

model because of differences in experimental conditions. 

Model Deformation density map 

The model deformation density is the difference between the total charge density 

of the model (multipolar) and the promolecule. Plotting this difference rather than the 

experimental deformation has the advantage of filtering out noise which was not fit by 



232 

the multipole model. By excluding the thermal parameters, a static deformation map 

is obtained, which is the most suitable for comparisons with theoretical deformation 

maps. 

Residual map 

The residual density is the difference between the total experimental electron 

density and the total electron density of the model. It is the remnants of the density 

which are not described by the refinement model. This map will show the noise which 

the model deformation map filters out. It should be essentially featureless for a good 

model. 

One electron property maps 

While the electron density contains information that is extractable by intuition, at 

times numerical values for properties derived from the electron density are needed for 

comparison with other experimental techniques. One electron properties (X) such as 

charge, dipole moment, and electrostatic potential are derivable from the charge density 

(p(r)) by application of the appropriate operator (y) and integration over the volume of 

interest (V). 
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x = [V per) dr (111.15) 
v 

If 'Y = 1, this is the total electronic charge, for 'Y = x, y, or z; X is the dipole moment 

component in that direction. Programs for determining these properties from multi pole 

refinement data have been developed. I 10 

111.2.2 Experimental Requirements 

Equation (III.2), and those later derived from it, describe only elastic scattering 

and assume that experimentally determined structure factors arise only from this 

phenomenon. Errors in the measured intensities due to other diffraction processes and 

experimental error can propagate resulting in deviations small compared to core density, 

but large compared to bonding deformation density. In "normal" structure 

determinations, these deviations can often be overlooked. In CDA studies, however, 

special precautions must be taken to minimize any source of error and to correct for 

those sources which can not be eliminated. Below are some brief discussions of the 

experimental procedures, available software and common steps taken to eliminate or 

correct errors. This has been a very active field of research in crystallography recently 

and a text book quality review l34 and a special ACA symposial35 have recently 

appeared in the literature. The comments below stem mainly from those sources, but 

older reviews l36,137 also include useful information assumed by the more recent 

texts. 
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111.2.2.1 Sample Selection 

The choice of a sample does not start when you have crystals before you. The 

choice of a system for study begins at the decision to examine a specific compound. 

When this decision is based on a particular chemical feature, you may not get any 

chance to consider crystallographic factors. However, when possible, consideration of 

a few crystallographic choices can avoid problems and simplify the experiment. 

Coppens has discussed138 several of these factors and developed a formula for 

comparing compounds based just on 

crystallographic factors. Some of those Table III.3 Crystallographic factors 
effecting sample choice. 

factors and how they might (in a very 

general way) effect a CDA study are I positive I negative I 
listed in Table III.3. Choose to minimize small cell large cell 

time and crystallographic problems, while 
small Z atoms large Z atoms 

high symmetry low symmetry 
still tackling a worthwhile chemical 

centric space noncentric 

problem. 
group space group 

hard crystals soft crystals 
Once you have decided on a 

small large 

compound, use the best crystal you can vibrational vibrational 
motions motion 

obtain. Crystal quality is the single most previous crystal unknown 
structure structure 

important factor in obtaining a successful 
no phase phase changes 

charge density analysis. The crystal size changes 

should be small (typically 0.3 mm 
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across), to minimize absorption effects, but it should diffract strongly and to very high 

angles. Clear faces and edges are a necessity for absorption corrections based on 

indexing of the crystal. The crystal must be single and without satellite crystals of other 

matter, and mounted with a minimum of adhesive. The final checks of the crystal 

should be on the diffractometer. The most informative test is the collection of reflection 

peak profiles for a representative sample of reciprocal space. Not only will peak 

profiles identify crystal problems, but proper data collection parameters may be 

estimated from their properties. 

111.2.2.2 Low Temperature Considerations 

There are two main reasons of conducting CDA experiments at low temperatures. 

First is to reduce the convolution of thermal motion and asphericity due to bonding, by 

reducing thermal motion. Most normal modes of vibration « 100 em-I) are in their 

ground state at liquid nitrogen temperatures. The second is that as thermal motion in 

a crystal is decreased, the diffraction intensity of reflections increases. This is especially 

true of high angle reflections. In a temperature dependent study of oxalic acid 

dihydrate l22 ranging from 300 to 20 K, increases of 30 times were observed on going 

from 300 to 100 K, and an increase of 120 times was observed on lowering the 

temperature to 20 K. These increases are a huge advantage when attempting high order 

X-ray refinements. 
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Numerous methods of performing low temperature experiments have been 

attempted. 139 The two most common in crystallographic experiments are the gas

stream method, in which a stream of cold nitrogen gas is directed at the sample, and the 

conduction method, in which the crystal is cooled through contact with a good thermal 

conductor, which is part of a cooling unit like a coolant reservoir or a Joule-Thomson 

refrigerator. The gas stream device is considerably cheaper to obtain, but consumes 

much more cryogen and cannot reach the very low temperatures available to some 

refrigerator units. The gas flow units tend to suffer from the problem of icing at the 

crystal. This is a difficult problem to avoid. The refrigerator units avoid that problem 

by enclosing the sample in a vacuum can, which adds the new problems of centering 

an unseen crystal and maintaining a vacuum. For the gas flow units, the answer seems 

to be in not allowing water vapor to reach the crystal. The first solution is to seal the 

diffractometer enclosure as well as possible. The nitrogen stream generates several 

cubic meters of gas volume each hour and will purge the box if it is sufficiently sealed 

and no sources of water (like micro leaks in X-ray tube cooling hoses) are present. A 

second step is to find the "sweet spot" in the cold stream. At some position (maybe 1 

cm from our nozzle) a stable laminar flow from the cold stream itself will protect the 

crystal. Another concern is to protect the goniometer and/or goniostat from the cold 

stream. I have used cones made from filter paper or plastic sheeting and attached to the 

mounting pin to deflect the cold stream. These deflectors have helped in preventing 

another problem, which is movement of the crystal, due to temperature change in the 
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mount. Another option to combat this problem, which has shown some promise, is 

m~king the mounting pins out of quartz. Finally, a comment specifically for those 

following me in Tucson, Arizona; avoid the monsoon season. With our normally low 

humidity, the diffractometer enclosure does not need to be tightly sealed, however, 

during times of high humidity problems can abound. 

111.2.2.3 Data Collection 

A good data collection plan balances the effects of two things - quality of the data 

and time. Time is the bad guy here, eventually something will go wrong and force an 

end to data collection. Even when nothing goes wrong, diffractometer time is a precious 

commodity that should not be wasted. Take some time before data collection to decide 

which reflections, how many times, what order and how long. 

For a given amount of beam time spent on a unique reflection, one will obtain 

smaller errors for n averaged scans (of symmetry equivalents, different psi values, or 

repetitions) than a single scan made n times more slowly (i.e. 3 one-minute scans are 

better than 1 three-minute scan). It is a smart move to measure a unique data set first, 

however, before measuring repetitions. Ultimately, you want as much unique data as 

possible, measured as many times as possible, as well as possible in each scan. 

For collecting maximum data, attempt to measure a full sphere separated into 

unique portions and spherical shells. Allow overlap between portions so that they may 

be compared and inter-set values obtained. With sufficient overlap data sets from 
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different crystals may be scaled and merged. Consider measuring the high angle data 

first, or measure the high angle data later, after using a low angle refinement to predict 

the high angle reflections with significant intensity. This approach also cuts down on 

the number of measurements that need be made. Charge density studies are not 

appreciably biased by using an incomplete high order data set, but a full set of low 

angle data is necessary. 

For multiple measurements, collect symmetry equivalent reflections and/or 

reflections at different psi values. Try to make at least three measurements of each 

unique piece of data. 

To collect data as well as possible, takes a good deal of work. Start with tests of 

the instrument and sample condition and stability. Blessing134 has outlined a series of 

checks that should be made on the instrument and sample before starting a CDA data 

collection. When you know that the instrument is operating at peak efficiency and that 

a good sample has been obtained, the choice of data collection parameters will be 

specified by the results of checks made on them. Two publications describe how to 

make these choices 140,135 with reference to popular diffractometer systems. 

111.2.2.4 Data Reduction and Errors Requiring Correction 

The comments so far have focused on removing sources of error from the sample 

or from the measurement of the diffracted beam. Even if all of the steps so far work 

perfectly, there are errors requiring correction which cannot be prevented and instead 
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Table 111.4 The Blessing data reduction package. 

Program Name Brief Description Errors Correcting For 

CAD4TAPE or Decode diffractometer tapes and none 
P3TAPE write 'DATA.RAW' file 

REFPK Reflection profile peak analysis Deviations in alignment of crystal 
or diffractometer 

BGLP Background and Lorentz and Lorentz correction, 
polarization corrections polarization of incident beam, 

background radiation 

VIEW Video terminal or line printer plots anomalies in profile, 
of raw or corrected reflection mistakes in automatic background 
profiles determination 

SCALE3 Time dependent scaling with cubic Any time dependent change-
polynomials crystal decay, icing, beam 

fluctuations, environment change, 
etc. 

ABSORB Absorption corrections by gaussian absorption of incident beam by 
numerical integration of crystal crystal 
volume 

SORTAV Sorting, inter-set scaling, averaging restarts in collection, 
of replicate and equivalent merging data from different 
measurements, and analysis of crystals 
variance 

BAYES calculates Bayesian probability none 
expectation values of F(S) 

ROGERS or Estimation of absolute scale factor none 
LEVY and overall mean-square atomic 

displacement parameters 

EVAL Estimation of normalized structure none 
factors 

TDSBG and Approximate TDS correction based Thermal diffuse scattering 
TDSCORR on slopes of background profiles 

must be corrected for. A set of computer programs l3? has been developed by Blessing 
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and coworkers at the Medical Foundation of Buffalo to provide for the correction of 

such errors. The programs themselves are extensively commented, and come with a 

detailed set of user notes, which supplement the published program descriptions and 

theoretical background. To my knowledge, there are no corrections useful to a CDA 

experiment which are unavailable in the Blessing package. The programs (listed in the 

order in which they are normally run), a brief description of their function and the errors 

they correct for are presented in Table IlIA. 

111.3 Oxalic Acid Dihydrate 

111.3.1 Background 

In 1975, at the International Union of Crystallography Conference, a project141 

was proposed in which the charge density in one crystalline material would be studied 

by a number of laboratories in order to assess the reproducibility of experimental 

electron density maps. After some discussion oxalic acid dihydrate (Figure 111.3) was 

selected as the subject of the study. From this point on, it became the de facto standard 

for charge density studies. It is a relatively hard, stable substance, and good quality 

crystals can be easily and inexpensively grown and handled. Previous to the project, 

two X_ray I42,t43 and two neutron 144, 145 studies had been performed; to date 

over a dozen structural reports 122,146,147,148,149 have appeared. The unit cell 

parameters are given in Table III.5 as taken from the current redetermination and the 

examination of Stevens and Coppens. 148 Because of the small unit cell, strongly 
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Figure 111.3. Molecular structure of oxalic acid dihydrate. 

diffracting crystals, and light atoms, data can be collected quickly and only minimal 

corrections are needed. 

It was the conclusion of the international study 141 that reproducible results for the 

interesting and varied density features found in oxalic acid dihydrate can be obtained, 

but that differences in the procedures followed in individual laboratories can lead to 

differences in details of the electron density. In all studies reported, the positional 

parameters have agreed within 0.001 A, average discrepancies being less than 0.0005 

A. Thermal parameters, however, are found to differ by as much as 30%. Deformation 

density maps in all studies qualitatively reproduce the same bonding and lone pair 
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Table I1I.S Experimental and literature unitcell parameters of a-oxalic acid dihydrate. 

I I 
Carducci (1992) Coppens (1980) 

WOK 300 K 100 K 300 K 

Space group P2ln P2ln P2 1/n P2ln 

a, A 6.1007(5) 6.1232(4) 6.0968(7) 6.120(2) 

b,A 3.4977(2) 3.6071(2) 3.4975(4) 3.6058(8) 

c A , 11.9560(9) 12.0641(4) 11.9462(15) 12.057(3) 

~, deg. 105.776(4) 106.298(4) 105.78 106.29(2) 

Volume, A3 245.51(3) 255.75(2) 245.12 255.39 

Z 2 2 2 2 

Dcalc ' g/cm3 1.708 1.707 1.708 1.707 

f.l(MoKa), mm-I 0.170 0.170 0.170 0.170 

features, but differ in the exact details of peak location, shape and height. 

As the standard test of charge density analysis studies, we felt that it was the 

proper sample to begin an ongoing program of electron density mapping. Comparison 

of our results with previous determinations would allow us to judge the effectiveness 

of techniques new to the University of Arizona. 

111.3.2 Experimental 

In general, the procedures of Stevens and Coppens 148 supplemented by those used 

by Fiel 147 in the IUCr study were followed in this redetermination of the electron 
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density of oxalic acid dihydrate. Data sets were collected on a CAD4 diffractometer 

using graphite monochomated MoKa radiation from an Enraf-Nonius FRS71 rotating 

anode X-ray generator. Data sets were collected at room temperature and 100 K. Low 

temperature data sets utilized a modified version of the commercially available Enraf

Nonius nitrogen gas flow device. Data reduction utilized the package by Blessing,137 

initial "normal" refinements were performed using MolEN or SDP, subsequent "normal", 

radial and multi pole refinements were performed using the Molly package. 129 

Further details particular to the University of Arizona Molecular Structure 

Laboratory are recorded in an internal "Hints" document. The notebook contains the 

data collection parameters and input files for data reduction, refinement and analysis of 

oxalic acid dihydrate. The author hopes that this collection will become the start of a 

living document - "How to do charge density mapping" using oxalic acid dihydrate as 

an example. 

111.3.3 Structure 

ORTEP drawings of the oxalic acid molecule and surrounding hydrogen bonded 

water at room temperature and 100 K are depicted in Figure IlIA and Figure III.S, 

respectively. The oxalic acid molecule consists of two carboxylic acid groups bonded 

together through the carbons. This carbon-carbon bond lies on an inversion center 

which requires the oxalate portion to be planar. The hydroxyl hydrogens are found to 

lie within o.03A of the oxalate plane making the entire molecule essentially planar. A 
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Figure 111.4. ORTEP drawing of oxalic acid dihydrate at lOOK 
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Figure 111.5. ORTEP drawing of oxalic acid dihydrate at room temperature. 
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network of hydrogen bonding between the oxalic acid and water ties together the lattice 

in three dimensions with infinite helical chains of hydrogen bonds extending up the b 

axis. In the figures, the b axis lies roughly 45 degrees from the plane of oxalate and 

the 21 axis runs between (relating) the water molecules on either edge of the figures. 

The hydrogen bond between 0(1)-H(1) .. ·0(3) is one of only a few "medium length" 

hydrogen bonds known. The other two hydrogen bonds fall into the short range. This 

hydrogen bonding network is one of the features which sparked interest in oxalic acid 

dihydrate during its first examination. 

The structural results of this study based on high-order X-ray refinement of 100 

K data are compared with previously reported values in Table III.6. All of the selected 

interatomic parameters agree within two standard deviations, except for the C 1-0 1 

length, which is three standard deviations removed. Differences from the Coppens data 

(which is near the average of reported values) of this magnitude are found in other 

studies. 146 

111.3.4 Electron Density 

The X-N deformation density map in the plane of the oxalic acid molecule is 

shown in Figure III.6. The calculation was performed using 2657 reflections with sinS/", 

between 0.04 and 1.20 k 1
• The nuclear positions were fixed at values determined by 

neutron diffraction,148 but thermal parameters were refined, starting from those reported 

for the neutron experiment. 
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Table 111.6 Bond lengths (A) and angles (0) 

A qualitative comparison of this for oxalic acid dihydrate. 

map with those presented in the IUCr 

study shows many similarities and one 
Carducci Coppens 

High order High 
order 

major difference. The difference is not 
CI-Cl' 1.5442(8) 1.544(1) 

immediately obvious, because the same CI-Ol 1.2902(7) 1.287(1) 

bonding and lone pair features are 
CI-02 1.2228(8) 1.222(1) 

Ol-Hl 1.0713(6) 1.071(1) 

reproduced in this map as in previous 03-H2 0.9698(5) 0.970(1) 

ones. Density accumulation is observed 03-H3 0.9667(7) 0.966(1) 

Hl"03' 1.4172(6) 1.416(1) 
in the C-C and C-O bonds. Lone pair 

H2"02" 1.8785(5) 1.876(1) 

density is observed on the oxygens and is H3"02 1.9215(6) 1.922(1) 

directed along hydrogen bonding 0l-CI-02 127.00(6) 127.02(5) 

Ol-CI-Cl' 112.46(5) 112.56(7) 
pathways. Deficit regions are located at 

02-CI-Cl ' 120.54(5) 120.41(5) 

the hydrogen positions along the same CI-0I-Hl 113.14(6) 113.3(1) 

pathways. The difference is in the flat 
H2-03-H3 106.15(5) 106.1(2) 

Ol-Hl"03' 177.47(4) 177.5(1) 

background. The magnitude of Hl"03'-H2' 112.37(5) 112.4(2) 

deformation density in this empty space Hl"03'-H3' 118.16(6) 118.3(2) 

03-H2-02" 165.22(4) 165.2(1) 
should be near zero, instead it varies 

H2"02"-Cl" 121.56(5) 121.6(2) 

from 0.1 to 0.2 e- A-3. No convincing 03-H3"02 155.62(4) 155.7(2) 

reason for this occurrence has yet been 
H3"02-Cl 128.87(4) 128.8(2) 

found. When this background is taken 

into consideration, the height of deformation features is in the range of those reported 
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Figure 111.6. X-N Deformation density of oxalic acid dihydrate at 100 K in the plane 
of the molecule. 
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in the IUCr study. The C-C bond peaks at 0.9 e-k3 and the C-O and 0 lone pairs at 

about 0.7 e-k3• 

111.3.5 Comparison of Results to Standards 

The results obtained in this redetermination compare favorably with those of the 

IUCr project on reproducability of electron density and structural parameters of oxalic 

acid dihydrate. Comparison of the observed atomic coordinates and thermal parameters 

in Table III.7 with literature values in Table I1L8 confirm that precisions of 0.001 A or 

better are clearly attainable for nuclear positions. Differences in thermal parameters are 

not the consequence of differences in scale factor, which would allow uniform scaling. 

Discrepancies as large as 30% were reported in the IUCr study. Here the largest 

difference is about 15% and would be reduced if uniformly scaled. Bonding parameters 

(Table III.6) reproduce previous results. In the X-N deformation density map, covalent 

bonds, lone pairs, and hydrogen bonding features qualitatively the same as those found 

in the IUCr studys maps are clearly noticeable. Overall, there are no significant 

deviations of this determination from previous determinations. 

111.4 1,4,8,11 Tetrathiacyclotetradecane (TTCD) 

111.4.1 Background 

Sulfur compounds have been of general interest to chemists for many years150 

because of the diversity shown in their chemistry. No other element shows the flexible 
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Table 111.7. Refinement parameters of oxalic acid dihydrate. 

Refinement Summary 

sinS/A. range (kl) 1.0-1.2 

Nobs' N vur 556. 37 

Scale factor 3.277 

R 0.031 

Rw 0.050 

GOF 1.1405 

Atomic Coordinates and Thermal Parameters (x105) 

I II x I y I z I 
C(1) -0.04528 0.05939 0.05186 

0(1) 0.08491 -0.05642 0.15013 

0(2) -0.22154 0.24215 0.03626 

0(3) -0.45135 0.63137 0.17863 

H(1) 0.02339 0.02171 0.22280 

H(2) -0.57832 0.69677 0.11269 

H(3) -0.35811 0.45457 0.14954 

I II U 11 I U22 I U33 I U I2 I U 13 I U23 I 
C(1) 1149 1278 894 158 320 -6 

0(1) 1484 2045 856 501 288 75 

0(2) 1355 1980 1046 557 405 47 

0(3) 1330 2013 1003 274 414 113 

H(1) 2709 3507 2190 363 634 10 

H(2) 2860 4489 2499 810 19 639 

H(3) 3261 4259 3730 1242 1560 -299 
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Table I1I.S. Literature refinement parameters of oxalic acid dihydrate. 

Refinement Summary 

sinS/]" range (A-I) 1.0 - 1.2 

Nobs' N var 463, 36 

Scale factor 5.85 

R .0321 

Rw .0194 

OOF 1.38 

Atomic Coordinates and Thermal Parameters (x 105
) 

I II x I y I z I 
C(I) -0.04501 0.05885 0.05199 

0(1) 0.08493 -0.05588 0.15004 

0(2) -0.22128 0.24233 0.03623 

0(3) -0.45153 0.63076 0.17862 

H(I) 0.02339 0.02171 0.22280 

H(2) -0.57832 0.69677 0.11269 

H(3) -0.35811 0.45457 0.14954 

I II U 11 I U22 I U33 I U I2 I U I3 I U23 I 
C(I) 993 1164 759 180 261 -2 

0(1) 1329 1960 717 506 217 68 

0(2) 1254 1896 931 605 366 64 

0(3) 1231 1907 869 299 382 102 

H(I) 2709 3507 2190 363 634 10 

H(2) 2860 4489 2499 810 19 639 

H(3) 3261 4259 3730 1242 1560 -299 
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but still general functions that it provides in biological systems.151.152 It is also 

present in commercial catalysts, products, and minerals. As an essential element for life 

it plays important roles in many life sustaining processes, an understanding of which 

could lead to an improvement of the human condition. For a complete understanding 

of how sulfur acts in such varied conditions, investigations of the geometric and, more 

importantly, the electronic structures of sulfur compounds are required. Thioethers in 

particular have a special place in catalytic and biological systems. They are known to 

function as ligands to metal sites in enzymes (e.g. Cytochrome c), to cross-link proteins 

and to act as alkyl transfer agents. 151 One of the naturally occurring amino acids, 

methionine, contains a thioether linkage. These facts lead us to examine the 

experimental electron density of a thioether by low-temperature, high resolution xray

crystallography. 

For a variety of reasons, 1,4,8,11 Tetrathiacyclotetradecane l53 (TTCD, shown 

in Figure 111.7) was chosen as a good candidate for this initial examination. Not the 

least of which was that excellent quality crystals were readily available. TTCD shows 

all of the positive features listed in Table III.3. The vibrational parameters are small for 

the a crystalline form despite the great flexibility of the ligand. Much research 154 has 

been conducted to gain an understanding of the interconversion of endo and exo 

conformations, especially in how that relates to chelating transition metals. For this ring 

size, TTCD and related macrocyclic thioethers tend towards the lower energy exo 

conformation but convert to the en do form during chelation to a metal. Apart from the 
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Figure 111.7. Structure of TTCD, showing endo and exo conformations. 

inversion symmetry shown by the molecule in either endo or exo conformation, 

chemically, but not crystallographically, equivalent atoms provide an internal check and 

provide the opportunity to average or constrain refined parameters. 

111.4.2 Sample Preparation 

TTCD was kindly donated by Prof. Leo A. Ochrymowycz of the University of 

Wisconsin at Eau Claire. Crystals of both the ex and ~ forms were obtained by allowing 

a warm saturated solution of TTCD in 50150 CH2Cl2IEtOH to stand overnight. Suitable 
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specimens of the a form were obtained by cutting the tip from a long rectangular rod. 

Crystals were mounted on 0.25 mm quartz fiber with a mini~um of vacuum grease. 

Several crystals which were epoxied to the fiber were lost during cooling or early into 

data collection. The fiber was epoxied into a homemade low temperature pin including 

a plastic shield to protect the goniometer from the cold nitrogen stream. 

111.4.3 Data Collection 

The data were measured on a CAD4 diffractometer using graphite monochromated 

MoKa radiation from an Enraf Nonius FR571 Rotating Anode Generator. For low 

temperature data, the diffractometer is equipped with a boiled liquid nitrogen gas flow 

device. Temperature is monitored by a thermocouple positioned 5 cm up flow of the 

crystal. To judge crystal quality and estimate scan parameters, axial photographs were 

taken and omega-theta scans of several reflections throughout reciprocal space were 

measured. The incident beam collimator measured 0.8 mm and a 2 mm horizontal slit 

was positioned in front of the detector. Intensity measurements were made with a 8-28 

scan in which the omega angle scanned was 1.5*(1.0+0.34tan8) degrees. For the low 

temperature collections, scan speed was variable, attempting to obtain a(I)/1<0.005, but 

limited to 2 minutes maximum time; in the room temperature structure, scans were 

limited to 10 seconds. The profile of each scan was recorded in 96 steps. Four 

intensity standard reflections were measured every half hour. Icing of the crystal caused 

these to vary anisotropic ally. When any would decline to 90% (typically accompanying 
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a generator or shutter error) the data collection would be stopped. The crystal would 

be briefly removed from the cold stream, cleaned, and returned, followed by recentering 

before collection continued. Midway through data collection, the anode and cathode 

filament were replaced, allowing the high order data to be collected at a higher power 

setting. The data collection parameters are summarized in Table III.9. 

111.4.4 Data Processing 

The reflection profiles were reduced using the package by Blessing. 137 Integrated 

intensity was determined by the method of Lehmann and Larsen; Lorentz and 

polarization corrections were made and the diffracted beam attenuation factor applied 

for those intense reflections measured with it inserted. Time dependent scaling was 

accomplished by fitting cubic polynomials to the standard reflections in segments 

between times at which the crystal was de-iced. Icing was the major experimental 

difficulty with this data collection and time dependent scaling the largest source of error 

due to its effects. Following scaling, the standard reflections were removed from the 

data set (local modification of program scale3). An absorption correction by gaussian 

numerical integration was applied. Calculated and experimental psi scans disagree by 

a rotation of 20 degrees, possibly due to the effects of icing. The two low temperature 

sets were scaled to each other and merged (scaling facter 0.594(1) Rw = 0.051 for 2319 

reflections measured in both sets) prior to equivalent reflections being averaged. 
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Table 111.9. Data collection parameters for TTCD 

Crystal I Crystal 6 Setl Crystal 6 Set2 

Space Group P2,/n (#14, monoclinic) 

Molecular Form. S4C IOH22 

Z and Molecular Wgt. 2 and 268.527 

Dimensions (mm) .082x.177x.227 .099x.250x.350 

Temperature(K) 294(1) 100(2) 100(2) 

Anode(mAIkV) 50/110 501100 501125 

a(A) 15.5363(7) 15.4023( 10) 15.3907(14) 

b(A) 8.2729(3) 8.1710(6) 8.1624(6) 

c(A) 5.3423(2) 5.2929(5) 5.2889(5) 

p(deg) 86.732(3) 86.157(9) 86.197(9) 

V(A3) 685.54(5) 664.62(9) 662.95(10) 

Dca'c(g/cm3) I.301 1.341 

Absorption Coeff. cm-' 
, 

6.527 

Collection time (hr) 21.2 403.2 191.5 

min/max/avg time scale factor 0.993, 1.024, 1.004 0.900, 1.082, 0.990 0.951, 1.099, 1.009 

minImax Absorption corr. N/A 0.919 I 0.953 0.912 I 0.953 

Total # refls. 3289 13981 7238 

# less stds and symm. forb. 3087 10789 5525 

# unique refl. 3005 3591 3405 

Rint 0.017 0.071 0.024 

Rinl,merge N/A 0.042 for 6450 unique refl. 

8min,8max 0,30 0,38 34,70 

portion collected ±h,+k,+1 ±h,±k,±1 to 30 +h,±k,±1 to 12.5 
+h,±k,±1 into 38 +h,±k,±1 34 to 45 

2000 indy. >45 
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111.4.5 Refinements 

Initial refinements, the calculation of bond distances and angles and ORTEP input 

were made using MolEN. 133 The refinements presented here were all performed using 

Molly.128 Molly adds radial and nonspherical parameters to allow modeling of density 

"perturbed" by bonding as described in Section IIL2. Refinement results of the two 

packages differ by less than 0.1 % for non-hydrogen atoms and less than 1 % for 

hydrogen atoms using identical models. Starting atomic positions were taken from the 

previously reported room temperature structure. 153 Neutral atom scattering factor tables 

were used for all atoms. 155 

Four Molly refinements were performed in a progressive manner starting with a 

spherical refinement and successively adding parameters or restricting observations. The 

Molly program outputs for the final cycle of each refinement are in Appendix B. The 

first refinement was a "normal" spherical refinement of room temperature data; the 

atomic coordinates and thermal parameters are tabulated in Table IlL 1 O. The results of 

that refinement served to predict high order data which were collected at 100 K. A 

similar refinement of the 100 K data was performed (Table III.ll). A refinement using 

only high-order (sinS/A. > 0.9 kl) data was carried out in order to obtain the non

hydrogen atom coordinates and thermal parameters free from bias due to bonding 

deformation. The hydrogen positions and thermal parameters were calculated prior to 

beginning the refinement by moving them to a distance of 1.08 A along the bond vector 

determined in the conventional refinement. They were then constrained to ride on the 
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Table 111.10. Room temperature spherical refinement. 

sinen. range (A-J) 0.0-0.70 

a-cutoFF 3.0 

No. Observations 1574 

No. variable parameters 105 

R(F). Rw(F) 0.0450. 0.0393 

ERRWT 3.161 

Scale 1.0057 

Extin g=1.38xI0·s Isotropic Type I Lorentzian 
ction 

Atom x y z UJJ/U; U22 U33 UJ2 UIJ U23 

'"' 
S(l) 0.0692 0.8188 0.8893 0.0740 0.0650 0.0565 -0.0032 -0.0196 -0.0143 

S(2) 0.1835 0.2370 0.4519 0.0528 0.0699 0.0846 0.QI1O -0.0086 -0.0128 

C(I) 0.1316 0.7161 0.6411 0.0531 0.0589 0.0557 -0.0084 -0.0115 0.0046 

C(2) 0.1316 0.5336 0.6626 0.0601 0.0576 0.0495 -0.0057 -0.0018 0.0024 

C(3) 0.1844 0.4535 0.4512 0.0511 0.0711 0.0593 -0.0119 0.0001 0.0009 

C(4) 0.0724 0.1871 0.4071 0.0602 0.0507 0.0545 -0.0030 -0.0086 0.0030 

C(5) 0.0396 0.2459 0.0010 0.0633 0.0560 0.0447 0.0010 -0.0012 -0.0007 

H(I) 0.1893 0.7587 0.6434 0.0989 

H(2) 0.1135 0.7430 0.4775 0.0944 

H(3) 0.1547 0.5031 0.8103 0.1187 

H(4) 0.0715 0.4934 0.6641 0.1080 

H(5) 0.1641 0.4963 0.3075 0.1094 

H(6) 0.2442 0.4910 0.4636 0.1269 

H(7) 0.0372 0.2295 0.5333 0.0947 

H(8) 0.0706 0.0686 0.4146 0.1037 

H(9) 0.0747 0.2004 0.0234 0.112 

H(lO) 0.0425 0.3674 0.1504 0.0949 
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Table 111.11. 100 K spherical refinement. 

sinen.. range (k I) 0.0-1.274 

Q'-cutoff 1.0 

No. Observations 4586 

No. variable parameters 104 

R(F), Rw(F) 0.03802, 0.04937 

ERRWT 1.10668 

Scale .931927 

Extin No evidence of extinction 
ction 

Atom x y Z U11/S iso U22 U33 U I2 U I3 U23 

S(I) .06625 .81974 .89354 .02753 .02313 .01994 -.00130 -.00748 -.00415 

S(2) .18687 .22753 .46208 .02082 .02594 .02984 .00364 -.00417 -.00531 

C(I) .13028 .71463 .64274 .02246 .02201 .01960 -.00279 -.00416 .00195 

C(2) .13090 .52915 .67098 .02455 .02049 .01803 -.00267 -.00065 .00034 

C(3) .18761 .44885 .45912 .02108 .02631 .02091 -.00439 -.00005 -.00080 

C(4) .07473 .17823 .41091 .02359 .02055 .02037 -.00184 -.00411 .00145 

C(5) .04375 .24410 .16446 .02491 .02028 .01766 -.00095 -.00187 -.00031 

H(l) .18857 .75594 .63993 .05516 

H(2) .11189 .74476 .47429 .04661 

H(3) .15356 .50119 .82849 .06611 

H(4) .07115 .48736 .66790 .05889 

H(5) .17216 .48598 .30461 .06622 

H(6) .24649 .47650 .47535 .06446 

H(7) .03894 .21502 .54880 .05290 

H(8) .07266 .06166 .40432 .05381 

H(9) .07846 .20432 .02038 .06007 

H(lO) .04708 .36463 .16131 .05530 
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Table 111.12. 100 K high order refinement. 

sin81A range (A-I) 0.90 - 1.24 

a-cutoff 0.0 

No. Observations 1439 

No. variable parameters 64 

R(F), Rw(F) 0.08904, 0.08619 

ERRWT 1.16181 

Scale 1.298 

Extincti No evidence of extinction. 
on 

Atom x y z UIII U22 U33 U I2 U I3 Un 
Biso 

S(I) 0.06618 0.81996 0.89456 0.02839 0.02291 0.02082 -0.00112 -0.00726 -0.00407 

S(2) 0.18687 0.22735 0.46222 0.02178 0.02530 0.03098 0.00365 -0.00440 -0.00516 

C(I) 0.13022 0.71450 0.64258 0.02428 0.02272 0.02015 -0.00267 -0.00482 0.00198 

C(2) 0.13098 0.52890 0.67088 0.02539 0.02252 0.01842 -0.00284 -0.0003 0.00079 

C(3) 0.18759 0.44925 0.45900 0.02326 0.02544 0.02139 -0.00447 -0.00012 -0.00085 

C(4) 0.07467 0.17790 0.41080 0.02510 0.02114 0.02231 -0.00159 -0.00447 0.00144 

C(5) 0.04371 0.24414 0.16462 0.02851 0.02024 0.01861 -0.00100 -0.00240 -0.00111 

H(I) 0.19460 0.76640 0.64600 10.05724 

H(2) 0.10840 0.74790 0.45980 0.04910 Hydrogens were moved to a distance of I.D8A 

H(3) 0.15660 0.49700 0.84930 0.06165 along the bond vector determined in the 
conventional refinement. Then they were 

H(4) 0.06530 0.48260 0.67050 0.05757 constrained to ride on the atom to which they 

H(5) 0.17020 0.49250 0.27630 0.06538 were bonded. 

H(6) 0.25430 0.48470 0.47830 0.06147 

H(7) 0.03460 0.22560 0.56910 0.05636 

H(8) 0.07300 0.04580 0.40600 0.05641 

H(9) 0.08250 0.19890 0.00190 0.07024 

H(lO) 0.04840 0.37600 0.16030 0.05867 
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Table 111.13, 100 K multipole refinement. 

sinS!?" range 0.0-1.274 

O'-cutoff 2.0 

No. Observations 4616 

No. variable parameters 184 

R(F), Rw(F) 0.03690, 0.04342 

ERRWT 1.14644 

Scale 0.9335 

Extincti No evidence of extinction 
on 

Atom x y Z U ll/81so U22 U33 U I2 U I3 U23 

S(I) 0.06617 0.81979 0.89360 0.02739 0.02264 0.01992 -.00122 -.00740 -.00396 

S(2) 0.18690 0.22732 0.46225 0.02070 0.02542 0.02960 0.00351 0.00394 -.00508 

C(I) 0.13018 0.71491 0.64300 0.02296 0.02131 0.01995 -.00249 -.00428 0.00191 

C(2) 0.13078 0.52876 0.67152 0.02502 0.02024 0.01807 -.00261 -.00030 0.00039 

C(3) 0.18767 0.44900 0.45868 0.02186 0.02584 0.02123 -.00418 0.00039 -.00136 

C(4) 0.07457 0.17796 0.41116 0.02362 0.02092 0.02050 -.00224 -.00448 0.00201 

C(5) 0.04378 0.24402 0.16417 0.02528 0.02037 0.01734 -.00109 -.00210 0.00015 

H(I) 0.19460 0.76640 0.64600 0.05724 

H(2) 0.10840 0.74790 0.45980 0.04910 

H(3) 0.15660 0.49700 0.84930 0.06165 

H(4) 0.06530 0.48260 0.67050 0.05757 

H(5) 0.17020 0.49250 0.27630 0.06538 

H(6) 0.25430 0.48470 0.47830 0.06147 

H(7) 0.03460 0.22560 0.56910 0.05636 

H(8) 0.07300 0.04580 0.40600 0.05641 

H(9) 0.08250 0.19890 0.00190 0.07024 

H(IO) 0.04840 0.37600 0.16030 0.05867 
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atom to which they were bonded. These results, in Table m.12, serve as both the 

starting point for multipolar refinements and as the definition of the promolecule for 

TTCD, which will be used in the generation of experimental deformation density maps. 

The multipolar refinement (Table 111.13) was calculated with multipole expansion of the 

valence shell up to octopolar for the S atoms, up to quadrupolar for the C atoms and up 

to dipoles for the H atoms. Hartree-Fock radial functions were used to describe the 

monopole, which populates the valence shell. Valence shell popUlations were initially 

set to their neutral atom values. Kappa parameters for the valence shells started 

refinement at 1.0. The position and thermal parameters of the hydrogens were held 

fixed at the values determined in the high order refinement. Least-squares refinements 

were based of F, refinements based on F2 showed no significant differences. The 

refinement converged after a total of nine cycles. No restrictions were places on 

multipoles used since all atoms sit on general positions. While the sulfur atoms are 

chemically equivalent, the option to place constraints which force their deformation 

density to be equivalent was not explored. The multipole population and kappa values 

can be found in Appendix A. 

111.4.6 Structure and Geometric Parameters 

ORTEP drawings of the TTCD molecule at room temperature and 100 K are 

depicted in Figure 111.8 and Figure 111.9 respectively. The TTCD molecule sits at a 

crystallographic ally required center of inversion. It exists in the exodentate 
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Figure III.S. ORTEP drawing of TTCD room temperature structure 

conformation, with the lone pairs of the four sulfur atoms pointing outward from the 

corners of a roughly rectangular array of atoms. The molecules are essentially 

independent, but pack in pseudo chains with S 1 on adjacent molecules 3.836 A apart (at 

room temperature). This is just larger than twice the Van del' Waals radii of sulfur. S2 

has no close contacts with other sulfurs, the closest S2-S 1 distance is intraf.l1olecular at 

4.037 A. This makes the sulfur atoms inequivalent in the crystal. A comparison of 

bond distances and angles is made in Table 111.14 for the different refinements and 

temperatures. It is interesting to note that on cooling, the cell parameters shrink while 



Figure 111.9. ORTEP drawing of lOOK TTCD structure. 

the bond distances grow. 

111.4.7 Deformation Density Maps 
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H9 

Experimental, dynamic deformation density maps were made using the programs 

NIELSAV or FOURDAP.? NIELSAV produces a contour plot of a single plane; 

FOURDAP produces a file containing map values in either a single plane or a volume. 
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Table 111.14. Table of bond distances and angles for TTCD. 

Literature RT Cony. lOOK Cony. lOOK H.O. lOOK Multi. 

S(l)-C(I) 1.812(3) 1.809 1.816 1.817 1.813 

S(l)-C(5)' 1.817(3) 1.813 1.818 1.822 1.817 

S(2)-C(3) 1.802(3) 1.791 1.809 1.807 1.81 I 

S(2)-C(4) 1.803(3) 1.803 1.812 1.812 1.814 

C(1)-C(2) 1.518(3) 1.514 1.523 1.524 1.528 

C(2)-C(3) 1.505(3) 1.510 1.523 1.524 1.525 

C(4)-C(5) 1.504(4) 1.506 1.517 1.519 1.518 

C-H (Ayg.) 0.96(3) 0.962 0.957 fixed @ 1.08 1.079 

C(5)'-S(I)- 102.2(1) 102.3 102.0 101.9 102.0 
C(I) 

C(3)-S(2)- 103.6(1) 103.7 103.1 102.9 103.0 
C(4) 

S(I )-C(I)- 114.1(2) 114.5 113.9 114.1 113.9 
C(2) 

C(1)-C(2)- I I 1.6(2) 112.5 I I 1.3 I I 1.3 I 11.2 
C(3) 

C(2)-C(3)- 1I5.1(2) 115.7 114.9 114.9 114.7 
S(2) 

S(2)-C(4)- 114.1(2) 114.5 114.1 113.8 114.0 
C(5) 

C(4)-C(5)- 113.4(2) 113.8 113.2 112.8 113.1 
S(I), 

The mapping calculations were performed on a V AXStation 3100. Visualization of the 

volume maps and preparation of graphic images were performed using Explorer and 

associated programs on an Iris Indigo. High-order positions were used to define the 

promolecule in structure factor calculations. 
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Deformation density maps for several select planes are presented in Figure III. 10 

through Figure IlI.17. These planes were selected to give a representative picture of the 

entire molecular volume, in addition to the bonding features. 

111.5 Future Work 

There are several directions in which this project can be continued. The most 

immediate is a more extensive examination of the TTCD data. Are the interactions 

between molecules visible? Is this the reason for the rather different densities observed 

for the two sulfurs in TTCD? Would a rigid bond test show problems with the thermal 

parameters currently in use? How do static deformation density maps and the multi pole 

populations compare to different hybridization schemes proposed for sulfur? This 

examination of sulfur compounds could be extended to others in the cyclic thioether 

family. 

Thioethers are known to chelate transition metals. How does the density about 

sulfur change when coordination takes place? A particularly suitable compound exists 

for extending these studies to coordinated metals. Preliminary low temperature 

experiments on Nill(TTCD)(BF4h show that it has all of the good crystallographic 

qualities shown by TTCD itself. An ORTEP of Nill(TTCD)(BF4h is shown in Figure 

IIU8. 

There are directions to expand deformation density experiments even without 

further data collections. Theoretical deformation densities can be calculated for 
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38 

Figure 111.18 Structure of NilI(TTCD)(BF 4h at 100 K. 

comparison with experiment. The MOPLOT program of Prof. Dennis Lichtenberger has 

already been used by other groupsl09 for this purpose. Programs which allow for the 

calculation of one electron properties from multipole refinement parameters exist and 

can expand the information obtainable from a CDA study. Lastly, the electron density 

is inhe.rently a four-dimensional quantity. Two-dimensional contour maps can miss 

features because of their limited area. 3-D Color graphic visualization has already been 

utilized, but needs further development inorder to be used with the existing programs. 

Charge Density Analysis is an exciting and growing field. Catch the wave! © 



APPENDIX A 
Least Squares Refinements of TTCD 

Room Temperature Conventional Spherical Refinement 
LSMOL 

TTCD xtal#l RT 

INPUT FROM PARA. MOL; 9 

NUMBER OF SCATTERING FACTOR TABLES: 3 CORE 3 VALENCE 

MULTI POLE RADIAL SCATTERING FACTOR TABLES ST(SLATERl HF(HARTREE-FOCKl 

TABLE NUMBER: 1 

L OF R(Ll 0 1 2 3 4 
TYPE OF R(Ll ST ST ST ST ST 
N OF R**N 4 4 4 4 4 
EXPONENT 3.950 3.950 3.950 3.950 3.950 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1. 00000 0.91990 0.71980 0.48350 0.27780 0.13060 0.04040 -0.00580 
-0.02360 -0.02480 -0.01800 -0.00850 0.00090 0.00880 0.01460 0.01840 

0.02050 0.02130 0.02100 0.02000 0.01850 0.01680 0.01500 0.01310 
0.01130 0.00970 0.00820 0.00680 0.00560 0.00450 0.00360 0.00280 
0.00220 0.00170 0.00120 0.00080 0.00050 0.00030 0.00010 0.00000 

TABLE NUMBER: 2 

L OF R(Ll 0 1 2 3 4 
TYPE OF R(Ll ST ST ST ST ST 
N OF R**N 2 2 2 3 4 
EXPONENT 3.176 3.176 3.176 3.176 3.176 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.93880 0.78230 0.58820 0.40610 0.26020 0.15480 0.08410 
0.03970 0.01360 -0.00050 -0.00700 -0.00900 -0.00840 -0.00670 -0.00450 

-0.00200 0.00020 0.00210 0.00370 0.00490 0.00580 0.00650 0.00700 
0.00730 0.00750 0.00750 0.00740 0.00730 0.00710 0.00690 0.00670 
0.00640 0.00610 0.00580 0.00560 0.00540 0.00520 0.00480 0.00000 

tv 
-...J 
0\ 



TABLE NUMBER: 3 

L OF R(L) 0 1 2 3 4 
TYPE OF R(L) ST ST ST ST ST 
N OF R**N 0 1 2 3 4 
EXPONENT 2.000 2.000 2.000 2.000 2.000 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.94700 0.81100 0.64100 0.48100 0.35000 0.25100 0.18000 
0.13000 0.09500 0.07100 0.05300 0.04000 0.03100 0.02400 0.01890 
0.01500 0.01220 0.01000 0.00810 0.00700 0.00640 0.00500 0.00340 
0.00300 0.00330 0.00300 0.00260 0.00200 0.00150 0.00100 0.00050 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

1 

281 PARAMETERS 105 VARIABLES 

SCALE FAC 1 
OVERALL B 0 
EXT INC ION 2 0 0 0 0 0 0 
KAPPA HF 0 0 0 
KAPPA ST 0 0 0 

ATOMS 

S(l) C(l) C(3) C(5) H(2) H(4) H(6) H(8) H(10) 

S(2) C(2) C(4) H(l) H(3) H(5) H(7) H(9) 
PARAMETER 

X/A 3 12 21 30 39 48 57 66 70 74 78 82 86 90 94 98 102 
Y/B 4 13 22 31 40 49 58 67 71 75 79 83 87 91 95 99 103 
Z/C 5 14 23 32 41 50 59 68 72 76 80 84 88 92 96 100 104 

BETA(l,l) 6 15 24 33 42 51 60 69 73 77 81 85 89 93 97 101 105 
BETA(2,2) 7 16 25 34 43 52 61 0 0 0 0 0 0 0 0 0 0 
BETA(3,3) 8 17 26 35 44 53 62 0 0 0 0 0 0 0 0 0 0 
BETA(1,2) 9 18 27 36 45 54 63 0 0 0 0 0 0 0 0 0 0 
BETA(1,3) 10 19 28 37 46 55 64 0 0 0 0 0 0 0 0 0 0 
BETA(2,3) 11 20 29 38 47 56 65 0 0 0 0 0 0 0 0 0 0 

(O,HF) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(O,ST) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1,+1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ON 

-...J 
-...J 



(1,-1) a a a a a a a a a a a a a a a a a 
(1, 0) a a a a a a a a a a a a a a a a a 
(2, 0) a a a a a a a a a a a a a a a a a 
(2,+1) a a a a a a a a a a a a a a a a a 
(2, -1) a a a a a a a a a a a a a a a a a 
(2, +2) a a a a a a a a a a a a a a a a a 
(2,-2) a a a a a a a a a a a a a a a a a 
(3, 0) a a a a a a a a a a a a a a a a a 
(3, +1) a a a a a a a a a a a a a a a a a 
(3, -1) a a a a a a a a a a a a a a a a a 
(3,+2) a a a a a a a a a a a a a a a a a 
(3,-2) a a a a a a a a a a a a a a a a a 
(3, +3) a a a a a a a a a a a a a a a a a 
(3,-3) a a a a a a a a a a a a a a a a a 
(4, 0) a a a a a a a a a a a a a a a a a 
(4,+1) a a a a a a a a a a a a a a a a a 
(4, -1) a a a a a a a a a a a a a a a a a 
(4,+2) a a a a a a a a a a a a a a a a a 
(4,-2) a a a a a a a a a a a a a a a a a 
(4,+3) a a a a a a a a a a a a a a a a a 
(4,-3) a a a a a a a a a a a a a a a a a 
(4,+4) a a a a a a a a a a a a a a a a a 
(4,-4) a a a a a a a a a a a a a a a a a 

Scheme 1: WEIGHT EXP(FA*SIN**2THETA/LAMBDA**2)/SIGMA**2(FO) 
Non zero FB (+ve or -vel is added to PFAC 
FA = 0.0 FB = 0.00 

1 

DEFINITION OF ATOMIC SITE COORDINATE SYSTEMS 

ATOM BY ATOMS VECTOR 1 DISTANCE ATOMS VECTOR 2 DISTANCE 

S(l) S(l) - C(l) Z-AXIS 1. 809 S(l) - H(l) Y-AXIS 2.277 
S(2) S(2) - C(4) Z-AXIS 1. 803 S(2) - C(3) Y-AXIS 1.792 
C(l) C(l) - H(l) Z-AXIS 0.967 C(l) - H(2) Y-AXIS 0.959 
C(2) C(2) - H(3) Z-AXIS 0.919 C(2) - H(4) Y-AXIS 0.992 
C(3) C(3) - H(5) Z-AXIS 0.918 C(3) - H(6) Y-AXIS 0.988 
C(4) C(4) - H(7) Z-AXIS 0.914 C(4) - H(8) Y-AXIS 0.982 
C(5) C(5) - H(9) Z-AXIS 0.976 C(5) - H(10) Y-AXIS 1.008 
H(l) H(l) - C(l) Z-AXIS 0.967 H(l) - H(2) Y-AXIS 1.522 
H(2) H(2) - C(l) Z-AXIS 0.959 H(2) - H(l) Y-AXIS 1.522 
H(3) H(3) - C(2) Z-AXIS 0.919 H(3) - H(4) Y-AXIS 1.550 
H(4) H(4) - C(2) Z-AXIS 0.992 H(4) - H(3) Y-AXIS 1.550 
H(5) H(5) - C(3) Z-AXIS 0.918 H(5) - H(6) Y-AXIS 1.540 
H(6) H(6) - C(3) Z-AXIS 0.988 H(6) - H(5) Y-AXIS 1.540 tv 
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00 



1 

H(7) H(7) - C(4) Z-AXIS 0.914 H(7) - H(8) 
H(8) H(8) - C(4) Z-AXIS 0.982 H(8) - H(7) 
H(9) H(9) - C(5) Z-AXIS 0.976 H(9) - H(10) 
H(10) H(10) - C(5) Z-AXIS 1. 008 H(10) - H(9) 

CYCLE 4 

FROM 3005 REFLEXIONS 1574 IN THE FC CALCULATION AND REFINEMENT 

RESIDUALS 

R10 R20 R1 R2 R1W 

0.04497 0.08426 
Chisq = 9.438232 

0.04497 0.08426 0.03956 

ELECTRON CHANGE WITHOUT CONSTRAINT 

ESTIMATED SIGMA BEFORE CONSTRAINT 

ESTIMATED SIGMA AFTER CONSTRAINT 

R2W ERRWT 

0.13730 3.18007 

0.000 

0.1486E+05 

0.1486E+05 

Y-AXIS 
Y-AXIS 
Y-AXIS 
Y-AXIS 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CON ST.) 

SCALE FAC 1.003410 0.000000 1.003410 0.000001 0.000000 
OVERALL B 0.000000 0.000000 
KAPPA HF 1.000000 1.000000 
KAPPA ST 1.000000 1.000000 
KAPPA HF 1.000000 1.000000 
KAPPA ST 1.000000 1.000000 
KAPPA HF 1.400000 1.400000 
KAPPA ST 1.400000 1.400000 

ATOM S(l) CORE SCATTERING TABLE 1 DEFORMATION SET 1 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.069260 0.000000 0.069260 0.000000 0.000000 
Y/B 0.818829 0.000000 0.818829 0.000000 0.000000 
Z/C 0.889319 0.000000 0.889319 0.000000 0.000000 

BETA(l,l) 0.006067 0.000000 0.006067 0.000000 0.000000 
BETA(2,2) 0.018726 0.000000 0.018726 0.000000 0.000000 
BETA(3,3) 0.039149 0.000000 0.039149 0.000000 0.000000 

1.552 
1. 552 
1.607 
1.607 

tv 
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\0 



BETA(1,2} -0.001010 0.000000 -0.001010 0.000000 0.000000 
BETA(1,3} -0.009371 0.000000 -0.009371 0.000000 0.000000 
BETA(2,3} -0.012807 0.000000 -0.012807 0.000000 0.000000 

(O,HF) 6.000000 6.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, D) 0.000000 0.000000 
(2, D) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, D) 0.000000 0.000000 
(3, +1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM S(2} CORE SCATTERING TABLE 1 DEFORMATION SET 1 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.183520 0.000000 0.183520 0.000000 0.000000 
Y/B 0.237048 0.000000 0.237048 0.000000 0.000000 
Z/C 0.451948 0.000000 0.451948 0.000000 0.000000 

BETA(l,l} 0.004332 0.000000 0.004332 0.000000 0.000000 
BETA(2,2} 0.020115 0.000000 0.020115 0.000000 0.000000 
BETA(3,3} 0.058638 0.000000 0.058638 0.000000 0.000000 
BETA(1,2} 0.003384 0.000000 0.003384 0.000000 0.000000 
BETA(1,3) -0.004144 0.000000 -0.004144 0.000000 0.000000 
BETA(2,3) -0.011443 0.000000 -0.011443 0.000000 0.000000 

(O,HF) 6.000000 6.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, D) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 tv 
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(3,-1) 0.000000 0.000000 
(3, +2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(l) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.131637 0.000000 0.131637 0.000000 0.000000 
Y/B 0.716135 0.000000 0.716135 0.000000 0.000000 
z/C 0.641089 0.000000 0.641089 0.000000 0.000000 

BETA(l,l) 0.004349 0.000000 0.004349 0.000000 0.000000 
BETA(2,2) 0.016945 0.000000 0.016945 0.000000 0.000000 
BETA(3,3) 0.038632 0.000000 0.038632 0.000000 0.000000 
BETA(1,2) -0.002583 0.000000 -0.002583 0.000000 0.000000 
BETA(1,3) -0.005494 0.000000 -0.005494 0.000000 0.000000 
BETA(2,3) 0.004116 0.000000 0.004116 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2, -2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM C(2) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT(NO CONST.) 

X/A 0.131635 0.000000 0.131635 0.000000 0.000000 
Y/B 0.533627 0.000000 0.533627 0.000000 0.000000 
Z/C 0.662660 0.000000 0.662660 0.000000 0.000000 

BETA(l,l) 0.004924 0.000000 0.004924 0.000000 0.000000 
BETA(2,2) 0.016594 0.000000 0.016594 0.000000 0.000000 tv 

00 



BETA(3,3) 0.034288 0.000000 0.034288 0.000000 0.000000 
BETA(1,2) -0.001748 0.000000 -0.001748 0.000000 0.000000 
BETA(1,3) -0.000851 0.000000 -0.000851 0.000000 0.000000 
BETA(2,3) 0.002221 0.000000 0.002221 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2, +1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(3) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.184456 0.000000 0.184456 0.000000 0.000000 
Y/B 0.453616 0.000000 0.453616 0.000000 0.000000 
Z/C 0.451243 0.000000 0.451243 0.000000 0.000000 

BETA(1,1) 0.004198 0.000000 0.004198 0.000000 0.000000 
BETA(2,2) 0.020456 0.000000 0.020456 0.000000 0.000000 
BETA(3,3) 0.041125 0.000000 0.041125 0.000000 0.000000 
BETA(1,2) -0.003653 0.000000 -0.003653 0.000000 0.000000 
BETA(1,3) 0.000066 0.000000 0.000066 0.000000 0.000000 
BETA(2,3) 0.000812 0.000000 0.000812 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2, +2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 tv 
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(3, -1) 0.000000 0.000000 
(3, +2) 0.000000 0.000000 
(3, -2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM C(4) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.072471 0.000000 0.072471 0.000000 0.000000 
Y/B 0.187123 0.000000 0.187123 0.000000 0.000000 
z/C 0.407186 0.000000 0.407186 0.000000 0.000000 

BETA(1,1) 0.004939 0.000000 0.004939 0.000000 0.000000 
BETA(2,2) 0.014621 0.000000 0.014621 0.000000 0.000000 
BETA(3,3) 0.037824 0.000000 0.037824 0.000000 0.000000 
BETA(1,2) -0.000945 0.000000 -0.000945 0.000000 0.000000 
BETA(1,3) -0.004143 0.000000 -0.004143 0.000000 0.000000 
BETA(2,3) 0.002698 0.000000 0.002698 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2, +1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2, +2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3, +2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(5) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CON ST.) 

X/A 0.039692 0.000000 0.039692 0.000000 0.000000 
Y/B 0.245921 0.000000 0.245921 0.000000 0.000000 
z/C 0.163443 0.000000 0.163443 0.000000 0.000000 

BETA(1,1) 0.005'194 0.000000 0.005194 0.000000 0.000000 
BETA(2,2) 0.016148 0.000000 0.016148 0.000000 0.000000 tv 
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BETA(3,3) 0.031050 0.000000 0.031050 0.000000 0.000000 
BETA(1,2) 0.000316 0.000000 0.000316 0.000000 0.000000 
BETA(1,3) -0.000597 0.000000 -0.000597 0.000000 0.000000 
BETA(2,3) -0.000613 0.000000 -0.000613 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM H(l) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.189512 0.000000 0.189513 0.000001 0.000000 
Y/B 0.758774 0.000000 0.758774 0.000002 0.000000 
z/C 0.643325 0.000000 0.643325 0.000005 0.000000 

ISO B 7.854784 -0.000002 7.854782 0.093079 -0.000002 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(2) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CON ST.) 

X/A 0.113482 0.000000 0.113482 0.000000 0.000000 
Y/B 0.743077 0.000000 0.743077 0.000002 0.000000 
Z/C 0.477565 0.000000 0.477565 0.000005 0.000000 

ISO B 7.449552 0.000007 7.449560 0.082606 0.000007 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 tv 

00 
~ 



(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(3) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.154720 0.000000 0.154720 0.000001 0.000000 
Y/B 0.503067 0.000000 0.503067 0.000003 0.000000 
z/c 0.809968 0.000000 0.809968 0.000007 0.000000 

ISO B 9.363523 0.000007 9.363530 0.131276 0.000007 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(4) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.071453 0.000000 0.071453 0.000001 0.000000 
Y/B 0.493309 0.000000 0.493309 0.000002 0.000000 
z/c 0.664005 0.000000 0.664005 0.000005 0.000000 

ISO B 8.537308 0.000009 8.537317 0.106974 0.000009 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

1 

ATOM H(5) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT(NO CONST.) 

X/A 0.164245 0.000000 0.164245 0.000001 0.000000 
Y/B 0.496347 0.000000 0.496347 0.000002 0.000000 
z/c 0.307331 0.000000 0.307331 0.000006 0.000000 

ISO B 8.632087 0.000006 8.632092 0.123507 0.000006 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
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ATOM H(6) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.244448 0.000000 0.244448 0.000001 0.000000 
Y/B 0.491065 0.000000 0.491065 0.000003 0.000000 
Z/C 0.463771 0.000000 0.463771 0.000006 0.000000 

ISO B 10.049191 0.000018 10.049208 0.143559 0.000018 
(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(7) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.037196 0.000000 0.037196 0.000001 0.000000 
Y/B 0.229672 0.000000 0.229672 0.000002 0.000000 
z/C 0.533382 0.000000 0.533382 0.000005 0.000000 

ISO B 7.495280 0.000021 7.495301 0.096855 0.000021 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(8) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.070646 0.000000 0.070646 0.000001 0.000000 
Y/B 0.068557 0.000000 0.068557 0.000003 0.000000 
z/C 0.414843 0.000000 0.414843 0.000005 0.000000 

ISO B 8.181289 -0.000005 8.181284 0.100960 -0.000005 
(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

1 

ATOM H(9) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 
N 
00 
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C( 2 

C( 72 

C( 76 

X/A 
Y/B 
Z/C 

ISO B 
(O,HF) 
(0, ST) 
(1,+1) 
(1,-1) 
(1, 0) 

ATOM H(10) 

PARAMETER 

X/A 
Y/B 
Z/C 

ISO B 
(O,HF) 
(0, ST) 
(1,+1) 
(1,-1) 
(1, 0) 

0.074822 
0.200524 
0.023357 
8.903617 
1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

0.000000 
0.000000 
0.000000 
0.000007 

CORE SCATTERING TABLE 

OLD 

0.042364 
0.367383 
0.150576 
7.506726 
1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

SHIFT 

0.000000 
0.000000 
0.000000 

-0.000007 

0.074822 
0.200524 
0.023357 
8.903624 
1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

0.000001 
0.000002 
0.000006 
0.121105 

0.000000 
0.000000 
0.000000 
0.000007 

3 DEFORMATION SET 3 MULTIPLICITY 1.00 

NEW 

0.042364 
0.367383 
0.150576 
7.506720 
1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

ERROR SHIFT(NO CONST.) 

0.000000 
0.000002 
0.000004 
0.086307 

0.000000 
0.000000 
0.000000 

-0.000007 

ISOTROPIC EXTINCTION, CRYSTAL: TYPE 1 ,DISTRIBUTION OF SIGMA: GAUSSIAN 

PARAMETER OLD SHIFT NEW ERROR SHIFT(NO CONST.) 

EX'fNCT G 1.081199 0.000001 1.081200 0.001018 0.000001 

MOSAIC SPREAD: 0.5382E+01 SECONDS, DOMAIN SIZE: 0.7684E-04 CENTIMETERS 

NEW PARAMETERS HAVE BEEN WRITTEN ON PARA.MOL;13 

LIST OF CORRELATION MATRIX ELEMENTS 0.70000 < C(I,J) < 1.00000 

, 77) 
0.728E+00 

, 77) 
0.979E+00 

, 101) 
0.771E+00 

N 
00 
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CYCLE 5 

FROM 3005 REFLEXIONS 1574 IN THE FC CALCULATION AND REFINEMENT 

R10 R20 

0.04497 0.08426 
Chisq = 9.438224 

RESIDUALS 

R1 R2 

0.04497 0.08426 

R1W R2W ERRI'IT 

0.03956 0.13730 3.18007 

N 
00 
00 



Conventional Spherical Refinement 
LSMOL 

TTCD9 lOOK ALL DATA 4-22-93 

INPUT FROM PARA. MOL; 5 

NUMBER OF SCATTERING FACTOR TABLES: 3 CORE 3 VALENCE 

MULTIPOLE RADIAL SCATTERING FACTOR TABLES ST(SLATER) 

TABLE NUMBER: 1 

L OF R(L) 0 1 2 3 
TYPE OF R(L) ST ST ST ST 
N OF R**N 4 4 4 4 
EXPONENT 3.950 3.950 3.950 3.950 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.91990 0.71980 0.48350 0.27780 0.13060 0.04040 
-0.02360 -0.02480 -0.01800 -0.00850 0.00090 0.00880 0.01460 

0.02050 0.02130 0.02100 0.02000 0.01850 0.01680 0.01500 
0.01130 0.00970 0.00820 0.00680 0.00560 0.00450 0.00360 
0.00220 0.00170 0.00120 0.00080 0.00050 0.00030 0.00010 

TABLE NUMBER: 2 

L OF R(L) 0 1 2 3 
TYPE OF R(L) ST ST ST ST 
N OF R**N 2 2 2 3 
EXPONENT 3.176 3.176 3.176 3.176 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.93880 0.78230 0.58820 0.40610 0.26020 0.15480 
0.03970 0.01360 -0.00050 -0.00700 -0.00900 -0.00840 -0.00670 

-0.00200 0.00020 0.00210 0.00370 0.00490 0.00580 0.00650 
0.00730 0.00750 0.00750 0.00740 0.00730 0.00710 0.00690 
0.00640 0.00610 0.00580 0.00560 0.00540 0.00520 0.00480 

TABLE NUMBER: 3 

L OF R(L) o 1 2 3 

HF(HARTREE-FOCK) 

4 
ST 
4 
3.950 

-0.00580 
0.01840 
0.01310 
0.00280 
0.00000 

4 
ST 
4 
3.176 

0.08410 
-0.00450 

0.00700 
0.00670 
0.00000 

4 
tv 
00 
\0 



TYPE OF R(L) ST ST ST ST ST 
N OF R**N 0 1 2 3 4 
EXPONENT 2.000 2.000 2.000 2.000 2.000 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1. 00000 0.94700 0.81100 0.64100 0.48100 0.35000 0.25100 0.18000 
0.13000 0.09500 0.07100 0.05300 0.04000 0.03100 0.02400 0.01890 
0.01500 0.01220 0.01000 0.00810 0.00700 0.00640 0.00500 0.00340 
0.00300 0.00330 0.00300 0.00260 0.00200 0.00150 0.00100 0.00050 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

1 

281 PARAMETERS 105 VARIABLES 

SCALE FAC 1 
OVERALL B 0 
EXTINCION 2 0 0 0 0 0 0 
KAPPA HF 0 0 0 
KAPPA ST 0 0 0 

ATOMS 

S(l) C(l) C(3) C(5) H(2) H(4) H(6) H(8) H(10) 

S(2) C(2) C(4) H(l) H(3) H(5) H(7) H(9) 
PARAMETER 

X/A 3 12 21 30 39 48 57 66 70 74 78 82 86 90 94 98 102 
Y/B 4 13 22 31 40 49 58 67 71 75 79 83 87 91 95 99 103 
Z/C 5 14 23 32 41 50 59 68 72 76 80 84 88 92 96 100 104 

BETA(l,l) 6 15 24 33 42 51 60 69 73 77 81 85 89 93 97 101 105 
BETA(2,2) 7 16 25 34 43 52 61 0 0 0 0 0 0 0 0 0 0 
BETA(3,3) 8 17 26 35 44 53 62 0 0 0 0 0 0 0 0 0 0 
BETA(1,2) 9 18 27 36 45 54 63 0 0 0 0 0 0 0 0 0 0 
BETA(1,3) 10 19 28 37 46 55 64 0 0 0 0 0 0 0 0 0 0 
BETA(2,3) 11 20 29 38 47 56 65 0 0 0 0 0 0 0 0 0 0 

(O,HF) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(0, ST) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1,+1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1,-1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ON 

\0 
0 



(2, +1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2,-1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2, +2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2,-2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,+1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3, -1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3, +2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3, +3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-4) 0 0 0 0 0 o. 0 0 0 0 0 0 0 0 0 0 0 

Scheme 1: WEIGHT EXP(FA*SIN**2THETA/LAMBDA**2)/SIGMA**2(FO) 
Non zero FB (+ve or -vel is added to PFAC 
FA = 0.0 FB = 0.00 

1 

DEFINITION OF ATOMIC SITE COORDINATE SYSTEMS 

ATOM BY ATOMS VECTOR 1 DISTANCE ATOMS VECTOR 2 DISTANCE 

S(l) S(l) - C(l) Z-AXIS 1.816 S(l) - H(l) Y-AXIS 2.301 
S(2) S(2) - C(3) Z-AXIS 1.809 S(2) - C(4) Y-AXIS 1. 812 
C(l) C(l) - H(l) Z-AXIS 0.960 C(l) - H(2) Y-AXIS 0.985 
C(2) C(2) - H(4) Z-AXIS 0.983 C(2) - H(3) Y-AXIS 0.952 
C(3) C(3) - H(5) Z-AXIS 0.919 C(3) - H(6) Y-AXIS 0.945 
C(4) C(4) - H(7) Z-AXIS 0.936 C(4) - H(8) Y-AXIS 0.955 
C(5) C(5) - H(9) Z-AXIS 0.960 C(5) - H(10) Y-AXIS 0.987 
H(l) H(l) - C(l) Z-AXIS 0.960 H(l) - H(2) Y-AXIS 1.520 
H(2) H(2) - C(l) Z-AXIS 0.985 H(2) - H(l) Y-AXIS 1.520 
H(3) H(3) - C(2) Z-AXIS 0.952 H(3) - H(4) Y-AXIS 1.578 
H(4) H(4) - C(2) Z-AXIS 0.983 H(4) - H(3) Y-AXIS 1.578 
H(5) H(5) - C(3) Z-AXIS 0.919 H(5) - H(6) Y-AXIS 1.509 
H(6) H(6) - C(3) Z-AXIS 0.945 H(6) - H(5) Y-AXIS 1.509 
H(7) H(7) - C(4) Z-AXIS 0.936 H(7) - H(8) Y-AXIS 1.542 
H(8) H(8) - C(4) Z-AXIS 0.955 H(8) - H(7) Y-AXIS 1.542 
H(9) H(9) - C(5) Z-AXIS 0.960 H(9) - H(10) Y-AXIS 1.570 tv 

\0 ..... 



1 

H(10) H(10) - C(5) Z-AXIS 0.987 H(10) - H(9) 

CYCLE 4 

FROM 6450 REFLEXIONS 4586 IN THE FC CALCULATION AND REFINEMENT 

RESIDUALS 

R10 R20 R1 R2 R1W 

0.03804 0.04726 0.03804 
Chisq = 1.196400 

0.04726 0.04936 

ELECTRON CHANGE WITHOUT CONSTRAINT 

ESTIMATED SIGMA BEFORE CONSTRAINT 

ESTIMATED SIGMA AFTER CONSTRAINT 

R2W ERRWT 

0.05198 1.10654 

0.000 

0.5487E+04 

0.5487E+04 

Y-AXIS 

PARAMETER OLD SHIFT NEW ERROR SHIFT(NO CONST.) 

SCALE FAC 
OVERALL B 
KAPPA HF 
KAPPA ST 
KAPPA HF 
KAPPA ST 
KAPPA HF 
KAPPA ST 

ATOM S(l) 

PARAMETER 

X/A 
Y/B 
Z/C 

BETA(l,l) 
BETA(2,2) 
BETA(3,3) 
BETA(1,2) 
BETA(1,3) 
BETA(2,3) 

0.932664 
0.000000 
1.000000 
1. 000000 
1.000000 
1.000000 
1.400000 
1.400000 

0.000000 

CORE SCATTERING TABLE 

OLD 

0.066253 
0.819739 
0.893544 
0.002299 
0.006832 
0.014112 

-0.000410 
-0.003639 
-0.003798 

SHIFT 

0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 

0.932664 
0.000000 
1.000000 
1.000000 
1.000000 
1.000000 
1.400000 
1.400000 

0.000001 0.000000 

1 DEFORMATION SET 1 MULTIPLICITY 1.00 

NEW 

0.066253 
0.819739 
0.893544 
0.002299 
0.006832 
0.014112 

-0.000410 
-0.003639 
-0.003798 

ERROR SHIFT(NO CONST.) 

0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 

0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 

1. 570 

tv 
\0 
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(O,HF) 6.000000 6.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(I,D) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2, +1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOH S(2) CORE SCATTERING TABLE 1 DEFORMATION SET 1 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.186871 0.000000 0.186871 0.000000 0.000000 
Y/B 0.227531 0.000000 0.227531 0.000000 0.000000 
z/C 0.462080 0.000000 0.462080 0.000000 0.000000 

BETA{l,l) 0.001739 0.000000 0.001739 0.000000 0.000000 
BETA{2,2) '0.007665 0.000000 0.007665 0.000000 0.000000 
BETA{3,3) 0.021120 0.000000 0.021120 0.000000 0.000000 
BETA(1,2) 0.001145 0.000000 0.001145 0.000000 0.000000 
BETA{l,3) -0.002026 0.000000 -0.002026 0.000000 0.000000 
BETA{2,3) -0.004855 0.000000 -0.004855 0.000000 0.000000 

(O,HF) 6.000000 6.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(I,D) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 N 
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(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(l) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.130280 0.000000 0.130280 0.000000 0.000000 
Y/B 0.714630 0.000000 0.714630 0.000000 0.000000 
Z/C 0.642744 0.000000 0.642744 0.000000 0.000000 

BETA(l,l) 0.001875 0.000000 0.001875 0.000000 0.000000 
BETA(2,2) 0.006502 0.000000 0.006502 0.000000 0.000000 
BETA(3,3) 0.013873 0.000000 0.013873 0.000000 0.000000 
BETA(1,2) -0.000877 0.000000 -0.000877 0.000000 0.000000 
BETA(1,3) -0.002025 0.000000 -0.002025 0.000000 0.000000 
BETA(2,3) 0.001785 0.000000 0.001785 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O.ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM C(2) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.130901 0.000000 0.130901 0.000000 0.000000 
Y/B 0.529155 0.000000 0.529155 0.000000 0.000000 
Z/C 0.670983 0.000000 0.670983 0.000000 0.000000 

BETA(l,l) 0.002050 0.000000 0.002050 0.000000 0.000000 
BETA(2,2) 0.006054 0.000000 0.006054 0.000000 0.000000 
BETA(3,3) 0.012758 0.000000 0.012758 0.000000 0.000000 
BETA(1,2) -0.000839 0.000000 -0.000839 0.000000 0.000000 
BETA(1,3) -0.000318 0.000000 -0.000318 0.000000 0.000000 N 
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BETA(2,3) 0.000308 0.000000 0.000308 0.000000 0.000000 
(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1, -1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(3) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.187613 0.000000 0.187613 0.000000 0.000000 
Y/B 0.448847 0.000000 0.448847 0.000000 0.000000 
z/c 0.459123 0.000000 0.459123 0.000000 0.000000 

BETA(l,l) 0.001760 0.000000 0.001760 0.000000 0.000000 
BETA(2,2) 0.007772 0.000000 0.007772 0.000000 0.000000 
BETA(3,3) 0.014798 0.000000 0.014798 0.000000 0.000000 
BETA(l,2) -0.001380 0.000000 -0.001380 0.000000 0.000000 
BETA(l,3) -0.000022 0.000000 -0.000022 0.000000 0.000000 
BETA(2,3) -0.000733 0.000000 -0.000733 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3, +2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 tv 
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(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM C(4) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.074725 0.000000 0.074725 0.000000 0.000000 
Y/B 0.178235 0.000000 0.178235 0.000000 0.000000 
Z/C 0.410909 0.000000 0.410909 0.000000 0.000000 

BETA(l,l) 0.001970 0.000000 0.001970 0.000000 0.000000 
BETA(2,2) 0.006072 0.000000 0.006072 0.000000 0.000000 
BETA(3,3) 0.014417 0.000000 0.014417 0.000000 0.000000 
BETA(1,2) -0.000579 0.000000 -0.000579 0.000000 0.000000 
BETA(1,3) -0.001997 0.000000 -0.001997 0.000000 0.000000 
BETA(2,3) 0.001330 0.000000 0.001330 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2, -2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3, +1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(5) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.043746 0.000000 0.043746 0.000000 0.000000 
Y/B 0.244102 0.000000 0.244102 0.000000 0.000000 
Z/C 0.164457 0.000000 0.164457 0.000000 0.000000 

BETA(l,l) 0.002080 0.000000 0.002080 0.000000 0.000000 
BETA(2,2) 0.005992 0.000000 0.005992 0.000000 0.000000 
BETA(3,3) 0.012502 0.000000 0.012502 0.000000 0.000000 
BETA(1,2) -0.000299 0.000000 -0.000299 0.000000 0.000000 
BETA(1,3) -0.000908 0.000000 -0.000908 0.000000 0.000000 tv 
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BETA(2,3) -0.000283 0.000000 -0.000283 0.000000 0.000000 
(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3, +2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM H(l) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.188568 0.000000 0.188568 0.000001 0.000000 
Y/B 0.755940 0.000000 0.755940 0.000002 0.000000 
Z/C 0.639928 0.000000 0.639928 0.000007 0.000000 

ISO B 4.355229 -0.000064 4.355165 0.096373 -0.000064 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(2) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.111891 0.000000 0.111891 0.000001 0.000000 
Y/B 0.744756 0.000000 0.744756 0.000002 0.000000 
Z/C 0.474294 0.000000 0.474293 0.000005 0.000000 

ISO B 3.680505 0.000003 3.680508 0.068552 0.000003 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 tv 
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ATOM H(3) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.153560 0.000000 0.153560 0.000001 0.000000 
Y/B 0.501189 0.000000 0.501189 0.000003 0.000000 
z/C 0.828487 0.000000 0.828488 0.000008 0.000000 

ISO B 5.219535 -0.000020 5.219515 0.111489 -0.000020 
(O,HF) 1. 000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(4) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.071146 0.000000 O. 071146 0.000001 0.000000 
Y/B 0.487361 0.000000 0.487361 0.000003 0.000000 
z/C 0.667902 0.000000 0.667901 0.000006 0.000000 

ISO B 4.649519 0.000012 4.649531 0.098580 0.000012 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

1 

ATOM H(5) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.172164 0.000000 0.172164 0.000001 0.000000 
Y/B 0.485982 0.000000 0.485982 0.000003 0.000000 
z/C 0.304606 0.000000 0.304607 0.000008 0.000000 

ISO B 5.228860 0.000018 5.228878 0.110358 0.000018 
(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(6) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 
tv 
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X/A 0.246489 0.000000 0.246488 0.000001 0.000000 
Y/B 0.476498 0.000000 0.476498 0.000003 0.000000 
z/C 0.475345 0.000000 0.475345 0.000007 0.000000 

ISO B 5.089399 -0.000006 5.089393 0.105125 -0.000006 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(7) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.038941 0.000000 0.038941 0.000001 0.000000 
Y/B 0.215025 0.000000 0.215025 0.000002 0.000000 
z/c 0.548801 0.000000 0.548801 0.000007 0.000000 

ISO B 4.176783 -0.000003 4.176779 0.084764 -0.000003 
(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(8) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.072663 0.000000 0.072663 0.000001 0.000000 
Y/B 0.061656 0.000000 0.061656 0.000003 0.000000 
Z/C 0.404316 0.000000 0.404316 0.000006 0.000000 

ISO B 4.248285 0.000014 4.248300 0.082104 0.000014 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

1 

ATOM H(9) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.078465 0.000000 0.078465 0.000001 0.000000 
Y/B 0.204318 0.000000 0.204319 0.000003 0.000000 
Z/C 0.020384 0.000000 0.020384 0.000008 0.000000 

ISO B 4.7430l3 -0.000034 4.742979 0.101607 -0.000034 tv 
\0 
\0 



(O,HF) 
(0, ST) 
(1,+1) 
(1,-1) 
(1, 0) 

ATOM H(10) 

PARAMETER 

X/A 
Y/B 
Z/C 

ISO B 
(O,HF) 
(O,ST) 
(1,+1) 
(1,-1) 
(1, 0) 

1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

CORE SCATTERING TABLE 

OLD 

0.047081 
0.364628 
0.161314 
4.366410 
1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

SHIFT 

0.000000 
0.000000 
0.000000 

-0.000009 

1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

3 DEFORMATION SET 3 MULTIPLICITY 1.00 

NEW ERROR SHIFT(NO CONST.) 

0.047081 
0.364628 
0.161313 
4.366401 
1.000000 
0.000000 
0.000000 
0.000000 
0.000000 

0.000001 
0.000003 
0.000006 
0.084333 

0.000000 
0.000000 
0.000000 

-0.000009 

ISOTROPIC EXTINCTION, CRYSTAL: TYPE 1 ,DISTRIBUTION OF SIGMA: LORENTZ IAN 

PARAMETER OLD SHIFT NEW ERROR SHIFT(NO CONST.) 

EXTNCT G 0.035410 0.000000 0.035410 0.000570 0.000000 

MOSAIC SPREAD: 0.9270E+02 SECONDS, DOMAIN SIZE: 0.2517E-05 CENTIMETERS 

NEW PARAMETERS HAVE BEEN WRITTEN ON PARA. MOL; 9 

LIST OF CORRELATION MATRIX ELEMENTS 

C ( 73 , 81) 
0.731E+00 

C( 97 ,105) 
0.941E+00 

CYCLE 5 

, 85) 
0.860E+00 

0.70000 < C(I,J) < 1.00000 

FROM 6450 REFLEXIONS 4586 IN THE FC CALCULATION AND REFINID1ENT 

RESIDUALS 

RIO R20 R1 R2 R1W R2W ERRWT Vol 
o 
o 
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High-order refinement 
LSMOL 

TTCD9 lOOK ALL DATA 4-22-93 

INPUT FROM PARA. MOL; 5 

NUMBER OF SCATTERING FACTOR TABLES: 3 CORE 3 VALENCE 

MULTI POLE RADIAL SCATTERING FACTOR TABLES ST(SLATERl 

TABLE NUMBER: 1 

L OF R(Ll 0 1 2 3 
TYPE OF R(Ll ST ST ST ST 
N OF R**N 4 4 4 4 
EXPONENT 3.950 3.950 3.950 3.950 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.91990 0.71980 0.48350 0.27780 0.13060 0.04040 
-0.02360 -0.02480 -0.01800 -0.00850 0.00090 0.00880 0.01460 

0.02050 0.02130 0.02100 0.02000 0.01850 0.01680 0.01500 
0.01130 0.00970 0.00820 0.00680 0.00560 0.00450 0.00360 
0.00220 0.00170 0.00120 0.00080 0.00050 0.00030 0.00010 

TABLE NUMBER: 2 

L OF R(Ll 0 1 2 3 
TYPE OF R(Ll ST ST ST ST 
N OF R**N 2 2 2 3 
EXPONENT 3.176 3.176 3.176 3.176 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.93880 0.78230 0.58820 0.40610 0.26020 0.15480 
0.03970 0.01360 -0.00050 -0.00700 -0.00900 -0.00840 -0.00670 

-0.00200 0.00020 0.00210 0.00370 0.00490 0.00580 0.00650 
0.00730 0.00750 0.00750 0.00740 0.00730 0.00710 0.00690 
0.00640 0.00610 0.00580 0.00560 0.00540 0.00520 0.00480 

TABLE NUMBER: 3 

L OF R(Ll o 1 2 3 

HF(HARTREE-FOCKl 

4 
ST 
4 
3.950 

-0.00580 
0.01840 
0.01310 
0.00280 
0.00000 

4 
ST 
4 
3.176 

0.08410 
-0.00450 

0.00700 
0.00670 
0.00000 

4 
w 
o 
tv 



TYPE OF R{L) ST ST ST ST ST 
N OF R**N 0 1 2 3 4 
EXPONENT 2.000 2.000 2.000 2.000 2.000 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.94700 0.81100 0.64100 0.48100 0.35000 0.25100 0.18000 
o .l3000 0.09500 0.07100 0.05300 0.04000 0.03100 0.02400 0.01890 
0.01500 0.01220 0.01000 0.00810 0.00700 0.00640 0.00500 0.00340 
0.00300 0.00330 0.00300 0.00260 0.00200 0.00150 0.00100 0.00050 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

1 

280 PARAMETERS 64 VARIABLES 

SCALE FAC 1 
OVERALL B 0 
EXT INC ION 0 0 0 0 0 0 0 
KAPPA HF 0 0 0 
KAPPA ST 0 0 0 

ATOMS 

S{l) C{l) C(3) C(5) H(2) H(4) H(6) H(8) H(10) 

S(2) C(2) C(4) H{l) ,H(3) H(5) H(7) H(9) 
PARAMETER 

X/A 2 II 20 29 38 47 56 -20 -20 -29 -29 -38 -38 -47 -47 -56 -56 
Y/B 3 12 21 30 39 48 57 -21 -21 -30 -30 -39 -39 -48 -48 -57 -57 
z/C 4 l3 22 31 40 49 58 -22 -22 -31 -31 -40 -40 -49 -49 -58 -58 

BETA{l,l) 5 14 23 32 41 50 59 0 0 0 0 0 0 0 0 0 0 
BETA{2,2) 6 15 24 33 42 51 60 0 0 0 0 0 0 0 0 0 0 
BETA(3,3) 7 16 25 34 43 52 61 0 0 0 0 0 0 0 0 0 0 
BETA(1,2) 8 17 26 35 44 53 62 0 0 0 0 0 0 0 0 0 0 
BETA(1,3) 9 18 27 36 45 54 63 0 0 0 0 0 0 0 0 0 0 
BETA(2,3) 10 19 28 37 46 55 64 0 0 0 0 0 0 0 0 0 0 

(O,HF) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(O,ST) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1,+1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1,-1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ow 

0 w 



(2, +1) 0 ' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2, -1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2, +2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(2,-2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3, +1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,+2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,+3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Use data with sin(theta)/lambda > 0.900 
1 

DEFINITION OF ATOMIC SITE COORDINATE SYSTEMS 

ATOM BY ATOMS VECTOR 1 DISTANCE ATOMS VECTOR 2 DISTANCE 

S(l) S(l) - C(l) Z-AXIS 1.822 S(l) - H(l) Y-AXIS 2.343 
S(2) S(2) - C(3) Z-AXIS 1.814 S(2) - C(4) Y-AXIS 1.814 
C(l) C(l) - H(l) Z-AXIS 1.080 C(l) - H(2) Y-AXIS 1. 080 
C(2) C(2) - H(4) Z-AXIS 1.081 C(2) - H(3) Y-AXIS 1.080 
C(3) C(3) - H(6) Z-AXIS 1.079 C(3) - H(S) Y-AXIS 1.080 
C(4) C(4) - H(7) Z-AXIS 1. 080 C(4) - H(8) Y-AXIS 1. 080 
CIS) CIS) - H(9) Z-AXIS 1.080 CIS) - H(10) Y-AXIS 1.080 
H(l) H(l) - C(l) Z-AXIS 1.080 H(l) - H(2) Y-AXIS 1.713 
H(2) H(2) - C(l) Z-AXIS 1.080 H(2) - H(l) Y-AXIS 1.713 
H(3) H(3) - C(2) Z-AXIS 1.080 H(3) - H(4) Y-AXIS 1.7S1 
H(4) H(4) - C(2) Z-AXIS 1.081 H(4) - H(3) Y-AXIS 1.7S1 
H(S) H(S) - C(3) Z-AXIS 1.080 H(S) - H(6) Y-AXIS 1.73S 
H(6) H(6) - C(3) Z-AXIS 1.079 H(6) - H(S) Y-AXIS 1. 73S 
H(7) H(7) - C(4) Z-AXIS 1. 080 H(7) - H(8) Y-AXIS 1.78S 
H(8) H(8) - C(4) Z-AXIS 1. 080 H(8) - H(7) Y-AXIS 1. 78S 
H(9) H(9) - CIS) Z-AXIS 1. 080 H(9) - H(10) Y-AXIS 1.737 
H(10) H(10) - CIS) Z-AXIS 1. 080 H(10) - H(9) Y-AXIS 1.737 

W 
0 
.j::.. 



1 

CYCLE 4 

FROM 6450 REFLEX IONS 1439 IN THE FC CALCULATION AND REFINEMENT 

RESIDUALS 

R10 R20 R1 

0.08356 0.12979 0.08356 
Chisq = 1.162415 

R2 

0.12979 

R1W R2W ERRWT 

0.08182 0.10609 1.10296 

ELECTRON CHANGE WITHOUT CONSTRAINT 0.000 

ESTIMATED SIGMA BEFORE CONSTRAINT 0.1673E+04 

ESTIMATED SIGMA AFTER CONSTRAINT 0.1673E+04 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

SCALE FAC 1. 025924 -0.000002 1.025921 0.000284 -0.000002 
OVERALL B 0.000000 0.000000 
KAPPA h'F 1.000000 1.000000 
KAPPA ST 1.000000 1.000000 
KAPPA HF 1.000000 1.000000 
KAPPA ST 1.000000 1.000000 
KAPPA HP 1.400000 1.400000 
KAPPA ST 1.400000 1.400000 

ATOM S(l) CORE SCATTERING TABLE 1 DEFORMATION SET 1 MULTIPLICITY 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.066235 0.000000 0.066235 0.000000 0.000000 
Y/B 0.820001 0.000000 0.820001 0.000000 0.000000 
z/c 0.893536 0.000000 0.893536 0.000000 0.000000 

BETA(l,l) 0.002380 0.000000 0.002380 0.000000 . 0.000000 
BETA(2,2) 0.006844 0.000000 0.006844 0.000000 0.000000 
BETA(3,3) 0.014910 0.000000 0.014910 0.000000 0.000000 
BETA(1,2) -0.000292 0.000000 -0.000292 0.000000 0.000000 
BETA(1,3) -0.003523 0.000000 -0.003523 0.000000 0.000000 
BETA(2,3) -0.003785 0.000000 -0.003785 0.000000 0.000000 

(O,HP) 6.000000 6.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 

1.00 
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(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3, +1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOH S(2) CORE SCATTERING TABLE 1 DEFORMATION SET 1 HULTIPLICITY 1. 00 

PARAHETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.186808 0.000000 0.186808 0.000000 0.000000 
Y/B 0.227l02 0.000000 o .227l02 0.000000 0.000000 
Z/C 0.462123 0.000000 0.462123 0.000000 0.000000 

BETA(l,l) 0.001827 0.000000 0.001827 0.000000 0.000000 
BETA(2,2) 0.007555 0.000000 0.007555 0.000000 0.000000 
BETA(3,3) 0.022153 0.000000 0.022153 0.000000 0.000000 
BETA(1,2) 0.001155 0.000000 0.001155 0.000000 0.000000 
BETA(1,3) -0.002123 0.000000 -0.002123 0.000000 0.000000 
BETA(2,3) -0.004765 0.000000 -0.004765 0.000000 0.000000 

(O,HF) 6.000000 6.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3, -3) 0.000000 0.000000 

W 
0 
0\ 



ATOM C(l) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PArul.METER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.130138 0.000000 0.130138 0.000000 0.000000 
Y/B 0.714225 0.000000 0.714225 0.000000 0.000000 
Z/C 0.642932 0.000000 0.642932 0.000000 0.000000 

BETA(l,l) 0.002012 0.000000 0.002012 0.000000 0.000000 
BETA(2,2) 0.006750 0.000000 0.006750 0.000000 0.000000 
BETA(3,3) 0.014534 0.000000 0.014534 0.000000 0.000000 
BETA(1,2) -0.000792 0.000000 -0.000792 0.000000 0.000000 
BETA(1,3) -0.002215 0.000000 -0.002215 0.000000 0.000000 
BETA(2,3) 0.001564 0.000000 0.001564 0.000000 0.000000 

(O,HP) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2,-1) 0.000000 0.000000 
(2, +2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3, +2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM C(2) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.130975 0.000000 0.130975 0.000000 0.000000 
Y/B 0.528589 0.000000 0.528589 0.000000 0.000000 
z/C 0.671415 0.000000 0.671415 0.000000 0.000000 

BETA(l,l) 0.002097 0.000000 0.002097 0.000000 0.000000 
BETA(2,2) 0.006691 0.000000 0.006691 0.000000 0.000000 
BETA(3,3) 0.013438 0.000000 0.013438 0.000000 0.000000 
BETA(1,2) -0.000960 0.000000 -0.000960 0.000000 0.000000 
BETA(1,3) -0.000165 0.000000 -0.000165 0.000000 0.000000 
BETA(2,3) 0.000533 0.000000 0.000532 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 W 

0 
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(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2, +2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3, +2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(3) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.187529 0.000000 0.187529 0.000000 0.000000 
Y/B 0.448255 0.000000 0.448255 0.000000 0.000000 
z/C 0.459018 0.000000 0.459018 0.000000 0.000000 

BETA{l,l) 0.001926 0.000000 0.001926 0.000000 0.000000 
BETA{2,2) 0.007542 0.000000 0.007542 0.000000 0.000000 
BETA{3,3) 0.015488 0.000000 0.015488 0.000000 0.000000 
BETA{l,2) -0.001344 0.000000 -0.001344 0.000000 0.000000 
BETA{l,3) 0.000022 0.000000 0.000022 0.000000 0.000000 
BETA{2,3) -0.001078 0.000000 -0.001078 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2,+1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2, +2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3, +1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 w 
0 
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ATOM C(4) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.074507 0.000000 0.074507 0.000000 0.000000 
Y/B 0.178446 0.000000 0.178446 0.000000 0.000000 
z/C 0.411339 0.000000 0.411339 0.000000 0.000000 

BETA(1,1) 0.002084 0.000000 0.002084 0.000000 0.000000 
BETA(2,2) 0.006335 0.000000 0.006335 0.000000 0.000000 
BETA(3,3) 0.015880 0.000000 0.015881 0.000000 0.000000 
BETA(1,2) -0.000478 0.000000 -0.000478 0.000000 0.000000 
BETA(1,3) -0.002079 0.000000 -0.002079 0.000000 0.000000 
BETA(2,3) 0.001238 0.000000 0.001238 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 
(2, 0) 0.000000 0.000000 
(2, +1) 0.000000 0.000000 
(2, -1) 0.000000 0.000000 
(2,+2) 0.000000 0.000000 
(2,-2) 0.000000 0.000000 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3, -2) 0.000000 0.000000 
(3, +3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(5) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.044040 0.000000 0.044040 0.000000 0.000000 
Y/B 0.244129 0.000000 0.244129 0.000000 0.000000 
Z/C 0.163802 0.000000 0.163802 0.000000 0.000000 

BETA(1,1) 0.002355 0.000000 0.002355 0.000000 0.000000 
BETA(2,2) 0.006068 0.000000 0.006067 0.000000 0.000000 
BETA(3,3) 0.013538 0.000000 0.013538 0.000000 0.000000 
BETA(1,2) -0.000309 0.000000 -0.000309 0.000000 0.000000 
BETA(1,3) -0.001322 0.000000 -0.001322 0.000000 0.000000 
BETA(2,3) -0.000782 0.000000 -0.000782 0.000000 0.000000 

(O,HF) 4.000000 4.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 W 

0 
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{1,-1} 0.000000 0.000000 
(I, D) 0.000000 0.000000 
(2, D) 0.000000 0.000000 
{2, +1} 0.000000 0.000000 
{2,-1} 0.000000 0.000000 
{2,+2} 0.000000 0.000000 
{2,-2} 0.000000 0.000000 
(3, D) 0.000000 0.000000 
{3,+1} 0.000000 0.000000 
{3, -I} 0.000000 0.000000 
{3,+2} 0.000000 0.000000 
{3,-2} 0.000000 0.000000 
{3, +3} 0.000000 0.000000 
{3,-3} 0.000000 0.000000 

1 

ATOM H{I} CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT {NO CONST.} 

X/A 0.194518 - RESET - 0.194518 
Y/B 0.766125 - RESET - 0.766125 
Z/C 0.646352 - RESET - 0.646352 

ISO B 4.519490 4.519490 
{O,HF} 1.000000 1.000000 
{O,ST} 0.000000 0.000000 
{1,+1} 0.000000 0.000000 
{1,-1} 0.000000 0.000000 
(I, D) 0.000000 0.000000 

ATOM H{2} CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT {NO CON ST.} 

X/A 0.108318 - RESET - 0.108318 
Y/B 0.747625 - RESET - 0.747625 
Z/C 0.460152 - RESET - 0.460152 

ISO B 3.876781 3.876781 
{O,HF} 1.000000 1.000000 
{O,ST} 0.000000 0.000000 
{1,+1} 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(I, D) 0.000000 0.000000 

ATOM H{3} CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) w ..... 
0 



X/A 0.156595 - RESET - 0.156595 
Y/B 0.496689 - RESET - 0.496689 
z/C 0.849835 - RESET - 0.849835 

ISO B 4.867689 4.867689 
(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(4) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.065295 - RESET - 0.065295 
Y/B 0.482289 - RESET - 0.482289 
z/C 0.671035 - RESET - 0.671035 

ISO B 4.545545 4.545545 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

1 

ATOM H(5) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.170139 - RESET - 0.170139 
Y/B 0.491505 - RESET - 0.491505 
Z/C 0.276318 - RESET - 0.276318 

ISO B 5.162198 5.162198 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(6) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.254239 - RESET - 0.254239 
Y/B 0.483705 - RESET - 0.483705 
z/C 0.478318 - RESET - 0.478318 

ISO B 4.853477 4.853477 \JJ 



(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1, -1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(7) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.034437 - RESET - 0.034437 
Y/B 0.226146 - RESET - 0.226146 
z/C 0.569639 - RESET - 0.569639 

ISO B 4.450007 4.450007 
(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

ATOM H(8) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT(NO CONST.) 

X/A 0.072837 - RESET - 0.072837 
Y/B 0.046346 - RESET - 0.046346 
z/C 0.406539 - RESET - 0.406539 

ISO B 4.453955 4.453955 
(O,HF) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

1 

ATOM H(9) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.082830 - RESET - 0.082830 
Y/B 0.198889 - RESET - 0.198889 
z/C 0.00lQ82 - RESET - 0.001082 

ISO B 5.545928 5.545928 
(O,HF) 1.000000 1.000000 
(0, ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 w ...... 

N 



(1, 0) 0.000000 0.000000 

ATOM H(10) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.048730 - RESET - 0.048730 
Y/B 0.375989 - RESET - 0.375989 
z/C 0.159482 - RESET - 0.159482 

ISO B 4.632398 4.632398 
(O,HP) 1.000000 1.000000 
(O,ST) 0.000000 0.000000 
(1,+1) 0.000000 0.000000 
(1,-1) 0.000000 0.000000 
(1, 0) 0.000000 0.000000 

NEW PARAMETERS HAVE BEEN WRITTEN ON PARA.MOL; 9 

LIST OF CORRELATION MATRIX ELEMENTS 0.70000 < C(I,J) < 1.00000 

NO MATRIX ELEMENT WAS FOUND 

CYCLE 5 

FROM 6450 REFLEXIONS 1439 IN THE FC CALCULATION AND REFINEMENT 

RIO R20 

0.08356 0.12979 
Chisq = 1.162416 

RESIDUALS 

Rl R2 

0.08356 0.12979 

RIW R2W ERRWT 

0.08182 0.10609 1.10296 

1.00 

w ,..... 
W 



Multipole Refinement 

LSMOL 

TTCD9 lOOK ALL DATA 4-22-93 

INPUT FROM PARA. MOL; 3 

NUMBER OF SCATTERING FACTOR TABLES: 3 CORE 3 VALENCE 

MULTI POLE RADIAL SCATTERING FACTOR TABLES ST(SLATER) 

TABLE NUMBER: 1 

L OF R(L) 0 1 2 3 
TYPE OF R(L) ST ST ST ST 
N OF R**N 4 4 4 4 
EXPONENT 3.950 3.950 3.950 3.950 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 
-0.02360 

0.02050 
0.01130 
0.00220 

0.91990 
-0.02480 

0.02130 
0.00970 
0.00170 

L OF R(L) 
TYPE OF R(L) 
N OF R**N 
EXPONENT 

1.00000 
0.03970 

-0.00200 
0.00730 
0.00640 

0.93880 
0.01360 
0.00020 
0.00750 
0.00610 

0.71980 
-0.01800 

0.02100 
0.00820 
0.00120 

o 
ST 
2 
3.176 

0.48350 
-0.00850 

0.02000 
0.00680 
0.00080 

0.27780 
0.00090 
0.01850 
0.00560 
0.00050 

TABLE NUMBER: 2 

1 
ST 
2 
3.176 

2 
ST 
2 
3.176 

0.13060 
0.00880 
0.01680 
0.00450 
0.00030 

3 
ST 

0.04040 
0.01460 
0.01500 
0.00360 
0.00010 

3 
3.176 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

0.78230 
-0.00050 

0.00210 
0.00750 
0.00580 

0.58820 
-0.00700 

0.00370 
0.00740 
0.00560 

0.40610 
-0.00900 

0.00490 
0.00730 
0.00540 

TABLE NUMBER: 3 

0.26020 
-0.00840 

0.00580 
0.00710 
0.00520 

0.15480 
-0.00670 

0.00650 
0.00690 
0.00480 

HF(HARTREE-FOCK) 

4 
ST 
4 
3.950 

4 

-0.00580 
0.01840 
0.01310 
0.00280 
0.00000 

ST 
4 
3.176 

0.08410 
-0.00450 

0.00700 
0.00670 
0.00000 

w .... 
.j:::.. 



L OF R(L) 0 1 2 3 4 
TYPE OF R(L) ST ST ST ST ST 
N OF R**N 0 1 2 3 4 
EXPONENT 2.000 2.000 2.000 2.000 2.000 

HARTREE-FOCK RADIAL SCATTERING FACTOR <JO> 

1.00000 0.94700 0.81100 0.64100 0.48100 0.35000 0.25100 0.18000 
0.13000 0.09500 0.07100 0.05300 0.04000 0.03100 0.02400 0.01890 
0.01500 0.01220 0.01000 0.00810 0.00700 0.00640 0.00500 0.00340 
0.00300 0.00330 0.00300 0.00260 0.00200 0.00150 0.00100 0.00050 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

1 

280 PARAMETERS 184 VARIABLES 

SCALE FAC 1 
OVERALL B 0 
EXTINCION 0 0 0 0 0 0 0 
KAPPA HF 2 3 4 
KAPPA ST 0 0 0 

ATOMS 

S(l) C(l) C(3) C(5) H(2) H(4) H(6) H(8) H(10) 

S(2) C(2) C(4) H(l) H(3) H(5) H(7) H(9) 
PARAMETER 

X/A 5 30 55 73 91 109 127 0 0 0 0 0 0 0 0 0 0 
Y/B 6 31 56 74 92 110 128 0 0 0 0 0 0 0 0 0 0 
Z/C 7 32 57 75 93 111 129 0 0 0 0 0 0 0 0 0 0 

BETA(l,l) 8 33 58 76 94 112 130 0 0 0 0 0 0 0 0 0 0 
BETA(2,2) 9 34 59 77 95 113 131 0 0 0 0 0 0 0 0 0 0 
BETA(3,3) 10 35 60 78 96 114 132 0 0 0 0 0 0 0 0 0 0 
BETA(1,2) 11 36 61 79 97 115 133 0 0 0 0 0 0 0 0 0 0 
BETA(!,3) 12 37 62 80 98 116 134 0 0 0 0 0 0 0 0 0 0 
BETA(2,3) 13 38 63 81 99 117 135 0 0 0 0 0 0 0 0 0 0 

(O,HF) 14 39 64 82 100 118 136 145 149 153 157 161 165 169 173 177 181 
(O,ST) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(1,+1) 15 40 65 83 101 119 137 146 150 154 158 162 166 170 174 178 182 
(1,-1) 16 41 66 84 102 120 138 147 151 155 159 163 167 171 175 179 183 
(1, 0) 17 42 67 85 103 121 139 148 152 156 160 164 168 172 176 180 184w -U\ 



(2, 0) 18 43 68 86 104 122 140 0 0 0 0 0 0 0 0 0 0 
(2, +1) 19 44 69 87 105 123 141 0 0 0 0 0 0 0 0 0 0 
(2, -1) 20 45 70 88 106 124 142 0 0 0 0 0 0 0 0 0 0 
(2,+2) 21 46 71 89 107 125 143 0 0 0 0 0 0 0 0 0 0 
(2,-2) 22 47 72 90 108 126 144 0 0 0 0 0 0 0 0 0 0 
(3, 0) 23 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3, +1) 24 49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-1) 25 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,+2) 26 51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-2) 27 52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,+3) 28 53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(3,-3) 29 54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4, 0) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4, +1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,+4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(4,-4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Scheme 1: WEIGHT EXP(FA*SIN**2THETA/LAMBDA**2)/SIGMA**2(FO) 
Non zero FB (+ve or -vel is added to PFAC 
FA = 0.0 FB = 0.00 

1 

DEFINITION OF ATOMIC SITE COORDINATE SYSTEMS 

ATOM BY ATOMS VECTOR 1 DISTANCE ATOMS VECTOR 2 DISTANCE 

S(l) S(l) - C(l) Z-AXIS 1.814 S(l) - H(l) Y-AXIS 2.340 
S(2) S(2) - C(3) Z-AXIS 1. 812 S(2) - C(4) Y-AXIS 1.815 
C(l) C(l) - H(l) Z-AXIS 1.079 e(l) - H(2) Y-AXIS 1. 081 
C(2) C(2) - H(4) Z-AXIS 1.078 C(2) - H(3) Y-AXIS 1.077 
C(3) C(3) - H(6) Z-AXIS 1.079 C(3) - H(5) Y-AXIS 1. 080 
C(4) C(4) - H(7) Z-AXIS 1.078 C(4) - H(8) Y-AXIS 1.081 
C(5) C(5) - H(9) Z-AXIS 1. 078 C(5) - H(10) Y-AXIS 1.081 
H(l) H(l) - C(l) Z-AXIS 1.079 H(l) - H(2) Y-AXIS 1. 713 
H(2) H(2) - C(l) Z-AXIS 1.081 H(2) - H(l) Y-AXIS 1.713 
H(3) H(3) - C(2) Z-AXIS 1.077 H(3) - H(4) Y-AXIS 1.751 
H(4) H(4) - C(2) Z-AXIS 1.078 H(4) - H(3) Y-AXIS 1.751 
H(5) H(5) - C(3) Z-AXIS 1.080 H(5) - H(6) Y-AXIS 1. 735 
H(6) H(6) - C(3) Z-AXIS 1.079 H(6) - H(5) Y-AXIS 1.735 
H(7) H(7) - C(4) Z-AXIS 1. 078 H(7) - H(8) Y-AXIS 1.785 
H(8) H(8) - C(4) Z-AXIS 1.081 H(8) - H(7) Y-AXIS 1.785 w ....... 

0'1 



1 

H(9) 
H(10) 

H(9) 
H(10) 

- C(5) 
- C(5) 

Z-AXIS 
Z-AXIS 

1.078 H(9) 
1.081 H(10) 

- H(10) 
- H(9) 

Y-AXIS 
Y-AXIS 

CYCLE 2 

FROM 6450 REFLEXIONS 4616 IN THE FC CALCULATION AND REFINEMENT 

RIO R20 

0.03689 0.04500 
Chisq = 1.261943 

RESIDUALS 

R1 R2 

0.03689 0.04500 

R1W R2W ERRWT 

0.04342 0.04744 1.14644 

ELECTRON CHANGE WITHOUT CONSTRAINT 0.104 

ESTIMATED SIGMA BEFORE CONSTRAINT 0.5825E+04 

ESTIMATED SIGMA AFTER CONSTRAINT 0.5825E+04 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

SCALE FAC 0.933548 -0.000066 0.933482 0.001387 -0.000146 
OVERALL B 0.000000 0.000000 
KAPPA HF 1.010723 0.000528 1. 011251 0.006077 -0.000633 
KAPPA ST 1.000000 1.000000 
KAPPA HF 1. 055823 -0.000014 1.055809 0.006231 -0.000388 
KAPPA ST 1.000000 1.000000 
KAPPA HF 1. 322703 0.000264 1.322967 0.022914 -0.003634 
KAPPA ST 1.400000 1.400000 

ATOM S(l) CORE SCATTERING TABLE 1 DEFORMATION SET 1 MULTIPLICITY 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.066168 0.000000 0.066168 0.000016 0.000000 
Y/B 0.819787 0.000000 0.819787 0.000031 0.000000 
Z/C 0.893602 0.000000 0.893602 0.000041 0.000000 

BETA(l,l) 0.002288 0.000000 0.002288 0.000008 0.000000 
BETA(2,2) 0.006691 -0.000001 0.006690 0.000028 -0.000001 
BETA(3,3) 0.014097 -0.000001 0.014096 0.000057 -0.000001 
BETA(1,2) -0.000385 0.000000 -0.000385 0.000023 0.000000 
BETA(1,3) -0.003599 0.000000 -0.003599 0.000033 0.000000 
BETA(2,3) -0.003621 0.000000 -0.003622 0.000063 0.000000 

1.00 

1. 737 
1. 737 

\oN ..-
-..] 



(O,HF) 6.311893 -0.002169 6.309724 0.058429 0.021384 
(O,ST) 0.000000 0.000000 
(1,+1) -0.030666 0.000126 -0.030540 0.019978 0.000420 
(1,-1) 0.053482 0.000047 0.053529 0.021822 0.000104 
(1, 0) 0.114584 -0.000071 0.114513 0.022128 0.000185 
(2, 0) -0.092159 -0.000006 -0.092164 0.028212 -0.000071 
(2,+1) -0.106970 -0.000016 -0.106986 0.026708 -0.000565 
(2, -1) -0.104214 -0.000111 -0.104324 0.028254 0.000301 
(2, +2) 0.077198 0.000073 0.077271 0.026160 0.000436 
(2,-2) 0.088901 0.000050 0.088952 0.026986 0.000357 
(3, 0) 0.183992 -0.000E5 0.183877 0.025754 0.000284 
(3,+1) 0.001639 0.000148 0.001787 0.023920 0.000032 
(3,-1) 0.059513 -0.000052 0.059461 0.024522 0.000204 
(3,+2) 0.026166 0.000010 0.026177 0.023515 -0.000011 
(3,-2) 0.001112 -0.000060 0.001052 0.023660 -0.000410 
(3, +3) -0.011082 -0.000006 -0.011088 0.023453 -0.000168 
(3,-3) -0.063293 -0.000009 -0.063302 0.023008 -0.000331 

1 

ATOM S(2) CORE SCATTERING TABLE 1 DEFORMATION SET 1 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.186899 0.000000 0.186899 0.000016 0.000000 
Y/B 0.227319 0.000000 0.227319 0.000032 0.000000 
z/C 0.462250 0.000000 0.462250 0.000050 0.000000 

BETA(l,l) 0.001729 0.000000 0.001728 0.000007 0.000000 
BETA(2,2) 0.007510 -0.000001 0.007509 0.000031 -0.000001 
BETA(3,3) 0.020950 -0.000001 0.020949 0.000078 -0.000001 
BETA(1,2) 0.001104 0.000000 0.001104 0.000023 0.000000 
BETA(1,3) -0.001918 0.000000 -0.001918 0.000035 0.000000 
BETA(2,3) -0.004648 0.000000 -0.004648 0.000075 0.000000 

(O,HP) 6.170197 -0.002107 6.168090 0.060129 0.022348 
(O,ST) 0.000000 0.000000 
(1,+1) 0.065458 -0.000009 0.065449 0.018294 0.000168 
(1,-1) 0.012441 -0.000154 0.012287 0.018787 -0.000378 
(1, 0) 0.067488 -0.000149 0.067339 0.021749 0.000535 
(2, 0) 0.060535 0.000142 0.060678 0.033899 0.000106 
(2,+1) -0.014159 0.000161 -0.013998 0.025905 -0.000073 
(2, -1) 0.090949 0.000220 0.091169 0.025327 0.000216 
(2,+2) 0.030214 0.000028 0.030242 0.034751 0.000281 
(2,-2) 0.069089 0.000033 0.069122 0.032462 -0.000535 
(3, 0) 0.012213 -0.000093 0.012121 0.027128 -0.000190 
(3,+1) 0.078416 0.000097 0.078513 0.025582 -0.000148 
(3, -1) -0.015025 0.000122 -0.014903 0.025006 0.000401 
(3,+2) 0.106626 -0.000017 0.106609 0.024980 -0.000047 
(3,-2) 0.044416 0.000051 0.044467 0.025375 -0.000117 w .-

00 



(3, +3) -0.025427 0.000008 -0.025419 0.021778 -0.000360 
(3,-3) 0.061382 -0.000084 0.061298 0.019787 -0.000044 

ATOM C(l) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.130l79 0.000000 0.130179 0.000068 0.000000 
Y/B 0.7l4906 -0.000001 0.7l4905 0.000129 0.000000 
z/C 0.642996 0.000000 0.642995 0.000187 -0.000002 

BETA(l,l) 0.001918 0.000000 0.001918 0.000029 0.000000 
BETA(2,2) 0.006298 -0.000001 0.006297 0.000104 -0.000002 
BETA(3,3) 0.014122 0.000000 0.014122 0.000228 -0.000002 
BETA(1,2) -0.000784 0.000000 -0.000784 0.000091 0.000000 
BETA(1,3) -0.002080 -0.000001 -0.002080 0.000131 -0.000001 
BETA(2,3) 0.001745 -0.000001 0.00l744 0.000244 -0.000001 

(O,HF) 3.629869 0.001472 3.631342 0.07507l 0.002789 
(O,ST) 0.000000 0.000000 
(1,+1) 0.089143 -0.000080 0.089064 0.026413 -0.000116 
(1,-1) -0.012603 0.000066 -0.012536 0.029921 -0.000653 
(1, 0) -0.025357 0.000012 -0.025346 0.03137l -0.000352 
(2, 0) -0.013748 0.000105 -0.013644 0.030608 -0.000160 
(2, +1) -0.051320 -0.000197 -0.051517 0.028057 -0.000488 
(2,-1) 0.02307l -0.000127 0.022944 0.027l61 -0.000054 
(2,+2) 0.035173 0.000129 0.035302 0.028051 0.000421 
(2,-2) -0.081823 -0.000244 -0.082067 0.027473 -0.000423 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM C(2) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAME'rER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.130776 0.000000 0.130777 0.00007l 0.000000 
Y/B 0.528760 0.000001 0.528762 0.000128 0.000001 
Z/C 0.67l519 0.000000 0.67l520 0.000182 0.000002 

BETA(l,l) 0.002090 0.000000 0.002089 0.000031 0.000000 
BETA(2,2) 0.005980 -0.000001 0.005980 0.000101 -0.000002 
BETA(3,3) 0.012789 0.000000 0.012790 0.000209 -0.000002 
BETA(1,2) -0.000819 0.000000 -0.000819 0.000091 0.000000 
BETA(1,3) -0.000148 0.000000 -0.000148 0.000129 0.000000 w -\0 



BETA(2,3) 0.000359 -0.000002 0.000357 0.000233 -0.000003 
(O,HF) 3.782106 0.000910 3.783016 0.076210 0.003633 
(O,ST) 0.000000 0.000000 
(1,+1) -0.002327 0.000132 -0.002195 0.025666 0.000305 
(1,-1) -0.115717 0.000135 -0.115582 0.030164 -0.000324 
(1, 0) -0.085686 0.000298 -0.085389 0.030211 -0.000372 
(2, 0) -0.060251 0.000227 -0.060024 0.030123 -0.000127 
(2,+1) 0.032165 0.000054 0.032219 0.026250 0.000303 
(2,-1) 0.064258 -0.000060 0.064198 0.026154 -0.000213 
(2,+2) 0.037403 0.000133 0.037536 0.028248 0.000513 
(2,-2) -0.003394 -0.000117 -0.003511 0.025817 -0.000139 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 .0.000000 

ATOM C(3) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CON ST.) 

X/A 0.187667 0.000000 0.187666 0.000073 0.000000 
Y/B 0.449000 0.000000 0.449000 0.000142 -0.000001 
Z/C 0.458682 0.000000 0.458683 0.000207 0.000000 

BETA(l,l) 0.001826 0.000000 0.001826 0.000028 0.000000 
BETA(2,2) 0.007635 0.000000 0.007634 0.000120 -0.000001 
BETA(3,3) 0.015026 -0.000001 0.015025 0.000239 -0.000002 
BETA(1,2) -0.001315 0.000001 -0.001315 0.000103 0.000001 
BETA(1,3) 0.000187 0.000001 0.000187 0.000134 0.000000 
BETA(2,3) -0.001238 -0.000004 -0.001242 0.000290 -0.000006 

(O,HP) 3.717324 0.001613 3.718938 0.076576 0.003212 
(0, ST) 0.000000 0.000000 
(1,+1) -0.011971 0.000154 -0.011817 0.026562 -0.000302 
(1,-1) -0.057999 0.000118 -0.057881 0.031915 0.000149 
(1, 0) -0.038914 0.000155 -0.038759 0.030246 0.000237 
(2, 0) -0.072471 0.000032 -0.072439 0.030497 0.000133 
(2, +1) -0.014910 -0.000059 -0.014969 0.026140 0.000027 
(2, -1) 0.037468 -0.000161 0.037307 0.027721 -0.000411 
(2,+2) 0.088591 0.000027 0.088618 0.029791 0.000440 
(2,-2) 0.006875 0.000081 0.006957 0.027774 0.000162 
(3, 0) 0.000000 0.000000 
(3, +1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 r...l 

tv 
0 



(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM C(4) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER. OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.074572 0.000000 0.074572 0.000067 0.000000 
Y/B 0.177963 0.000000 0.177963 0.000137 -0.000001 
Z/C 0.411163 0.000000 0.411163 0.000185 0.000001 

BETA{l,l) 0.001973 0.000000 0.001972 0.000029 -0.000001 
BETA{2,2) 0.006180 0.000001 0.006180 0.000100 0.000000 
BETA{3,3) 0.014510 0.000000 0.014509 0.000224 -0.000002 
BETA{l,2) -0.000705 0.000000 -0.000705 0.000094 0.000001 
BETA{l,3) -0.002180 0.000001 -0.002180 0.000132 0.000001 
BETA{2,3) 0.001837 0.000002 0.001839 0.000267 0.000002 

(O,HF) 3.591628 0.001484 3.593112 0.073699 0.001887 
(O,ST) 0.000000 0.000000 
(1,+1) -0.012111 -0.000200 -0.012311 0.023657 0.000043 
(1,-1) -0.062037 -0.000108 -0.062145 0.031709 -0.000702 
(I,D) -0.103060 0.000279 -0.102781 0.034106 -0.000175 
(2, 0) -0.110018 0.000105 -0.109914 0.031787 -0.000050 
(2,+1) -0.005504 0.000130 -0.005375 0.026438 0.000205 
(2,-1) 0.036509 -0.000025 0.036484 0.029474 -0.000111 
(2,+2) -0.016045 -0.000036 -0.016081 0.028258 0.000214 
(2,-2) -0.032395 -0.000056 -0.032451 0.025533 -0.000175 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3,-1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3, -2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

ATOM C(5) CORE SCATTERING TABLE 2 DEFORMATION SET 2 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.043783 -0.000001 0.043782 0.000069 0.000000 
Y/B 0.244019 0.000000 0.244019 0.000130 0.000000 
Z/C 0.164167 0.000000 0.164168 0.000179 -0.000001 

BETA {I ,1) 0.002111 0.000000 0.002111 0.000030 0.000000 
BETA{2,2) 0.006018 0.000000 0.006017 0.000102 -0.000002 
BETA{3,3) 0.012274 -0.000002 0.012272 0.000207 -0.000003 
BETA{l,2) -0.000343 0.000000 -0.000344 0.000090 0.000000 
BETA{l,3) -0.001021 0.000000 -0.001021 0.000130 0.000001 w 

N ..... 



BETA(2,3) 0.000140 -0.000002 0.000137 0.000236 -0.000003 
(O,HF) 3.587793 0.001705 3.589498 0.079318 0.003121 
(O,ST) 0.000000 0.000000 
(1,+1) -0.023792 -0.000013 -0.023805 0.024237 -0.000286 
(1,-1) -0.042286 0.000055 -0.042231 0.031602 -0.000210 
(1, 0) -0.083541 0.000317 -0.083224 0.034122 -0.000511 
(2, 0) -0.074263 -0.000040 -0.074303 0.030900 -0.000045 
(2,+1) 0.057233 0.000122 0.057355 0.025584 -0.000039 
(2,-1) 0.054080 -0.000150 0.053931 0.027783 -0.000274 
(2,+2) 0.014429 -0.000056 0.014373 0.028220 -0.000338 
(2,-2) 0.023743 -0.000143 0.023600 0.026171 -0.000268 
(3, 0) 0.000000 0.000000 
(3,+1) 0.000000 0.000000 
(3, -1) 0.000000 0.000000 
(3,+2) 0.000000 0.000000 
(3,-2) 0.000000 0.000000 
(3,+3) 0.000000 0.000000 
(3,-3) 0.000000 0.000000 

1 

ATOM H(l) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1. 00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.194600 0.194600 
Y/B 0.766400 0.766400 
z/c 0.646000 0.646000 

ISO B 4.519490 4.519490 
(O,HP) 1.072994 -0.000271 1.072723 0.045778 0.004242 
(O,ST) 0.000000 0.000000 
(1,+1) -0.008633 0.000110 -0.008523 0.021687 -0.000234 
(1,-1) -0.016975 -0.000068 -0.017043 0.023581 0.000597 
(1, 0) 0.235414 -0.000069 0.235345 0.030260 -0.000441 

ATOM H(2) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.108400 0.108400 
Y/B 0.747900 0.747900 
Z/C 0.459800 0.459800 

ISO B 3.876781 3.876781 
(O,HF) 1.068433 -0.000376 1.068058 0.043524 0.004197 
(O,ST) 0.000000 0.000000 
(1,+1) 0.032305 -0.000032 0.032274 0.019082 0.000233 
(1,-1) -0.025994 0.000084 -0.025910 0.019977 0.000456 
(1, 0) 0.181859 -0.000188 0.181671 0.027399 0.000041 w 

tv 
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ATOM H(3) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PlI.RAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.156600 0.156600 
Y/B 0.497000 0.497000 
Z/C 0.849300 0.849300 

ISO B 4.867689 4.867689 
(O,HF) 1.102498 -0.000031 1.102468 0.050024 0.005087 
(O,ST) 0.000000 0.000000 
(1,+1) -0.010805 -0.000033 -0.010838 0.021252 -0.000454 
(1,-1) 0.009089 -0.000055 0.009034 0.020008 -0.000110 
(1, 0) 0.188809 -0.000081 0.188728 0.032230 -0.000150 

ATOM H(4) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.065300 0.065300 
Y/B 0.482600 0.482600 
z/C 0.670500 0.670500 

ISO B 4.545545 4.545545 
(O,HF) 1.143394 -0.000577 1.142817 0.045411 0.004652 
(O,ST) 0.000000 0.000000 
(1,+1) -0.033487 0.000002 -0.033485 0.021215 0.000684 
(1,-1) -0.007439 -0.000069 -0.007508 0.022078 -0.000459 
(1, 0) 0.164905 -0.000209 0.164696 0.028033 0.000344 

1 

ATOM H(5) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.170200 0.170200 
Y/B 0.492500 0.492500 
Z/C 0.276300 0.276300 

ISO B 5.162198 5.162198 
(O,HF) 1.149722 -0.000311 1.149411 0.051033 0.005044 
(0, ST) 0.000000 0.000000 
(1,+1) -0.012445 0.000037 -0.012408 0.022102 0.000294 
(1,-1) -0.013067 -0.000074 -0.013141 0.021954 0.000218 
(1, 0) 0.188517 -0.000160 0.188357 0.033254 -0.000398 

ATOM H(6) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 
w 
tv 
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X/A 0.254300 0.254300 
Y/B 0.484700 0.484700 
z/c 0.478300 0.478300 

ISO B 4.853477 4.853477 
(O,HF) 1.113244 -0.000290 1.112954 0.044237 0.004602 
(O,ST) 0.000000 0.000000 
(1,+1) -0.031659 -0.000123 -0.031783 0.021521 -0.000456 
(1,-1) -0.015281 -0.000034 -0.015315 0.021236 0.000114 
(1, 0) 0.158636 -0.000338 0.158298 0.029067 -0.000990 

ATOM H(7) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.034600 0.034600 
Y/B 0.225600 0.225600 
Z/C 0.569100 0.569100 

ISO B 4.450007 4.450007 
(O,HF) 1.151758 -0.000395 1.151364 0.047856 0.004220 
(O,ST) 0.000000 0.000000 
(1,+1) -0.004902 0.000048 -0.004854 0.023144 0.000106 
(1,-1) 0.042091 -0.000004 0.042088 0.022265 0.000221 
(1, 0) 0.254818 -0.000177 0.254641 0.030327 0.000175 

ATOM H(8) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CONST.) 

X/A 0.073000 0.073000 
Y/B 0.045800 0.045800 
z/C 0.406000 0.406000 

ISO B 4.453955 4.453955 
(O,HF) 1.156307 0.000245 1.156552 0.048633 0.005248 
(O,ST) 0.000000 0.000000 
(1,+1) 0.011667 0.000097 0.011764 0.022543 0.000042 
(1,-1) 0.007941 -0.000141 0.007801 0.020084 -0.000103 
(1, 0) 0.227206 0.000008 0.227214 0.030227 0.000519 

1 

ATOM H(9) CORE SCATTERING TABLE 3 DEFORMATION SET 3 MULTIPLICITY 1.00 

PARAMETER OLD SHIFT NEW ERROR SHIFT (NO CON ST.) 

X/A 0.082500 0.082500 
Y/B 0.198900 0.198900 
z/C 0.001900 0.001900 

ISO B 5.545928 5.545928 w 
tv 
~ 



(O,HF) 
(O,ST) 
(1,+1) 
(1,-1) 
(1, 0) 

ATOM H(10) 

PARAMETER 

X/A 
Y/B 
Z/C 

ISO B 
(O,HF) 
(O,ST) 
(1,+1) 
(1,-1) 
(1, 0) 

1.138675 -0.000563 
0.000000 
0.011786 0.000022 

-0.043317 -0.000100 
0.293246 -0.000184 

CORE SCATTERING TABLE 

OLD 

0.048400 
0.376000 
0.160300 
4.632398 
1.112163 
0.000000 
0.039573 

-0.036542 
0.192168 

SHIFT 

-0.000341 

0.000067 
0.000016 

-0.000165 

1.138112 0.051514 0.004291 
0.000000 
0.011808 0.024655 -0.000192 

-0.043417 0.022478 -0.000218 
0.293062 0.033841 -0.000155 

3 DEFORMATION SET' 3 MULTIPLICITY 

NEW 

0.048400 
0.376000 
0.160300 
4.632398 
1.111822 
0.000000 
0.039640 

-0.036526 
0.192003 

ERROR SHIFT(NO CONST.) 

0.047914 

0.022059 
0.021293 
0.033078 

0.004158 

0.000478 
-0.000173 
-0.000615 

Nffi1 PARAMETERS HAVE BEEN WRITTEN ON PARA.MOL; 5 

LIST OF CORRELATION MATRIX ELEMENTS 0.70000 < C(I,J) < 1. 00000 

NO MATRIX ELEMENT WAS FOUND 

CYCLE 3 

FROM 6450 REFLEXIONS 4616 IN THE FC CALCULATION AND REFINEMENT 

R10 R20 

0.03690 0.04500 
Chisq = 1.261943 

RESIDUALS 

R1 R2 

0.03690 0.04500 

R1W R2W ERRWT 

0.04342 0.04742 1.14644 

1.00 

VJ 
tv 
VI 
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