Chapter 4

Sulfur K-edge X-ray Absorption Studies of
Electronic Structural Variation in Perturbed Blue Copper Sites
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4.1. Introduction

Blue copper centers are characterized spectroscopically by a very intense
absorption band in the visible region (~600 nm, € > 3000 M-Icm-1), and by a small A
hyperfine splitting (~60 x 104 cm-1) in the g region of EPR spectra. The intense optical
absorption (~600 nm) which gives blue copper proteins their color has been assigned as a
S(Cys) pr —> dx2-y2 ligand-to-metal charge transfer (CT) transition.1-2 The small A
EPR hyperfine splitting has been shown to be a result of an unusually covalent Cu-S(Cys)
bond (see Chapter 3). Blue copper sites have also been extensively investigated using
resonance Raman (rR) spectroscopy.34 The dominant 1R frequency is generally at
~400 cm-!. While many modes contribute to this vibration, it is ascribed primarily to the
Cu-S(Cys) stretch and reflects the strength of the Cu-S(Cys) bond. These spectroscopic
characteristics are in contrast to normal copper which displays an optical absorption
spectrum with Abs ~450 nm > Abs ~630 nm, an EPR Aj splitting >120 x 104 cm-1, and,
for normal Cu-thiolate complexes, a lower Cu-S 1R frequency than for blue copper.d

Blue copper sites most commonly serve a role in electron transfer and can be
found in metalloproteins both as mononuclear centers and as one of a number of metal
active sites in a system.>6 X-ray crystal structure determinations® of blue copper
proteins have revealed a highly conserved site in which a copper ion is coordinated by
one cysteine sulfur and two histidine nitrogens in a nearly trigonal array, with a longer
bond to an axial ligand (usually methionine) (see Figure 4.1a). The most unusual
structural feature of blue copper sites is a very short Cu-S(Cys) bond length.

While both the spectroscopic and structural features of blue copper sites are
highly conserved, important variations in the structures, redox properties, and
spectroscopic characteristics are observed for these sites. Table 4.1 provides an
abbreviated summary of active site structural parameters for blue copper (and blue copper
containing) proteins relevant to this study. For a more comprehensive review of
structural similarity and variation, the reader is directed to reference 6. Table 4.2
provides a summary of the reduction potentials and spectral features of copper sites
included in this study. The reduction potentials for known blue copper sites range from
184 mV in stellacyanin? to 785 mV for the blue (Type 1) site in fungal laccase.”

In addition to the dominant optical absorption at ~600 nm, all blue copper sites
also exhibit an absorption at ~450 nm, which is generally much less intense than the
absorption at ~600 nm. Blue copper centers which exhibit increased absorption at
~450 nm are categorized as perturbed sites. The magnetic circular dichroism (MCD) of
blue copper sites has demonstrated that several transitions contribute intensity to this
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Figure 4.1. Schematic representations of the structures of (a) a blue copper protein active site with
residues labeled according to the backbone of azurin, (b) LCu(SCPh3) and (c) Cu-tet b .



Table 4.1. Summary of Bond Distances? and Coordination in Blue Copper Proteins and Cu-thiolate Model Compounds

Cu-S*Met) Cu-NjS

6

Protein Abbrev. Cu-S(Cys) Cu-N(His) Cu-N(His) (apical) Plane Ref.
Poplar Plastocyanin Pc 2.07 1.91 2.06 2.82 0.36 c
Pseudomonas aeruginosa

Wild Type Azurin (ave)? PaWT 2.25 2.03 2.11 3.15 0.10 d

His35GIn H35Q 2.05 2.03 2.05 3.04 0.10 e
Alcaligenes denitrificans

Wild Type Azurin AdWT 2.15 2.08 2.00 3.11 0.12 f

Met121Gln (ave)b M121Q 2.12 1.93 2.04 2.26 0.26 g
Rhus vernicifera Stellacyanin [EXAFS] Stella 2.21 1.93 1.93 h
Achromobacter cycloclastes NiR 2.17 2.06 2.05 2.59 0.54 i

Nitrite Reductase

Cu-N3S

Model Complex Cu-SR Cu-N; Cu-N, Cu-Nj Plane Ref.
Cu(SCPh3)[HB(3,5-i-Prypz3)] LCu(SCPh3) 2.12 1.97 2.03 2.05 0.20 J
[(Cu-tet b)(0-SCeH4CO)1-H,0 Cu-tet b 2.36 2.03 2.19 2.00 -- k

Feiters, M. C.; Dahlin, S.; Reinhammar, B. Biochim. Biophys. Acta 1988, 955, 250-260.
Adman, E. private communication.

Ref. 36.

Ref. 38.

a Al distances are given in Angstroms.

b Values given are the average for the two molecules in the asymmetric unit in the crystal structure.
¢ Guss, J. M.; Freeman, H. C. J. Mol. Biol. 1983, 169, 521-563.
d Adman, E. T.; Jensen, L. H. Israel. J. Chem. 1981, 21, 8-12.

¢ Ref. 34.

f Baker, E. N. J. Mol. Biol. 1988, 203, 1071-1095.

& Ref. 22.
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Table 4.2. Reduction Potentials and Spectroscopic Parameters for Blue Copper Proteins and Cu-thiolate Model Complexes.

€6

Sample Abbreviation  Eg(mV)4 Blue Band? Green Band? EPR Aj rRaman Ref.
Amax, NM Amax, M (x10%4cm-!)  Cu-thiolate stretching
(e, M-lem-1) (g, M-lecm-1) frequency (cm-!)

Spinach Plastocyanin Pc 370 597 (4500) 467 (400) 63 (ax) 424 (poplar) h,i

Pseudomonas aeruginosa  PaWT 308 631 (3800) 466 (200) 58 (ax) 408 h.i
Wild Type Azurin

Alcaligenes denitrificans AdWT 276 619 (5100) 460 (580) 60 (ax) 413 h
Wild Type Azurin
His117Gly(Cu) H117G(Cu) 628 (14%) 420 (19%) -/139 (ax)¢ 317/399¢ j
His117Gly(Hista) H117G(Hista) 634 (10%) 402 (40%) 78/162 (ax)¢ 319/406¢ j
His117Gly(Im) H117G(Im) 626 (> 4500) 460 (200) 85 (ax) 408 J

Rhus vernicifera Stella(LO) 184 609 (3400) 443 (1100) 37 (rh) 385 h
Stellacyanin (low pH)
Stellacyanin (high pH)  Stella(HI) ~590d ~4204 <17 (rh) similar to k

Stella(LO)

Alcaligenes denitrificans M121Q ~250 610 (6000) 452 (1200) 35 (rh) 373 l
Met121Glin Azurin

Achromobacter cycloclastes NiR 585 (1800) 458 (2200) 73 (ax) 361 m
Nitrite Reductase

Pseudomonas aeruginosa  H35Q 268 628 (5500)¢ n
His35GIn Azurin

Cu(SCPh3) - LCu(SCPh3)  _s540f 608 (>3500) 349 (1100 70/ 422 o

[(HB(3,5-i-Propz3)]

[(Cu-tet b) - Cu-tet b 432 (~1000) 360 (~2200) ~1252 p

(0-SCeH4CO2)]-H20

@ Eg has not been measured for those samples for which it is not reported. b Extinction coefficients reported as percentages refer to the intensity of the band
as a percentage of the 280 nm absorption. ¢ The first value reported is for the dominant T2 species in solution, the second value corresponds to the T1
species. d Intensities in Stella(HI) are similar to those in Stella(LO). € The UV/Vis absorption is very similar to that of PaWT as measured by the same
researchers (see Ref. 33). f Eg measured vs. Ag wire in CH,Cly; spectra data (except rR) given for t-butyl thiolate. 8 H. Schugar, private communication.

h Ref.5. i Ref.8. J Refs.13,16. k Ref.17. ! Ref.22. ™ Liu, M-Y.; Liu, M.-C.; Payne, W.; LeGall, J. J. Bacteriol. 1986, 166, 604-608 and Ref. 10.

™ Ref. 33. © Refs. 37,54. P Ref. 38.



absorption.® However, transitions in this region have not been definitively assigned. The
S(Cys) pseudo-o —> Cu CT transition? has been assigned to a feature at ~550 nm,! but
has also been proposed to contribute to the intensity at ~450 nm.10 N(His) —> Cu CT
and/or S(Met) —> Cu CT transitions will also contribute intensity in the ~450 nm
region. |

Another spectroscopic feature of perturbed blue copper is a rhombic, rather than
axial EPR signal, as well as larger EPR Ay hyperfine splitting values. The electronic
structural origin of this rhombic distortion has not been definitively established, but is
associated with a lower site symmetry relative to those sites which display axial EPR
spectra. ! |

As described in Chapter 1 (Section 1.2.4) and demonstrated in Chapter 3 for the
blue copper protein plastocyanin (Section 3.3.2.2), the ligand K-edge X-ray absorption
spectrum (XAS) of a ligand bound to an open-shell metal ion exhibits a well-resolved
pre-edge feature which is assigned as a ligand 1s —> y*, where y* is an antibonding
molecular orbital containing both ligand 3p and metal d-character. In the case of d°
Cu(II), the intensity of this feature is directly proportional to the covalency of the
absorbing ligand in the half-occupied molecular orbital (see equation 1.3c) and provides a
direct probe of the covalency of the M-L bond.

Because the Cu-S(Cys) bonding interaction dominates the electronic structure
(and therefore the spectroscopy), examination of the Cu-S bonding should provide
valuable insight into variations in the electronic structure and reactivity of blue copper
sites. To this end, the S K-edge XAS have been measured for a series of blue copper sites
as well as sites created by site-directed mutagenesis which have been specifically
designed to (i) examine various aspects of the native protein active sites and/or (ii) act as
active site models for native proteins which have proved difficult to study by X-ray
crystallography. This spectroscopic probe of Cu-S(Cys) covalency is especially
important in the investigation of blue copper sites because it provides insight into the
electronic structure of the half-occupied highest-occupied-molecular-orbital (HOMO)
involved in the electron transfer reactivity of the site.

A brief description of each of the sites included in this study is provided here. A
summary of the abbreviations used for the samples is provided in Table 4.2.

Plastocyanin (Pc) and azurin are among the most well-characterized of the blue
copper proteins and therefore serve as a basis for comparison for all other systems. They
will be referred to throughout this Chapter as the "classic" blue copper sites. Figure 4.1a
shows a schematic of the blue copper active site, with the residues labeled according the
peptide backbone of azurin. The EPR of both Pc and azurin is axial and the absorption
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intensity at ~450 nm is small compared to that at ~600 nm. The rR Cu-S(Cys) stretch
ranges from 408-424 cm-!. The azurins have an additional glycine carbony! oxygen
residue in proximity to the Cu, but it is too distant (~3 A) to be considered to have a
bonding interaction. 12 (

The His117 ligand of azurlin (see Figure 4.1a) can be replaced by glycine using
site-directed mutagenesis to create H117G azurin.13 The replacement creates an open
coordination site on the copper and allows exogenous ligands to bind at the active site. !4
Addition of a bidentate ligand like histamine produces a species with optical absorption,
EPR and rR indicative of normal copper (see Table 4.2). This suggests that the equatorial
plane of the Cu accommodates four ligands, generating a tetragonal site. In the absence
of exogenous ligands, the site also exhibits normal copper spectroscopy. It is thus
assumed that there are two water molecules bound in the Cu equatorial plane. Addition
of a single monodentate ligand, such as imidazole, to the H117G protein generates
spectral properties consistent with those of a blue copper site. Each of these H117G
species actually exist as a mixture of blue and normal copper sites. However, addition of
imidazole results in a solution dominated by blue sites, 15 while no ligand or addition of
histamine produces mostly normal sites. 16

Stellacyanin (Stella) exhibits a rhombic EPR pattern and its optical absorption at
~450 nm is significantly increased relative to Pc and azurin. The rR Cu-S(Cys) stretch is
lower than for the classic blue copper centers. Stella differs from Pc and azurin in that
the protein peptide chain lacks a methionine 17 to serve as the axial ligand (see Figure
4.1a). Stella has not been characterized by X-ray crystallography and it has been
suggested!8-20 that the axial position in Stella is occupied by an oxygen-bound glutamine
residue. While the origin of the rhombic distortion is not established, a rotation of the
HOMO in Stella (relative to that in Pc), which would mix in ~5% d ;2 character has been
proposed to explain the splitting. 11

Stella also exists in a high pH form (at pH ~11) (Stella(HI)) with spectral
properties which differ slightly from the low pH form (Stella(LO)).17 A pulsed ENDOR
study has suggested that an amide nitrogen acts as the axial ligand at high pH.2! Since
the nitrogen is not indicated at low pH, the result is consistent with a linkage
isomerization of the glutamine residue: carbonyl oxygen providing the ligation at lower
pH and a deprotonated amide at higher pH.21

The axial methionine ligand of A. denitrificans azurin has been replaced, through
site-directed mutagenesis, with glutamine, the purported fourth ligand in stellacyanin, to
produce M121Q azurin.22 M121Q azurin has been crystallographically characterized?2
and its structural parameters are summarized in Table 4.1. The spectroscopy of this
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mutant is remarkably consistent with that of native stellacyanin.22.23 The reduction
potential of the site is lower than in the wild type (WT) azurin. 22

Nitrite Reductase (NiR) from Achromobacter cycloclastes is involved in the
denitrification process and is responsible for the sequential reduction of nitrite to nitric
oxide and nitrous oxide (NO2” —> NO —> N0).24 The protein contains one normal
copper center (at which the reduction of NOjy" is believed to occur25.26) as well as one
blue copper center per subunit. It is the blue site which dominates the spectroscopy of
the protein27 and which exhibits features significantly perturbed from those of Pc and
azurin. In the optical absorption spectrum of NiR the feature at ~450 nm is more intense
than that at ~600 nm. The most intense frequency in the rR spectrum of NiR is at lower
frequency than the classic blue copper centers. However, the EPR of NiR is typical of
blue copper2’ (see Table 4.2).

The path of electron transfer for blue copper centers has been studied
extensively.28:29 One proposed pathway for electron transfer in azurin involves His35,
which is bound to the ligating His46 residue.30-32 To understand how a mutation at
residue 35 would effect the redox and spectroscopic properties of the site, His35 was
replaced with glutamine in P.a. azurin using site directed mutagenesis.33 This H35Q
azurin has been structurally characterized and has an active site very similar to that in the
WT protein.34 Further, the absorption and EPR spectra of the site are very similar to
those of the WT protein.33 However, the MCD spectrum of H35Q azurin does show
small perturbations relative to the WT protein. 35

It is often useful to compare proteins to model compounds which are designed to
mimic the active site properties of a protein. A schematic of the structure of
LCu(SCPh3), L=(HB(3,5-i-Prypz)3), which has spectroscopic properties similar to blue
copper (see Table 4.2), is shown in Figure 4.1b. The copper is bound in approximately
Tq geometry by a tridentate tris-pyrazolylborate ligand providing three nitrogen ligands,
with a fourth coordination site occupied by a thiolate having a short bond to the Cu (see
Table 4.1).

To serve as a contrast to the blue copper sites, the Cu-thiolate complex,

[Cu(tet b} 0-SCcH4CO2)]-H,O (Cu-tet b) has also been examined. Cu-tet b, shown
schematically in Figure 4.1c, is ligated by a thiolate sulfur at 2.36 A from the copper and
four nitrogen ligands in a distorted 5-coordinate geometry. It exhibits spectroscopic
features consistent with normal copper (see Table 4.2).

S K-edge XAS measurements on each of these proteins and model compounds
should provide important insight into the electronic structure variations in blue copper
sites.
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4.2, Experimental
4.2.1. Sample Preparation

Na;S,03-5H20 was purchased from J.T. Baker and used without further
purification.

The model complex LCu(SCPh3), L=(HB(3,5-i-Pr7pz)3), was a gift of Prof.
Nobumasa Kitajima and was synthesized as described previously.36:37 The sample of
[Cu(tet bY 0-SCeH4CO2)]-H20 was provided by Prof. Harvey Schugar and was
synthesized as described in the literature.38

Plastocyanin was isolated from spinach chloroplasts according to published
methods. 39 Rhus vernicifera stellacyanin (low pH form) was prepared as described in the
literature.40 High pH (pH=10.25) stellacyanin was prepared by dialysis against 100 mM
carbonate buffer overnight. This buffer system was chosen because it contains no sulfur
which would interfere with the experiment.

Nitrite Reductase from Achromobacter cycloclastes was prepared according to
literature methods2’ and was provided for these measurements by Prof. Bruce Averill.

Pseudomonas aeruginosa wild type azurin 3341 and its mutants H1 17G(Cu),
H117G(Hista), H117G(Im),!>'* and H35Q33 as well as Alcaligenes denitrificans wild
type azurin?? and its M121Q mutant?2
prepared according to published methods.

were gifts of Prof. Gerard Canters and were

Table 4.3 summarizes the experimental conditions (buffer medium and pH) for
each protein sample for which XAS data were measured.

All S K-edge measurements were made at ~4°C. The sample temperature was
controlled with a cryostat which utilized liquid nitrogen-cooled gases. The solid
LCuSCPh3 sample, which was prepared in inert atmosphere, was ground to a fine powder
which was thinly dispersed on mylar tape (containing an acrylic adhesive determined to
be free of sulfur contaminants) and mounted on a cooled Al spacer sample holder.

During measurement the sample space was purged with cold He gas. The protein
solutions were pre-equilibrated in a buffer-saturated He atmosphere for ~1 hour to
minimize bubble formation in the sample cell. Protein solutions were loaded via syringe
into an Al block sample holder sealed in front by a 6.35 pum thick polypropylene window.
UV/Vis spectroscopy was used to verify the integrity of the samples both before and after
exposure to the X-ray beam.

The H35Q azurin mutant sample photoreduced in the X-ray beam. This was
verified by UV/Vis spectra of the sample. Addition of an excess of potassium
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Table 4.3. Summary of Experimental Conditions for
Blue Copper Protein Samples

Sample

Experimental Conditions

Plastocyanin (Spinach)

Pseudomonas aeruginosa
wild type azurin

His117Gly(Cu) azurin

His117Gly(Hista) azurin

His117Gly(Im) azurin

His35GlIn azurin

Alcaligenes denitrificans
wild type azurin

Met121Gln azurin

Rhus vernicifera
Stellacyanin (low pH)

Stellacyanin (high pH)

Achromobacter cycloclastes
Nitrite Reductase

50 mM phosphate buffer,
pH=17.6

20 mM phosphate buffer,
pH = 6.9; 50% glycerol

20 mM phosphate buffer,
pH = 6.95; 50% glycerol

20 mM phosphate buffer,
pH = 6.92; 50% glycerol

20 mM phosphate buffer,
pH = 6.2; 50% glycerol

20 mM phosphate buffer,
pH=7.0

20 mM phosphate buffer,
pH = 7.0; 50% glycerol
20 mM phosphate buffer,
pH = 7.0; 50% glycerol
10 mM phosphate buffer,
pH=6.0

100 mM carbonate buffer,
pH = 10.25

0.1M Tris-HCl pH =7
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ferricyanide reoxidized the sample. Only scans in which a clear excess of K3FeClg was

present were used to generate an average spectrum.
4.2.2. X-ray Absorption Measurements and Data Acquisition Parameters

All data were collected at the Stanford Synchrotron Radiation Laboratory under
dedicated conditions (3.0 GeV, ~50 mA). Sulfur K-edge data for the model compounds
included in the study and for plastocyanin and stellacyanin was measured using the
54-pole wiggler beam line 6-2 in low magnetic field mode (5 kG) with a Pt focusing
mirror, and a Si(111) double crystal monochromator. The monochomator was detuned
~30% to eliminate higher harmonic components in the X-ray beam. All other sulfur
K-edge data were measured using the 54-pole wiggler beam line 6-2 in low magnetic
field mode (5 kG), a Ni-coated, flat harmonic rejection mirror, and a Si(111) double
crystal monochromator. Details of the optimization of this line for low energy studies are
described in Chapter 1 (Section 1.2.5) as well as in an earlier publication.43

The data were collected as fluorescence excitation spectra utilizing an ionization
chamber as fluorescence detector.***> The energy was calibrated from the S K-edge
spectra of Na»S,03-5H0, run at intervals between the samples. The maximum of the
first pre-edge feature in the spectrum was assigned to 2472.02 eV. Data were collected
from 2420 to 2740 eV, with a step size of 0.08 eV in the edge region. The spectrometer
resolution was ~0.5eV.43 A reproducibility in edge position determination of ~0.1 eV
for these experiments was obtained by calculating and comparing first and second
derivatives for model compounds measured during different experimental sessions.

4.2.3. Data Reduction

A smooth pre-edge background was removed from all spectra by fitting a
polynomial to the pre-edge region and subtracting this polynomial from the entire
spectrum. Normalization of the data was accomplished by fitting a flat polynomial or
straight line to the post-edge region and normalizing the edge jump to 1.0 at 2490 eV for
the sulfur edges. Data represents an average of 2-3 scans for model complexes and ~25
scans for protein samples.

4.2.4. Fitting Procedures

The intensity of pre-edge features were quantitated by fits to the data. The fitting
program EDG_FIT, which utilizes the double precision version of the public domain
MINPAK fitting library46 was used. EDG_FIT was written by Dr. Graham George of the
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Stanford Synchrotron Radiation Laboratory. Pre-edge features were modeled by pseudo-
Voight line shapes fixed to have a 1:1 Gaussian:Lorentzian mixture. This line shape is
appropriate as the experimental features are expected to be a convolution of the
Lorentzian transition envelope47 and the Gaussian lineshape imposed by the spectrometer
optics.44:48.49 The 1:1 Gaussian:Lorentzian admixture was found empirically to
reproduce the spectral data. The number of functions employed to fit the rising edge
background was chosen on the basis of features clearly indicated by the second derivative
of the data. These rising edge functions were pseudo-Voight line shapes for which the
Gaussian:Lorentzian mixture was allowed to vary to give the best empirical fit. Fits used
in the calculation of pre-edge peak intensity were required to reproduce both the data and
the second derivative of the data. For each spectrum, a number of fits which met these
criteria were obtained. In general, fits were performed over several energy ranges: from
one including only the pre-edge to one including the white line maximum of the edge.
For spectra with very low-intensity pre-edge features, however, it was not always
possible to extend the fitting range more than ~1 eV higher in energy than the pre-edge
feature. This was because the small intensity of the fitted feature became lost in the tail
of the rising edge and these fits did not produce a reasonable background for the pre-edge
feature. The fit intensities are reported as the area of each pre-edge feature, calculated as
the full-width-at-half-maximum (FWHM) x height of the feature. The value given is the
average of all the good fits and the error is the standard deviation of the set.

4.2.5. Calculation of Covalency

The Cu-S covalency of each sample was calculated from its pre-edge intensity
using equation 1.3c, rewritten for sulfur. The results of such an analysis may depend on
the procedures used to fit the data and to obtain an experimental intensity, as well as the
criteria used to determine a set of good fits. In Chapter 3, the S K-edge spectra of the
Cu-thiolate complex, Cu-tet b, and Pc were fit using the program FITCUR which
employed only Gaussian line shapes in the fitting procedure. The covalency in Cu-tet b
was quantitated from an Xo calculation to be ~15% S 3p character in the HOMO. This
result was then used to quantitate the covalency of Pc to be (38 + 3)%. The present
analysis using EDG_FIT (see above Section 4.2.4.) should produce more reliable fits to
the spectral data because of the ability to model features using pseudo-Voight line shapes.
To test the precision of the fitting procedures, EDG_FIT analysis was performed on the
S K-edge spectrum of Cu-tet b. The intensity ratio obtained from FITCUR fitting is
Cu-tet b:Pc = 1.17 £ 0.05 (where the error is estimated from extensive FTTCUR fitting of
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similar spectra to be maximally ~3%). The intensity ratio obtained from EDG_FIT fits is
Cu-tet b:Pc = 1.01 £ 0.01. If the fitted intensities from the EDG_FIT analysis are
quantitated using the X o calculated HOMO covalency of Cu-tet b, the covalency for the
Pc HOMO is found to be ~(44 + 2)% S(Cys) 3p character. This is in reasonable
agreement with the results obtained using FITCUR (see Chapter 3). Thus, the value
obtained for the covalency of a sample may vary by up to ~10% based on the procedures
used to quantitate experimental intensity. However, as long as the covalencies are
determined using the same fitting program and criteria, the only error which need be
considered is that introduced by the given fitting method employed (see Section 4.2.6).

In order that the results from the analysis presented herein be easily comparable to
and consistent with previous work, the covalency in the HOMO of Pc is scaled to 38%
S(Cys) 3p character, i.e., as determined by previous studies (see Chapter 3).

4.2.6. Error Analysis

There are several possible sources of systematic error in the analysis of these
spectra. Normalization procedures can introduce a 1-3% difference in pre-edge peak
heights, as determined by varying the parameters used to normalize a set of ligand
K-edge spectra such that the final fits met requirements of consistency. This maximum
of ~3% error and the error resulting from the fitting procedure discussed above (Section
4.2.4) were taken into account in the calculation of pre-edge intensities and subsequent
determinations of covalency.

4.2.7. Analysis of Copper Content in M121Q Azurin

Protein and Cu analyses were conducted on M121Q azurin to determine the
percentage of the M121Q azurin active sites occupied by copper, as zinc-containing sites
are also generated during its preparation.22

Protein content was assayed according to the method of Goa.>0 An aliquot of
protein was denatured using NaOH. Exposed amino acid nitrogens form a complex with
Cu(Il) upon addition of Benedict's reagent. The absorption of this complex at 330 nm
was monitored and comparison to a standard curve allowed for the determination of
protein concentration.

Cu content was first assayed chemically.5! L-cysteine was added to an aliquot of
the protein solution to reduce Cu(II) to Cu(I). Addition of 2,2'-biquinoline (in acetic
acid) formed a complex with an absorption band at 546 nm. Comparisoﬁ of the
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absorption of the complex to a standard curve allowed the Cu concentration to be
determined. Cu content was also determined by atomic absorption spectroscopy.

4.3. Results of X-ray Absorption Experiments

The S K-edge spectra of the classic blue copper proteins Pc, PaWT azurin, and
AdWT azurin are shown in Figure 4.2. Each spectrum exhibits a well-resolved pre-edge
feature at 2469.0 eV. Each spectrum has been normalized to an edge jump of one
sulfur. Pc has a total of three sulfur-containing residues. PaWT and AdWT each havea -
total of nine sulfur-containing residues. In each system, only the cysteine sulfur ligand
has overlap with the Cu 3dx2.y2 orbital and contributes to pre-edge intensity.52 Thus, to
compare intensities, each pre-edge must be re-normalized to account for the non-
contributing sulfurs in the sample, i.e., for Pc, this requires re-normalization by a factor of
three. Figure 4.2, inset, shows the re-normalized pre-edge features for Pc, PaWT azurin,
and AdWT azurin. The re-normalized intensity of these pre-edge features is similar for
all three samples.

Table 4.4 summarizes the energies and intensities (both normalized and re-
normalized) for each pre-edge feature in this study. The Table also provides references
for the amino acid sequences which were used to determine the re-normalization factors
of each sample.

The S K-edge spectra for the Cu-thiolate model complexes Cu-tet b and
LCu(SCPh3) [L=(HB(3,5-i-Propz)3)] are shown in Figure 4.3. The S K-edge of Cu-tet b
exhibits a well-resolved pre-edge at 2470.3 eV, while that of the LCu(SCPh3) exhibits a
pre-edge feature at 2468.8 eV with much greater intensity. Because each of these model
compounds contains only one sulfur (which contributes to both the pre-edge and the edge
jump), the observed intensities may be compared directly.

Figure 4.4 shows the S K-edge spectra for the H117G(Cu), H117G(Hista) and
H117G(Im) mutants of P.a. azurin. Each spectrum exhibits a pre-edge feature: those of
H117G(Cu) and H117G(Im) are at 2469.1 and 2469.0 eV, respectively, while that of
H117G(Hista) appears at 2469.6 eV. The pre-edge intensity in these samples has been
re-normalized by a factor of nine. The re-normalized pre-edge intensity (Figure 4.4,
inset) varies in the order H117G(Cu) < H117G(Hista) < H117G(Im). Further, the
H117G(Im) pre-edge intensity is less than that observed for the PaWT sample (Figure
4.2) from which these mutants originate.

The S K-edge spectra of Stella(LO), Stella(HI), and M121Q are shown in
Figure 4.5. Each spectrum exhibits a pre-edge feature at 2469.1 eV. The Stella samples

102



Iy
[4,)
S

—ry
o

©
o

0.0

Re-normalized Absorption

il

Normalized Absorption

(b)_ JUPPARR VORPPTL ¢ )
(€) o .oNey.-- !
2465 2470 2475 2480

Energy (eV)

Figure 4.2. S K-edge X-ray absorption spectrum of (a) Pc [—] (b) PaWT [------] and

(c) AdWT [----]. Each spectrum exhibits a single pre-edge feature well separated from
the rising edge. Inset shows the pre-edge transition intensity re-normalized to show only
the contribution from the S(Cys) residue bound to Cu (see text).
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Table 4.4. S K-edge Pre-edge Energies and Intensities for Blue Copper Sites and
Cu-thiolate Model Complexes

Pre-edge Re-
Sample Energy Normalized normalization ~ Ref. Re-normalized

eV) Intensity 4 Factor? Intensity
Pc 2469.0 0.341 £0.011 3 d 1.022%0.032
PaWT 2469.0  0.113+0.004 9 e 1.014%0.038
AdWT 2469.0  0.101 £0.004 9 S 0.907%0.033
Cu-tet b 2470.3  0.346+0.010 1 0.346 £ 0.010
LCu(SCPh3) 2468.8 1.483 £ 0.051 1 1.483 £ 0.051
H117G(Cu) 2469.1  0.028 +0.002 9 e 0.255+0.020
H117G(Hista) 2469.6  0.043+0.003 9 e 0.383+0.025
H117G(Im) 2469.0 0.072+£0.008 9 e 0.648 +£0.068
Stella(L.O) 2469.1  0.217 £0.009 3 g 0.652%0.026
Stella(HI) 2469.1  0.189%0.006 3 g 0.568£0.020
M121Q 2469.1 0.016+0.001 8x 1.67¢ ¢ 0217+£0.017
NiR 2469.0  0.105%0.004 10 h  1.053+0.038
H35Q 2469.0  0.093 £0.005 9 h  0.836+0.047

@ Determined from fits to the data. See Experimental (Section 4.2.4 and 4.2.6) for a discussion of
fitting procedures and error determination

b For comparison, pre-edge intensities must be re-normalized to account for the sulfur-residues in the
sample which do not contribute to pre-edge intensity (See text, Section 4.3). References given in
this table are for the amino acid sequence or crystal structure for each protein which was used to
determine the number of total sulfur containing residues in the sample.

¢ The M121Q is re-normalized by an additional factor to account for the fact that the sample
contained ~40% Zn M121Q azurin (see text, Section 4.3)

d Boulter, D.; Haslett, B. G.; Peacock, D.; Ramshaw, J. A. M.; Scawen, M. D. In International

Review of Biochemistry; Northcote, D. H., Ed.; University Park Press: Baltimore, 1977; Vol. 13; pp

1-40.

Adman, E. T.; Jensen, L. H. Israel. J. Chem. 1981, 21, 8-12.

Norris, G. E.; Anderson, B. F.; Baker, E. N. J. Mol. Biol. 1983, 165, 501-521.

Bergman, C.; Gandvik, E.-K.; Nyman, P. O.; Strid, L. Biochem. Biophys. Res. Commun. 1977, 77,

1052-1059.

Fenderson, F. F.; Kumar, S.; Adman, E. T.; Liu, M.-Y.; Payne, W. J.; LeGall, J. Biochemistry 1991,

30, 7180-7185.
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Figure 4.3. S K-edge X-ray absorption spectrum of Cu-tet b [—] and LCu(SCPh3) [--+- .
Each spectrum exhibits a single pre-edge feature well separated from the rising edge.
The intensity of the pre-edge in LCu(SCPh3) is significantly higher and the feature is at
lower energy than in Cu-tet b.
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Figure 4.4. S K-edge X-ray absorption spectrum of (a) H117G(Cu) [—]

(b) H117G(Hista) [---+--] and (c¢) H117G(Im) [----] azurin. Each spectrum exhibits a single
pre-edge feature well separated from the rising edge. Inset shows the pre-edge transition
intensity re-normalized to show only the contribution from the S(Cys) residue bound to
Cu (see text).

106



c

215 T 1 -
g ' '
3 '

£1.0F ’ -

< ’

3 e

Nosr .-

E 4

2o.0 ] 1 1

£ 24672468 246924702471

Normalized Absorption

(b) e
(C) _______ 4-"’ |
2465 2470 2475 2480

Energy (eV)

Figure 4.5. S K-edge X-ray absorption spectrum of (a) low pH Stellacyanin [—]

(b) high pH Stellacyanin [----] and (¢) M121Q azurin [----]. Each spectrum exhibits a
single pre-edge feature well separated from the rising edge. Inset shows the pre-edge
transition intensity re-normalized to show only the contribution from the S(Cys) residue
bound to Cu (see text).

107



have been re-normalized by a factor of three. The M121Q data is re-normalized by a
factor of eight for the non-contributing sulfur containing residues, as well as by a factor
of 1.67 because only ~60% of the sample contains Cu in the active site. (The remaining
sample consists of Zn-containing active sites; S(Cys) bound to Zn will exhibit no pre-
edge feature, but will contribute to the edge jump). The re-normalized intensity
(Figure 4.5, inset) is less for Stella(HI) than for Stella(LO); both are significantly more
intense than that in M121Q azurin, which is quite weak in comparison to other blue
copper pre-edge features. Stella exhibits a different white line pattern than all other
protein samples. While all the other samples have a single maximum at ~2473.5 eV,
Stella has two maxima at ~2472.8 and ~2474.3 eV.

Figure 4.6 shows the S K-edge spectra of NiR and H35Q. Each spectrum exhibits
a well-resolved pre-edge feature at 2469.0 eV. The NiR spectrum is re-normalized by a
factor of ten and the H35Q by a factor of nine. The NiR re-normalized pre-edge intensity
is similar to that observed in the classic blue copper sites (see Figure 4.2). The H35Q
re-normalized pre-edge intensity is somewhat reduced relative to the PaWT protein from

which it originates.
4.4. Analysis of Results

4.4.1. Pre-edge Peak Intensities: Calculation of Covalency

The HOMO covalency of the Cu-S(Cys) interaction in Pc has been quantitatively
determined to be 38% S(Cys) 3p character (see Chapter 3). Using this value as a
calibration of the S K-edge pre-edge intensity, the covalency can be calculated from the
re-normalized experimental intensity for each complex using equation 1.3c. The S(Cys)
character in the HOMO orbital of the blue copper centers and Cu-thiolate model
complexes ranges from ~55% in LCu(SCPh3) to ~8% in M121Q azurin. These results
are summarized in Table 4.5.

Covalencies are calculated for the H117G series. However, the values should be
used only for qualitative comparisons. Since each of these systems exists as a mixture of
blue and normal copper, the values are not quantitatively reliable.

4.4.2. Pre-edge Peak Energies

The pre-edge energy for these proteins and model complexes (see Table 4.4)
ranges from 2468.8 eV in LCu(SCPh3) to 2470.3 eV in Cu-tet b. The blue copper
pre-edge features fall in between, at 2469.0-2469.1 eV.
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Figure 4.6. S K-edge X-ray absorption spectrum of (a) NiR [—] and (b) H35Q azurin
[------]. Each spectrum exhibits a single pre-edge feature well separated from the rising
edge. Inset shows the pre-edge transition intensity re-normalized to show only the
contribution from the S(Cys) residue bound to Cu (see text).
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Table 4.5. Summary of Covalencies of Cu-thiolate
Bonds in Blue Copper Sites and Model Compounds

% thiolate
Sample characterin  Standard

HOMO Deviation
Pc 38.04 +1.2
PaWT 37.7 +1.4
AdWT 33.7 +1.2
Cu-tet b 12.8 +0.4
LCu(SCPh3) 55.1 +19
H117G(Cu) (9.5) (0.8)
H117G(Hista) (14.3) (#1.0)
H117G(Im) (24.1) (£2.5)
Stella(LO) 24.2 +1.0
Stella(HI) 21.1 0.7
M121Q 8.1 +0.6
NiR 39.1 +14
H35Q 31.1 +1.8

a2 Bolded value indicates that other covalencies are

calculated relative to this value

b Parentheses indicate that these samples contained
mixtures of copper sites and thus these values
should not be taken as quantitatively correct.
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The pre-edge transition energy is determined by both the energy of the S 1s core,
which is related to the relative charge on the sulfur, and the HOMO energy, which has
contributions from both the ligand field of the copper and the d-manifold energy. A
complete quantitative analysis of the contributions to the pre-edge transition energies, as
was presented in Chapter 2 for Cu-Cl model complexes, is not possible for these protein
systems. In the proteins, the rising edge is a superposition of all sulfur residues in the
sample and thus does not provide information about the core 1s energy of the ligating
S(Cys).

Nevertheless, there are variations in pre-edge energies which can be understood
qualitatively. The consistency of the pre-edge feature energy in the blue copper centers
(especially the classic sites, all of which occur at 2469.0 eV) likely reflects the highly
conserved ligand set and geometry, as well as a relatively consistent Cu-S(Cys) bonding
interaction (resulting in a similar degree of charge donation from the S(Cys) to the copper
and thus a similar S(Cys) 1s core energy in each site).

For centers in which the Cu-S(Cys) covalency is reduced relative to the classic
. sites (e.g., in Stella and H117G azurin), one can expect the S(Cys) 1s core to be at less
deep binding energy because less charge will have been donated to the Cu. If the HOMO
energy were not shifted, this would result in a pre-edge transition at lower energy.
However, the pre-edge energy in these sites is higher than that in the classic blue sites,
indicating that the HOMO has shifted up in energy in these systems. The sources of these
energetic variations will be discussed in greater detail for each sample in the next section.

4.4.3. Correlations in Cu-S(Cys) Bonding

4.4.3.1. Classic Blue Copper Covalency. The Cu-S(Cys) covalency in Pc,
PaWT and AdWT is (38.0£1.2)%, (37.7£1.4)% and (33.7£1.2)% S(Cys) 3p character in
the HOMO, respectively. These results demonstrate the conservation of highly covalent
Cu-S(Cys) interactions in these sites and underscore the importance of the Cu-S(Cys)
bond for the determination of the electronic structure in blue copper proteins (vide infra).
The small decrease in covalency in AdWT may be a reflection of a somewhat weaker
Cu-S(Cys) bond. However, the bond length in AdWT is similar to the other proteins and
neither the rR Cu-S(Cys) stretching frequency nor the 600 nm absorption intensity
indicate a weaker Cu-S(Cys) interaction.

4.4.3.2. Blue vs. Normal Copper Covalency: Model Complexes. The
difference in covalency between the LCu(SCPh3) and Cu-tet b model complexes serves
to define the difference in the electronic structure between blue Cu-cysteine and normal
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Cu-thiolate interactions. The calculated covalency in LCu(SCPh3) is (55.1+1.9)% S 3p in
the HOMO, while that in Cu-tet b is (12.840.4)%.

The increased coordination in Cu-tet b is accompanied by a longer, weaker, and
thus less covalent, Cu-S bond than observed in blue copper centers. The S(thiolate) 1s
core energy is likely at less deep binding energy in Cu-tet b because less charge would be
donated to the Cu through this weaker interaction. If the HOMO energies were the same,
this would result in a pre-edge transition at lower energy. Experimentally, however, the
Cu-tet b transition occurs at much higher energy (~1.3 eV higher in energy than the
classic blue copper sites), indicating the HOMO is shifted to higher energy in Cu-tet b.
This is likely related to the increased coordination number in Cu-tet b, which would
increase the energy of the d-manifold in the complex.

The LCu(SCPh3) Cu-thiolate covalency is very high, underscoring the necessity
of a strong Cu-S bond for the unique spectral features of blue copper sites. The very high
covalency of LCu(SCPhj3) relative to the protein sites may have to do with nature of the
thiolate. One might expect -SCPh3 to be more electron donating than cysteine
(-SCH,CH(NH 3*)(CO0-)).53 Increased electron donating capability would allow for a
stronger Cu-S(thiolate) interaction in LCu(SCPh3).

The high covalency of LCu(SCPh3) would indicate that the sulfur is an effective
donor of charge to the copper, shifting its core to deeper binding energy relative to the
classic blue sites. If the HOMO energies were the same, the pre-edge transition would
appear at higher energy in LCu(SCPh3) . The lower energy (2468.8 eV) of the pre-edge
of LCu(SCPh3) then likely reflects a shift in the HOMO to deeper binding energy. Since
the ligand field should be similar to blue copper proteins, this would indicate that the
d-manifold is shifted to lower energy in the complex.

4.4.3.3. Blue vs. Normal Copper Covalency: Proteins. While the covalency of
the H117G azurin mutants can not be compared quantitatively, the relative values of the
intensities do reflect a trend in covalency in blue as compared to normal copper centers.
In H117G(Im), the mixture is comprised of mostly blue copper centers and the total pre-
edge intensity is higher, reflecting the higher covalency in blue relative to normal copper
sites. Likewise, each mixture in both H117G(H20) and H117G(Hista) is comprised of
mostly normal copper centers and the lower total pre-edge intensity reflects the decreased
covalency in these sites.

The replacement of His117 with (H20) or the bidentate histamine ligand results
in a less covalent Cu-S(Cys) interaction than in the WT azurin. This indicates that the
strong C3y site symmetry (3 strong equatorial ligands) is a requirement for the blue
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copper site. This coordination, which is restored upon the addition of imidazole, allows
for a strong Cu-S(Cys) interaction which then dominates the electronic structure.

Like the pre-edge intensities, the pre-edge energies of the H117G sites reflect the
contributions of a mixture of blue and normal copper, but the dominant species in each
sample will be the primary determinant of pre-edge energy. In H117G(Cu) and
H117G(Hista) the covalency of the dominant normal copper component is decreased and
thus one would expect the S(Cys) 1s core energy to be at less deep binding energy (which
would result in a pre-edge at lower energy if the HOMO were at the same energy as in the
classic blue copper sites. Since the pre-edge energies of these samples is, however,
higher than in classic blue copper, this would indicate that the HOMO in these sites is
shifted to higher energy. This is consistent with the picture of these normal copper sites
having an expanded coordination sphere in which two waters or a bidentate histamine is
bound. The HI117G(Hista) is, in fact, at significantly higher energy (2469.6 ¢V) which
would indicate that the histamine provides a stronger ligand field than the bound waters,
resulting in a larger repulsive interaction with the HOMO. The H117G(Im) pre-edge
feature appears at 2469.0 eV, the same energy as the classic blue copper sites, providing
further evidence that the binding of imidazole at the copper regenerates the electronic
structure characteristic of blue copper sites.

4.4.3.4. Perturbed Blue Copper Centers: Stellacyanin and M121Q. The
Cu-S(Cys) covalency in Stella(LO) is decreased (to (24.2+1.0%)) relative to the classic
blue copper sites. It is proposed that the axial S(Met) found in the classic blue sites is
replaced in Stella by an O(Glutamine).18-20 The observed decrease in covalency would
be consistent with this change in coordination. The putative axial O(Glutamine) would
be stronger than the S(Met) in the other systems and would result in a weaker Cu-S(Cys)
interaction. Specifically, a stronger axial ligand might cause a rotation in the half-
occupied HOMO resulting in a decrease in overlap between the Cu and the S(Cys).

Such a rotation has been suggested as an explanation for the rhombic EPR signal of
Stella.!! Decreased covalency is consistent with other spectroscopic differences
observed in Stella. The rR Cu-S(Cys) stretching frequency indicates a somewhat
weaker bond. Decrease in the intensity of the S(Cys)nt —> Cu CT transition (~600 nm)
might also suggest a weakening of the Cu-S(Cys) interaction. However, while the
S(Cys)pr —> Cu CT transition (~600 nm) intensity clearly decreases, the absorption
intensity at ~450 nm increases. Based on the assignment of the ~450 nm intensity as a
S(Cys) pseudo-6 —> Cu CT transition, the optical spectrum would indicate that while
the m-interaction decreases, the o-interaction increases. The S K-edge pre-edge intensity
will reflect the sum of both 6- and n-bonding S(Cys) 3p orbital character in the HOMO.
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Thus, based on this assignment of the optical spectrum, the increase in 6-bonding must be
less than the decrease in nt-bonding for the pre-edge intensity to indicate a net decrease in
Cu-S(Cys) covalency. An alternative explanation may be that the increase in intensity
~450 nm is due to a N(His) —> Cu CT transition and that the optical spectrum and

S K-edge pre-edge intensity reflect only a decrease in S(Cys) pp-interaction.

Upon conversion of Stella to the high pH form, the covalency of the Cu-S(Cys)
interaction is further reduced (to (21.1£0.7%)). This is consistent with the picture of the
Stella active site which has emerged from pulsed ENDOR studies.2! The putative axial
ligand at higher pH is an amide nitrogen which is an even stronger axial ligand than the
O(Glutamine) proposed at low pH. This would cause a further decrease in the strength of
the Cu-S(Cys) interaction.

Because the Cu-S(Cys) interaction is weaker in Stella than in the classic blue
sites, one would expect the S(Cys) to donate less total charge to Cu in Stella, resulting in
a S(Cys) 1s core at higher energy. If the HOMO energies were the same, the Stella
pre-edge would occur at lower energy than in the classic blue copper sites. Since the
pre-edge energy in both low and high pH Stella appears at slightly higher energy than that
in the classic blue sites, this must reflect an increased repulsion of the HOMO in Stella,
due perhaps to the increased LF strength of the ligand donor set in Stella.

Finally, Stella has a split white line pattern different from all the other protein
systems in this study. This pattern, which is also seen in the S K-edge of free cystine
(data not shown), is indicative of the disulfide linkage in the protein backbone (not
involved in bonding at the active site) of Stella. Stella is the only protein in this study
with a disulfide moiety.

The calculated covalency in M121Q azurin is significantly lower than that in all
other blue copper centers studied. The fact that other spectroscopies indicate that M121Q
and Stella are very similar called into question the reliability of the S K-edge XAS data.
There are two possible sources of anomolously low intensities in the S K-edge pre-edge
feature. First, it is possible that more of the active sites are apo or Zn-containing than
was originally thought (this would result in S(Cys) at these sites which contribute to the
edge jump, but not to the pre-edge). Second, it is possible that the sample contains excess
sulfur of some kind. To test the first possibility, Cu analysis was performed to determine
the percentage of active sites occupied by copper. Table 4.6 shows the results of protein
and copper analyses. These experiments indicate the sample contains ~50% Cu. While,
this would increase the calculated covalency slightly (to ~10%) relative to that based on
a ~60% Cu occupancy, the covalency of the site is still much lower than other blue
copper sites, including Stella.
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Table 4.6. Copper Content Analysis of M121Q Azurin

Aliquot Protein$ Cu anc. from % Cu Cp C.onc'. from % Cu

Conc. (uM)  Atomic Biquinoline
Absorption (UM) Assay (UM)

1 408 230 56 222 54

2 654 340 52 334 51

3 908 350 39 373 41

4 817 327 40 357 44

47 (avg) 48 (avg)

§ Determined by biuret analysis.
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The possibility of the sample containing excess sulfur must also be considered.
The sample was remetallated with copper sulfate. It is, however, unlikely there is excess
sulfate in the sample, as sulfate has a very intense white line at ~2483 eV and even small
amounts of sulfate in the sample would contaminate the spectrum at this energy. No such
contamination is evident. The other possible source of excess sulfur is the presence of
"junk"” protein. The M121Q sample was prepared originally for Cu spectroscopy and
great care was taken to ensure there was no adventitious Cu. However, purification to
remove excess sulfur-containing protein was not undertaken. This would seem the most
reasonable explanation for the anomolously low results. If some of the protein content
which was quantitated (see Table 4.6) was actually "junk”, then the Cu content of actual
M121Q sites would be different than the ~50% determined. There is, unfortunately, no
way to know for certain. For reliable results, the sample would need to be more carefully
prepared and the S K-edge remeasured.

While the M121Q S K-edge data can not be used to determine quantitative
covalency of the site, the energy of the pre-edge transition at 2469.1 eV is reliable. This
pre-edge energy is the same as that observed in stellacyanin. M121Q azurin is known to
have a stronger axial ligand interaction than the AdWT azurin from which it originates
(see Table 4.1). Thus, the higher energy of the pre-edge feature in M121Q is likely
related to the increased strength of the ligand field in the mutant active site. This is the
same explanation proposed for the Stella pre-edge energy assuming an axial glutamine at
the site. The similarity in pre-edge energy position, combined with the nearly identical
spectroscopic features of M121Q and Stella support the use of M121Q as a structural
model for Stella.

4.4.3.5. Perturbed Blue Copper Centers: Nitrite Reductase. The HOMO
covalency obtained for NiR (39.1+1.4)% is very similar to that of the classic blue
proteins. The differences in the absorption spectrum of NiR, however, clearly
indicate that the electronic structure is different. As in Stella, the intensity of the
S(Cys)pr —> Cu CT transition (~600 nm) decreases, while the intensity of the ~450 nm
band increases relative to the classic blue copper sites. In NiR, however, the change is
even more dramatic. And, unlike in Stella, the total covalency of the Cu-S(Cys) bond is
apparently not decreased in NiR.

The decrease in the intensity of the S(Cys)pr —> Cu CT transition indicates a
decrease in the S(Cys)py interaction in NiR relative to the classic blue sites. Since the
S K-edge pre-edge intensity will reflect the sum of both ¢- and nt-bonding S(Cys) 3p
orbital character in the HOMO, an increase in Cu-S(Cys) 6-bonding in NiR must
accompany the decrease in -bonding interaction such that the total covalency remains
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about the same as in the classic blue copper sites. This increase in 6-bonding interaction
would be consistent with an assignment of the ~450 nm intensity in NiR as a S(Cys)
pseudo-¢ —> Cu CT transition. Note that the rR Cu-S(Cys) stretch of NiR indicates a
weaker Cu-S(Cys) bond and the crystal structure reflects a slightly longer Cu-S(Cys)
bond (see Table 4.1) than for the classic sites.

An alternative explanation for the NiR S K-edge spectrum is that the observed
pre-edge intensity reflects both S(Cys) and S(Met) contributions. The S(Met) may have
some overlap with the HOMO in NiR. This would mean that the ~39% covalency
reflects the total covalency in the HOMO of both ligating sulfurs. X a calculations of this
site will help to determine if overlap between the S(Met) and the half-occupied HOMO is
possible.

4.4.3.6. Mutations Away From the Blue Copper Site. The observed covalency
in H35Q azurin is slightly decreased relative to the PaWT from which it comes. Despite
the fact than in H35Q no mutations have been made to the immediate ligation of the Cu,
the electronic structure of the site has been effected. This demonstrates that non-ligating
residues in the protein backbone can influence the electronic structure of the active site.

4.5. Discussion

Sulfur K-edge XAS has been used to probe the Cu-thiolate covalency in a number
of model complexes and blue copper proteins. The application of this technique has
allowed the observation of some important trends in the covalency of these sites.

Classic blue copper sites such as Pc and azurin are characterized by a highly
covalent Cu-S(Cys) bonding interaction. This property dominates many of the spectral
features and much of the electronic structure of these sites.

Model complexes which contrast blue and normal copper further support that a
highly covalent S(thiolate) interaction is necessary for the properties of a blue site as
demonstrated by the LCu(SCPh3) complex. The spectral properties of a normal copper
are observed in the Cu-tet b complex which exhibits much lower S(thiolate)-Cu
covalency. The covalency also appears to be dependent on the nature of the thiolate in
the complex, as LCu(SCPh3) is even more covalent than the blue copper protein centers.
This theory can be tested by measurement of the S K-edge spectrum for the analogous
model LCu(SC¢Fs),36 which also displays spectral features consistent with blue copper.
However, the thiolate has been shown to be much more electron withdrawing in
LCu(SCgFs) than in the complex included in this study.54
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For centers in which the C3y effective symmetry of the blue copper active site is
destroyed, such as H117G(Cu) or H117G(Hista), the spectral properties indicate a normal
copper site and the S K-edge XAS reflect a significantly decreased Cu-S(Cys) covalency.
The addition of imidazole to H1 17G reconstitutes the C3y geometry and restores the blue
copper electronic structure. Thus, the strong equatorial ligands in the blue copper site are
necessary for the highly covalent Cu-S(Cys) bond and the resulting electronic structure of
the blue copper site.

Decreased HOMO covalency, relative to Pc and azurin, is observed in the
perturbed blue copper protein Stella. This is consistent with the suggestion that Stella has
a stronger axial ligand (O(Glutamine)) than the classic blue sites, which may result in a
rotation of the HOMO and less Cu-S(Cys) overlap. A further decrease in covalency is
observed in the high pH form of the protein, which is consistent with the interpretation of
pulsed ENDOR results on this site which suggest an amide nitrogen of glutamine acts as
the axial ligand at high pH.2! The S K-edge spectra reflect a decrease in total HOMO
covalency but can not differentiate between a moderate decrease in Spy interactions and a
larger decrease in Spy, accompanied by an increase in Spg interactions. MCD and optical
spectra, however, do reflect individual contributions from 6- and 7t- bonding interactions.
Detailed SCF-X 0-SW calculations on M121Q, which serves as a structural model for the
Stella site, are in progress. Combined with the interpretation of the MCD spectrum of
stellacyanin, the X o results should serve to define the electronic structural changes in
Stella and to further correlate these changes with the variations seen in both the EPR and
the optical absorption of this protein.

NiR exhibits total HOMO covalency which is similar to that observed in the
classic blue copper centers. Variations observed in the optical spectrum, however,
suggest that the covalency in NiR may be distributed differently. Specifically, a decrease
in Cu-S(Cys) m-bonding is likely to be accompanied by an increase in Cu-S(Cys)
o-bonding such that the total covalency, as reflected in the S K-edge pre-edge intensity,
remains about the same as in the classic blue copper sites. Distributions of this kind can
not be determined from the S K-edge XAS. As for stellacyanin, X & calculations in
progress, in combination with MCD spectroscopy will help to differentiate 6- and
n-interactions and to elucidate the sources of the electronic structural variations. These
calculations will also define the possibility that the pre-edge intensity reflects S(Met)
character in the NiR HOMO.

The source of increased intensity at ~450 nm may be different for NiR and Stella.
The S K-edge XAS results, in combination with results from other techniques on these
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perturbed sites, will address this possibility and provide insight into the source of the
changes in absorption intensity at ~450 nm in these centers.

Finally, the S K-edge of H35Q provides evidence that a mutation away from the
active site can have an effect upon the Cu-S(Cys) covalency at the active site of a blue
copper protein. This result by itself does not allow conclusions to be drawn about the
significance of such a change. It would perhaps be interesting to examine a number of
similarly mutated sites and compare Cu-S(Cys) covalency to reduction potentials and
electron transfer rates.
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Chapter 5

Chloride K-edge X-ray Absorption Spectroscopic Studies:
Ligand-Metal Covalency in Transition Metal Tetrachlorides
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5.1. Introduction

Analysis of ligand K-edge X-ray absorption spectra (XAS) can provide insight
into the electronic structure of an absorbing atom. This technique has been applied to
study the electronic structure of inorganic Cu(Il) complexes -3 and cupric protein active
sites? (see Chapters 2-4). The K-edge absorption of a ligand bound to a d® copper ion
exhibits a well-resolved pre-edge feature which is assigned as a ligand 1s —> y*
transition, where y* is the half-filled, highest-occupied molecular orbital (HOMO) in
Cu(II). As described in Chapter 1, because of the localized nature of the Cl 1s orbital,
this transition can have absorption intensity only if the half-occupied HOMO contains a
significant component of Cl 3p character as a result of covalency. The observed pre-edge
transition intensity is simply the intensity of the pure dipole-allowed CI 1s —> 3p
transition weighted by 0.2, the covalent contribution of the ligand to the HOMO
(equation 1.3c). Thus, the pre-edge intensity provides a direct probe of the ligand
contribution to the HOMO due to bonding.! (See Chapter 1, Section 1.2.4.)

The relationship between intensity and covalency described in Chapter 1
(equation 1.3c) for ligand-Cu(Il) interactions is straightforward because copper(II) is d9
and thus has a single half-occupied HOMO (y*). Here we extend the technique of ligand
K-edge XAS to other metal ions. As in Cu(Il) systems, the pre-edge feature in other d»
metal centers corresponds to a transition (or several transitions) from a ligand 1s orbital to
unoccupied or partially-occupied antibonding orbitals with both metal d- and ligand
p-character. However, in systems with more than one d-manifold electron or hole,
several many-electron excited states are possible and transitions to more than one
partially-occupied metal d-derived orbital are possible. Further, multiplet effects in the
dn+l excited state can effect the observed intensity. The analysis of pre-edge intensity for
the determination of HOMO covalency requires that all contributions to the intensity be
taken into account.

This study examines the Cl K-edge XAS pre-edge features for the tetrahedral
metal-tetrachloride series MCl4™-, where M = Cu(Il), Ni(II), Co(II), Fe(I) and Fe(III).
The antibonding metal-derived orbitals in T4 metal complexes are a t3- and an e-set.

The t2-set has both Cl 3pg and Cl 3py interactions, while the e-set will have only Cl
3pp-character. In T4 Cu(Il),4 there is a single vacancy in the t3-set, while Ni(II) and
Co(Il) are characterized by two and three t holes, respectively. The Tq Fe(II) center has
three t holes and a single hole in the e-set. In the T4 Fe(Il) complex, each of the d-type
orbitals is half-occupied, with three t; holes and two e holes. Thus, in T4 Cu(Il), Ni(Il)
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and Co(II), pre-edge transitions will correspond only to transitions to the t7 set of
antibonding orbitals, while in Fe(II) and Fe(III) transitions to the e-set are also possible.

A methodology for interpreting pre-edge intensities and energies is developed for
these d™ hole systems (n 2 1). The contribution to pre-edge intensity from multiplet
effects is determined, and expressions which relate experimental intensity to covalency
are derived. The effect on pre-edge intensity from the mixing of excited states in ligand
fields of intermediate strength is defined and the ligand-metal covalency of each T site is
quantitatively determined from the experimental pre-edge intensity. The experimental
estimates of covalency are compared to SCF-Xa-SW (X ) calculations on each complex.
Finally, analysis of the pre-edge and edge energies provides quantitative information3
about variation in chloride charge donation as well as relative shifts in the d-manifold
energy of each metal center. These results are correlated with the experimentally

determined covalency in each complex.
5.2. Experimental
5.2.1. Samples and Sample Preparation

A summary of the structural parameters for each of these complexes included in
this study is provided in Table 5.1. CspCuCly was prepared according to published
methods.36 The remaining compounds: (Ph3MeAs)sNiCly, (Ph3MeAs),CoCly,
(Et4N),FeCly, and (Et4N)FeCl4 were prepared according to procedures described in the
literature.” The (Et4N);FeCly sample was prepared under anaerobic conditions.

For the X-ray absorption experiments, samples were ground into a fine powder (at
least several minutes of grinding with mortar and pestle). The powder was dispersed as
thinly as possible (to minimize the possibility of self-absorption) on mylar tape
containing an acrylic adhesive determined to be free of chlorine contaminants. This
procedure has been verified to minimize self-absorption effects in the data by
systematically testing progressively thinner samples until the observed intensity no longer
varies with the thickness of the sample. The powder on tape was mounted across the
window of an aluminum plate. The (Et4N)2FeCly sample was prepared in a dry,
anaerobic atmosphere. A 6.35 um polypropylene film window protected the sample from

exposure to air.
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971

Table 5.1. Structural Parameters for ~T g MCl4™ Complexes

MCl4"- Complex@ Average Bond  Angles (9) Related Average Bond  Apgles (°)
P Length (A) s Complex Length (A) &

CsoCuClg? 2.230 100-131

(Ph3MeAs)NiCls© 2.269 109.1-109.4 (Et4N)oNiClyd  2.245 107-111
(Me4N)oNiClge 2.234 108-111

i h /

(Ph3MeAs),CoCls° Li‘é‘ﬁ‘éi%’o&‘;?ewx - (Me4N)2CoClye 2.254 108-111

(Et4N)2FeCly - - (Me4N)2FeCl4f 2.293 108-114

(Et4N)FeCl4 - - (Ph4As)FeCl48  2.182 106-115

a Complexes for which Cl K-edge data were measured

b McGinnety, J. A. J. Am. Chem. Soc. 1972, 94, 8406-8412.

¢ Pauling, P. Inorg. Chem. 1966, 5, 1498-1505.

d Stucky, G. D.; Folkers, J. B.; Kistenmacher, T. J. Acta Cryst. 1967, 23, 1064-1070.

¢ Wiesner, J. R.; Srivastava, R. C.; Kennard, C. H. L.; DiViara, M.; Lingafelter, E. C. Acta Cryst. 1967, 23, 565-574.

S Lauher, J. W_; Ibers, J. A. Inorg. Chem. 1975, 14, 348-352.

& Cotton, F. A.; Murillo, C. A. Inorg. Chem. 1975, 14, 2467-2469.



5.2.2. X-ray Absorption Measurements

X-ray absorption data were measured at the Stanford Synchrotron Radiation
Laboratory using the 54-pole wiggler beamline 6-2 in low magnetic field mode (5 kG)
with a Pt-coated focusing mirror and a Si(111) double crystal monochromator, under
dedicated conditions (3.0 GeV, ~50 mA). The monochromator was detuned ~30% to
eliminate higher harmonic components in the X-ray beam. Details of the optimization of
this set-up for low energy studies have been described in Chapter 1 (Section 1.2.5) as
well as in an earlier publication. 8

All Cl K-edge measurements were made at room temperature. The data were
collected as fluorescence excitation spectra utilizing an ionization chamber as a
fluorescence detector.%:10 Several (2-3) scans were measured for each sample. The
energy was calibrated from the Cl K-edge spectra of Cs2CuCly, run at intervals between
the samples. The maximum of the first edge-region feature in the spectrum was assigned
to 2820.20 eV. Scans ranged from 2740 to 3100 eV, with a step size of 0.08 eV in the
edge region. The spectrometer resolution was ~0.5 eV.8 Calculating and comparing first
and second derivatives for model compounds measured during different experimental
sessions results in a reproducibility in edge position of ~0.1 eV for these experiments.

5.2.3. Data Reduction

Data were averaged and a smooth background was removed from all spectra by
fitting a polynomial to the pre-edge region and subtracting this polynomial from the
entire spectrum. Normalization of the data was accomplished by fitting a flat polynomial
or straight line to the post-edge region and normalizing the edge jump to 1.0 at 2840 eV.

5.2.4. Fitting Procedures

The intensity of pre-edge features were quantitated by fits to the data. The fitting
program EDG_FIT, which utilizes the double precision version of the public domain
MINPAK fitting library 11 was used. EDG_FIT was written by Dr. Graham N. George of
the Stanford Synchrotron Radiation Laboratory. Pre-edge features were modeled by
pseudo-Voigt line shapes (simple sums of Lorentzian and Gaussian functions). This line
shape is appropriate as the experimental features are expected to be a convolution of the
Lorentzian transition envelope 12 and the Gaussian lineshape imposed by the spectrometer
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optics. 913,14 A fixed 1:1 ratio of Lorentzian to Gaussian contribution for the pre-edge
feature successfully reproduced these spectral features.

The number of functions employed to fit the rising edge background was chosen
on the basis of features clearly indicated by the second derivative of the data. These
rising edge functions were pseudo-Voight line shapes for which the Gaussian:Lorentzian
mixture was allowed to vary to give the best empirical fit. In all cases the minimum
number of functions required to successfully reproduce the data were utilized.

Fits used in the calculation of pre-edge peak intensity were optimized to
reproduce both the data and the second derivative of the data. For each spectrum, a
number of fits which reproduced both the data and the second derivative of the data were
obtained. Fits were performed over several energy ranges: from one which included just
the tail of the rising edge, to one which included the white line maximum of the edge.
The value reported for the intensity of a pre-edge feature (where peak area was
approximated by the height x full-width-at-half-maximum (FWHM)) is the average of all
the pseudo-Voigts which successfully fit the feature. For each sample, the standard
deviation of the average of the areas was calculated to quantitate the uncertainty of the fit.

5.2.5. Determination of Rising Edge Positions

The energies reported for the rising edge position were determined from the
highest energy maximum in the first derivative of the data in the rising edge region.
These measurements were performed independently of the above described fitting

procedures.
5.2.6. Error Analysis

There are several possible sources of systematic error in the analysis of these
spectra. Normalization procedures can introduce a 1-3% difference in pre-edge peak
heights, as determined by varying the parameters used to normalize a set of Cl K-edge
spectra such that the final fits met requirements of consistency. This maximum of ~3%
error and the error resulting from the fitting procedure discussed above were taken into
account in the calculation of pre-edge intensities and subsequent determinations of
covalency. Experimental self-absorption could, in principle, result in an artificially low
observed intensity. However, care was taken to avoid self-absorption in these
experiments (vide supra), and this effect is assumed to be negligible.
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The uncertainty in pre-edge and edge energies is limited by the reproducibility of
the edge spectra (~0.1 eV). Thus, relative energies of features are reported with an error
of + 0.1 eV. For the purposes of the energy analyses herein, no error has been assumed
for the 10Dq ligand field splittings used to quantitate energy shifts of HOMO orbitals.

5.2.7. SCF-X0o.-SW Calculations

The calculation of D2g CuCls2- has been described previously!5 and only the
most salient details of the calculation are included here. Standard SCF-Xa-SW
calculations!6 on T4 [MCl4]™ molecules (M = Ni(II), Co(Il), Fe(II), and Fe(III)) were
performed on DEC station 3100 computers with ~300 iterations required for
convergence. The calculations were considered to have converged when the largest
relative change in the potential between subsequent iterations was less than 10-3. Bond
distances were averaged from crystal structure values: Cu-Cl = 2.230,5 Ni-Cl = 2.270
A,17 Co-Cl = 2.280 A, 18 Fe(II)-Cl = 2.291 A, 19 and Fe(Ill)-Cl = 2.185 A.20 The a
values of Schwarz2! and maximum £ values of 4, 3, and 2 were used for the outer sphere,
the metal, and the chloride, respectively. A Watson sphere coincident with the outer
sphere radius was used in calculations of these charged species. Sphere radii for divalent
metal calculations were chosen to be the same as those in the D2q CuCly?- calculation
which were optimized to match experimental g-values!5 (M = 3.11 Bohrs, Cl = 2.49
Bohrs). The sphere radii for the Fe(IIT)Cl4 calculation were chosen such that the metal
sphere radius was slightly smaller (2.90 Bohrs) than in the divalent calculations,
consistent with a contraction of the metal sphere and decrease in bond length upon
increase in oxidation state. The chloride radii were the same (2.49 Bohrs) as in the other

calculations.
5.3. Results

The Cl K-edge X-ray absorption spectra of the ~Tq complexes MCl4™-
(M= Cu(Il), Ni(II), Co(II), Fe(II) and Fe(IlI)) are shown in Figure 5.1a. Each spectrum
exhibits a pre-edge feature in the 2819-2824 eV region which is shown in Figure 5.1b on
an expanded scale. Over the divalent series, the energies of the pre-edge features vary in
the order Cu(Il) < Ni(II) < Co(II) < Fe(II). The CuCl4?- pre-edge is lowest in energy at
2820.2 eV and the Fe(II)Cl42- pre-edge is at highest energy, appearing as a shoulder on
the rising edge at 2823.1 eV. The Fe(III)Cly pre-edge is at much lower energy than that
of the ferrous complex, appearing as a well-resolved peak at 2820.8 eV. The rising edge
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Figure 5.1. Cl K-edge XAS spectra of the T4 complexes CuCls?" (—), NiClsZ™ (—-),

CoCly2- (-+--), Fe(I)Clg2- (), and Fe(I)Cl4 (). The entire edge region of each
spectrum is shown in (a). Each spectrum exhibits a pre-edge feature, which is shown on

an expanded scale in (b).
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energy positions in the spectra in Figure 5.1a are observed at 2825.0 eV for Ni(I[)Cl42-,
Co(I)Clg2- and Fe(I)Cl4- and at 2825.4 and 2826.0 eV for Cu(I)Cl42- and Fe(III)Cl 4,
respectively.

The CuCl42- pre-edge is the most intense of those exhibited by the divalent
centers, with the Ni(II), Co(II), and Fe(II) centers having approximately the same
pre-edge intensity, within experimental error. The pre-edge of Fe(III)Cl4  is more than
three times as intense as that of the ferrous complex. Table 5.2 summarizes the
quantitative energy and intensity of each pre-edge feature as well as the inflection point
of the edge for each spectrum.

5.4. Analysis
5.4.1. Pre-edge Energies

Figure 5.2 shows an energy level diagram depicting a transition (in this case to the
to-set) which gives rise to the pre-edge feature. As seen in Figure 5.2, a combination of
factors affect the energy position of a pre-edge transition.3 A shift in the core Cl 1s
energy, which is related to the relative charge on the chloride, results in a change in the
observed pre-edge energy. More charge donation to the metal results in a shift in the
ligand core to deeper binding energy. In addition, the energy of the pre-edge transition
depends on the metal d-derived orbital energy, which has two contributions. First, the
strength of the ligand field of the complex determines the d-orbital energy splitting
pattern (10Dq) and thus contributes to the metal d-derived orbital energy. Second, the
overall d-manifold can shift in energy. This is related to the oxidation state and effective
charge on the metal (which affects the energy of all the metal orbitals) and is also related
to the coordination number of the metal (the total antibonding and repulsive interactions
with the ligands), which is constant over the series examined herein. Quantitative
estimates of the relative Cl 1s core energy and the ligand field contribution to the energy
of a metal d-derived orbital can be obtained (vide infra), and, by correcting the observed
pre-edge energy for these effects, the contribution to the pre-edge energy from energy
shifts of the d-manifold can be determined.

The intense electric dipole-allowed transition observed at the onset of the edge
jump is a Cl 1s —> 4p transition. The energy of this main edge transition is determined
from the rising edge inflection point. As demonstrated in Chapter 2 (Section 2.4.1.) shifts
in this energy directly reflect shifts in the Cl 1s core level in response to the relative
charge on the atom.3 Table 5.3 gives the positions of the rising edge inflection points of
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Table 5.2. MCl4"- Cl K-edge Pre-edge Energies and Intensities and
Rising Edge Inflection Points

Complex Pre-edge Pre-edge Rising edge
energy? (V) ___intensity® inflection® (eV)
CuCly?- 2820.2 0.526 £0.017 28254
NiCly?- 2821.5 0.428 +£0.017 2825.0
CoCly? 2822.5 0.419+0.021 2825.0
Fe(I)Cly? 2823.1 0.427+0.039 2825.0
Fe(IHCly 2820.8 1.505 £ 0.064 2826.0

a The error in these energies, as determined from the standard deviation
of fits to the data is <+0.009 eV.

b Reported error is the standard deviation of the area as determined from
fits to the data and the ~3% error from normalization of the data

¢ Error in the inflection point is < £0.1 eV; the inflection point reported is
the highest energy feature in the first derivative in the rising edge region.
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Figure 5.2. Schematic representation of the contributions to the energy of the pre-edge
feature in T g metal complexes. The pre-edge energy is determined by the Cl 1s core
energy and the energy of the antibonding metal d-derived orbital. The metal d-derived
orbital energy derives from the energy of the d-manifold and the ligand field splitting of
the d-orbitals. The dashed arrow depicts a pre-edge transition to the t2-set of orbitals.
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Table 5.3. C] K-edge Energy Analysis Parameters

Cl 1s core Ligand Field Induced

Complex  Calc. energy shift Ground Excited HOMO Shift (V) Corrected Relative
charge relative to State 10Dq State 10Dq pre-edge  d-manifold

CuCly? (cm-1) (cm-1)g Absolute  Relative  energy energy

(eV)a to CuCl42- (eV)! shift (eV)
CuCly?- -0.54 0 4160/4436b 2496/26620 0.34 0 2820.2 0
NiClg2- -0.65 +0.4 3600¢ 2160 0.10 0.24 2821.7 1.5
CoCly? -0.65 +04 30004, 1800 0.09 0.25 2822.6 24
Fe(IDCl42-  -0.65 +0.4 4100¢ 2460 0.10 0.24 2823.3 3.1
Fe(IIDCly -0.33 -0.6 6500 3900 ~0 0.34 2819.9 -0.3

a

b

0 N a fan

Determined from experimental rising edge inflection points. Error for these energy differences is estimated
tobe +0.1 eV.

Gewirth, A. A.; Cohen, S. L.; Schugar, H. J.; Solomon, E. 1. Inorg. Chem. 1987, 26, 1133-1146. Values
reported for CuCly2- are the 10Dq splitting and the D74 splitting of the b and e orbitals (see also
supplementary Table 5.51).

Goodgame, D. M. L.; Goodgame, M.; Cotton, F. A. J. Am. Chem. Soc. 1961, 83, 4161-4167.

Cotton, F. A.; Goodgame, D. M. L.; Goodgame, M. J. Am. Chem. Soc. 1961, 83, 4690-4699.

Furlani, C.; Cervone, E.; Valenti, V. J. Inorg. Nucl. Chem. 1963, 25, 159-163.

Deaton, J. C.; Gebhard, M. S.; Solomon, E. L. Inorg. Chem. 1989, 28, 877-889.

The excited state 10Dq will be approximately 60% of the ground state value.22

The shift to higher energy of the pre-edge energy due to ligand field effects is equal to 2/5(10Dq)+2/3(bs-¢
splitting) for Cu(II) and 2/5(10Dq) for Ni(II) and Co(II). For Fe(II) and Fe(III) the displacement can be
estimated from the energy of the transition to the e-set (vide infra and see Figures 5.4d-e)

The corrected pre-edge energy is obtained by subtracting the relative LF shift and adding the relative Cl 1s
core shift (see text).



each Cl K-edge spectrum relative to that of CuCls2-. The relationship between rising
edge position and chloride charge has been derived3 (see Chapter 2, Section 2.4.1) and
can be applied to these data to obtain an estimate of the charge on the chloride ligand in
each complex. The charge calculated for the chloride in CuCls?- is -0.54 and in
Fe(III)Cly " is -0.33, with the chloride in Ni(II), Co(II), and Fe(II) complexes having a
charge of -0.65 (see Table 5.3).

In Cu(Il), Ni(II), and Co(II) there are only vacancies in the tz-set of T¢ HOMO
orbitals and thus only transitions to the tp-set contribute to pre-edge intensity. The ligand
field (LF) contribution to the pre-edge energy can be estimated from % the value of 10Dq
(the LF splitting of the t7 orbitals relative to the d-manifold energy, see Figure 5.2). The
value of 10Dq has been determined from analysis of the LF spectrum of each complex.
The 10Dq value used in this analysis is that of the one-electron reduced (dn+1) metal ion
excited state, which is expected to be ~60% of the splitting in the ground state.22 The
ground state and excited state 10Dq splittings are given in Table 5.3. For CuCly?2-, the
distortion from T 4 to D24 has a non-negligible effect on the HOMO energy, splitting the
to-set into e + by, where by is the higher-lying, half-occupied orbital to which the pre-
edge transition occurs. The additional b - e splitting is estimated from X a calculations
of the site (see Supplementary Table S5.1) and is given in Table 35.3.

For Fe(I1I) and Fe(II) tetrachlorides, transitions to both the e-set and ta-set of T4
orbitals contribute to the pre-edge intensity. The shift of the pre-edge energy due to LF
effects must be calculated from theoretical energy and intensity ratios. In Section 5.4.2.3.
we find for Fe(IIT)Cl4 that the pre-edge transition to the e-set is at 2820.5 eV while the
transition to the to-set is at 2821.0 eV. The splitting between them corresponds to the
excited state dn+! 10Dq. Since the e-set is at lower energy than the d-manifold by - %
10Dq (see Figure 5.2), the d-manifold energy is at 2820.8 eV. The center of the observed
pre-edge feature (which contains contributions from both types of transitions) is also at
2820.8 eV (Table 5.3). Thus, the effect of the ligand field on the observed pre-edge
energy is negligible. For Fe(I[)Cl42-, the pre-edge transition to the e-set is found to be at
2822.8 eV (see Section 5.4.2.3.). Using excited state 10Dq values, the d-manifold energy
is calculated as in Fe(III)Cly to be 2823.0 eV, indicating that the ligand field contribution
to the pre-edge feature energy is 0.10 eV. The ground state and excited state 10Dq
splittings for Fe(IIT)Cly and Fe(II)Cl42- are given in Table 5.3, in addition to the
magnitude of the LF contribution to the pre-edge energy relative to CuCl4?- for each
MCl4" complex.

The relative energy shifts in the Cl 1s core and the HOMO can now be used to
obtain pre-edge energies which have been LF and core shift corrected. Shifts in the
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HOMO energy due to LF effects are subtracted from, and the core 1s energy are added to,
the observed pre-edge transition energy (see Figure 5.2).3 These corrected pre-edge
energies are given in Table 5.3. If these were the only contributions to the pre-edge
energy, the corrected energy would be 2820.2 eV, the pre-edge energy for CuCls2-, which
has been used as the reference compound. Deviations from this value indicate that an
additional effect, the overall energy of the d-manifold, must be taken into account.

Table 5.3 (last column) gives the relative deviation in the corrected pre-edge energy
(from 2820.2 eV), which is attributable to a d-manifold energy shift. The d-manifold
energies vary in the order Fe(IIl) < Cu(Il) < Ni(II) < Co(II) < Fe(II).

These d-manifold shifts are consistent with the periodic trend in the effective
nuclear charge (Zff) on each metal. As the metal Z.fr increases across the first row of
the periodic table for the divalent series (from Fe(II) to Cu(Il)), there is a shift in the
" d-manifold to deeper binding energy. The d-manifold in Fe(III)Cly  is also significantly
deeper in energy than in Fe(II)Cl42-, due to oxidation of the iron. Note that over the
series in Figure 5.1, the contribution to the pre-edge energy from the shift in d-manifold
energy is much larger in each case than the contributions from the LF repulsion and the
shift in the Cl 1s core energy.

5.4.2. Pre-edge Intensities

In this section the methodology is developed for relating pre-edge intensity to
HOMO covalency in metal systems with more than one hole. The theory is developed
first and then applied to experimental data, each part proceeding in several steps. In
Section 5.4.2.1., strong field group theoretical predictions of possible one-electron
pre-edge transitions are made. In Section 5.4.2.2.(parts i-iv), the irreducible tensor
method is used to derive dipole strength expressions which describe the intensity of the
transitions in the strong field limit. This involves writing the transitions in terms of
reduced matrix elements (i-ii) which are then substituted with matrix elements involving
one-electron molecular orbitals (iii). Finally, the dipole strength for each complex is
calculated (iv). Mixing of excited states in intermediate-strength ligand fields can
redistribute pre-edge intensity to higher energy. In Section 5.4.2.3., the degree of this
mixing is calculated for each complex, along with the ligand field energy splittings and
intensity ratios for each contributing pre-edge transition. In Section 5.4.2.4., these energy
splittings and intensity ratios are applied to the experimental spectra to determine the total
pre-edge transition intensity for each complex. The theoretical dipole strength
expressions from Section 5.4.2.2. (part iv) are then applied to these data to obtain an
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estimate of ligand-metal covalency. Finally, X calculations of these complexes are
presented in Section 5.4.2.5. and compared to the experimental results.
5.4.2.1. Pre-edge Transitions in the Strong Field Limit. In order to extract
information from the pre-edge transition intensity, the transitions must first be assigned.
In systems with more than one d-hole, multiplet effects require a description of pre-edge
transitions in terms of many-electron states. Table 5.4 gives the many-electron (d™)
ground configuration and ground state for each molecule. The one-electron excited states
are derived from the d™! metal ion parent, which has the electron excited into the t3 or e
orbital. The ligand 1s orbitals on the four chloride ligands form an aj + t2-set with
respect to the Tq molecular symmetry. The complete final excited state then involves
coupling the ligand hole (aj or tp) with the d™*! parent excited state. Only parent states
which, after coupling in the ligand hole, result in spin- and electric dipole-allowed final
states are considered. Table 5.4 gives these parent excited states and the electric dipole-
allowed total final states (including the ligand core hole) in the strong field limit.
CuCly2-, NiCls2- and CoCl42- each have only one parent excited state (1A, 2T, and 3Ty,
respectively). Fe(III)Cly™ has two excited parents states, 5E and 5T», corresponding to
transitions to the e and ty-set, respectively. Fe(I1)Cl42- has one excited parent state (4A7)
arising from a transition to the e-set as well as two excited parent states arising from a
transition to the t2-set (4T + 4T>).
5.4.2.2. Multiplet Contributions to Intensity in the Strong Field Limit. To
extract ligand-metal covalency information from spectra of complexes with more than
one d-manifold hole the intensity of allowed pre-edge transitions (see Table 5.4) must be
related to the amount of Cl 3p character in the one-electron t and e orbitals. This
relationship can be derived by describing the pre-edge intensity in terms of the dipole
strength (D), given in equation 5.1, and evaluating the dipole strength in a form which
includes the one-electron orbitals.
1 2
D, =5 Y [(Acfe;|BB) 5.1)
Al &

A and B are the many-electron ground and excited states, respectively, IAl is the
degeneracy of the ground state, g is the electric dipole operator, and ¢, ; Bare
components of the ground state, operator, and excited state, respectively.

Equation 5.1 can be evaluated by construction of all the ground and excited state
wavefunctions for each metal center. This is an involved and lengthy procedure. An
alternative to this approach is employed herein. The irreducible tensor method23 uses the
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8¢l

Table 5.4. Ground States and Group Theoretically-Allowed Excited States for MCl4"- Pre-edge Transitions

Complex Ground Ground Ground Excited Parent d™1  Allowed Allowed
dn Configuration State Configuration Excited State Excited State Excited State
(holes) (holes)} (from ligand a) (from ligand t9)
CuCls2 d° to 2T, t0 1A 2A 2T,
NiCl4+ d8 tp2 314 tp1 21, 31, 3EH3T 43T,
CoCls? d’ tp3 A, tp2 31t 4T 4Ty
Fe(I)Cly2-  db ety3 SE t3 4A, - Ty
et)?2 4T, 5T, ST1+°T
aT t 5T, 5T1+5T,
Fe(IMCly  d5 e2ty3 6A et23 5E - 6T,
ety? 5T, 6T, 6T,

§ Excited state configurations are given in the strong field limit.
T States for which intermediate ligand field mixing with higher lying states of the same symmetry is possible.



Wigner-Eckart theorem, thereby taking advantage of symmetry to simplify the problem.
For this analysis, the notation and tables of Piepho and Schatz will be used throughout.24
The first step of this procedure involves the construction of reduced matrix elements.

(i) Construction of Reduced Matrix Elements. Using the irreducible tensor
method, each matrix element which may contribute to pre-edge intensity is rewritten,
according to equation 5.2, as a 2j phase factor and a 3j symbol times a many-electron

reduced matrix element, (Allg||B), which is independent of the components of the states.

(5.2)

(ackies)=(1) 5 ¢ 5 )

o

The many-electron reduced matrix element is then further reduced to a one-
electron reduced matrix element using equation 5.3 in which (A|lo||B) is rewritten and

expanded as

<ﬂ (a™ (St b"\(Sphy)) ShM | 2| A (™1 (S '), (Sy' y)))S K M>

1
-~ K b h

= (b,b" S,y 11" SH )ﬁ([h'||h|)2{h1h2h}{h L Tz}(allgnb) (5.3)

1

where §' is the total spin of the ground state, &' is the many-electron ground state, and M’

is the m; of the ground state. The notation for the excited state is identical, but without

m—1,n
b

the prime designator. The ground state configuration is given as a and the excited

mbn—]

state is a (for transitions in terms of holes); a is the ligand core orbital and b is the

HOMO orbital in each case. Sy'is the total spin and k;' is the many-electron state arising
from the a™! configuration. Sy'hy', Sth1, Sohy are analogously defined for the 5", a™,
and b"_lconﬁgurations, respectively. lﬂl (a'"'l(Sl' h'),b"(Sy' hy' ))S 3 M‘> denotes the
antisymmetrized wavefunction (A) which couples the S1'41" and S2'hy' states to make the
total S'A'M' ground state. The excited state is similarly defined.

Equation 5.3 is a modification of Piepho and Schatz24 equation 20.1.10, which
can be simplified for these examples because m=1, §1'=0,8'= S, h'= A}, a = hy,
S = % , the T4 electric dipole operator (@) is t2, and the coefficient of fractional parentage
for the core hole state is always 1. Because these substitutions are applicable to all b"
configurations, equation 5.3 can be applied to any T4 hole configuration.

Electrons which are in a partially-occupied level which is not involved in a

particular transition are called passive electrons. For example, the electrons in the e-set
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are passive for the following transition written in terms of holes: aj%!tp3 —> ajlelty2.
For cases with passive electrons (Fe(II) and Fe(III)), an additional step, using equation
5.4, must be taken (before application of equation 5.3) to decouple the passive electrons
from the problem.

<54 {[(am(slhl ),b"_l(Szhz))512h12]scl(s3h3 )} ShM || o |
ﬂz{[(a'"“‘(s,' B )B"(Sy )8y hlz'],cl (S3' B3’ )} SH M‘>
7, H h
= 8pin| Snans I 2112 R hhhrh'{2 }
spm[ nahs SR S { P ohsh o Tohyo '} by by iy
X <}71 (am(Slhl )b" N (Syhy ))512h12M12 lel /q(am_l(sl' h' )b iy’ ))Slzhlz' M12>]
G4

with 8, = 85 s 1055, 655 Sypr - The notation is analogous to that in equation 5.3, with
c! referring to the passive electrons and Sy2k;2 and S12'h12' being subsequently
substituted for Sk and S'h’ in equation 5.3.

@@i) Calculation of Reduced Matrix Elements for Tq MCl4"-. Tables 5.5a-¢
give the steps in the reduction of the matrix elements for each pre-edge transition in each
T4 MCl4™- (M = Cu(Il), Ni(II), Co(II), Fe(Il), and Fe(1II)). Each pre-edge transition is
designated by its total excited state (which includes the ligand core hole), by its excited
state d"*! parent state (given in parentheses),25 and by its one-electron orbital transition.
The results are given in terms of the squares of each matrix element for summation in the
dipole strength expression (equation 5.1). The necessary 3j and 6j symbols were obtained
from Piepho and Schatz, Tables C.12.1. and C.13.1.24 Note from Table 5.5 that the
many-electron reduced matrix elements for all MCl4™ reduce to three one-electron
reduced matrix elements: <ajlitalitz>, <talitality >, and<talitalle>.

@@ii) Evaluation of Reduced Matrix Elements in Terms of Molecular
Orbitals. The one-electron reduced matrix elements, <aj Htallta >, <talita Il t2 >, and
<ty Il t2 Il e >, can be evaluated using equation 5.2, rewritten below (equation 5.2') for the
application to orbitals instead of states.

<aaIQilbﬂ>=(2)(Z (f Zj(allgllb) (5.2)
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Table 5.5. Irreducible Tensor Method Applied to Pre-edge Transition Matrix Elements

Table 5.5a. T4 dl holea

Square of Many- Square of One-
Transition? Square of Matrix Elements  Electron State Electron Reduced
2T, (GS) gfduced Matrix Matrix Elements
ements
—> (1A 2A; <AIT,(X) 1Ty (x)>2 %<A1 I Ty Il T, >2 %<a1 Ity Ity >2
(aj—>1tp) <A[ITy () T, (y)>2 %<A1IIT2IIT2>2 %<allltzllt2>2
<A ITy2)IT; (z)>2 %<A,||T2n'r2>2 %<allltzllt2>2
—>(1Al) 2T2 <T2(Z)IT2 (Y)ITZ(X)>2 %<T2"T2”T2>2 % <t2||t2"t2>2
(th—>1) <T, (! T2(Z) lT2 (x) >2 % <Thl T2 1Ty >2 % <tylitylity >2
<Ty(2) I Ty (x) I Ty (y) >2 %<T2IIT2IIT2>2 -é—<t2|It2IIt2>2
<SHLEIT@IT,M)>2 2 <HITIT,>2 £ <hlinly>?
<STHLEITyMITa@>2 £ <ITHITy>2 ¢ <l >?
<TMITy0IT2@>2 2 <TITHITy>2 £ <l >?

@ Each column of the table can be directly equated to the one to its left.
b Excited states are written with their parent dn+! states in parentheses.
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Table 5.5b. T4 d2 holes?

Transition?

3Ty (GS)

Square of Matrix Elements

Square of Many-
Electron State
Reduced Matrix
Elements

Square of One-
Electron Reduced
Matrix Elements

—_— (2T2) 3T2

(al —_ tz)

—>(2Tp) 3E

(t2 _> tz)

—>(2T) 3Ty

(tz _—> tz)

<Ty(z) 1Ty (¥) 1T (x)>2
<T, (01T, @) 1T; (x)>2
<Ty (@) 1Ty X) IT; (y)>2
<Ty (X) 1Ty (@) T (y)>2
<T,(x)I Ty (¥) 1T (z) >2
<Ty (y) 1Ty (x) 1T (2) >2

<E(0)IT,(x) 1T, (x)>2
<E(8)IT, ® IT; (x)>2
<E(0)IT, ) 1T (y)>2
<E(®)IT, @) IT; (y)>2
<E(e)ITy (@) IT; (z)>2

<T; (@) Ty ¥ IT;(x)>2
<T,WIT,@IT; x)>2
<T; @) T,®) 1T} (y)>2
<Ty(x)I T, @) IT (y)>2
<Tx)IT,IT; (2) >2
<Ty (1T, ®) 1Ty () >2

A\ = O\ = A= QN = O\ — N

D o
quHNHqHNH

Q= A= QN —= O\[= QN = O\ —=

<T, I Ty I Ty >2
<To N T, 1Ty >2
<To I T, Ty >2
<T, I T, I Ty >2
<T, I T, Ty >2
<T, I T, Ty >2

<ENTy I T;>2

<EIT,IIT; >2

<EIT,IT;>2

<ENT,IIT, >2

<EIT, Ty >2

<T; Ty NT;>2
<T ITyIIT;>2
<T{IIT, Ty >2
<TIT, I T >2
<T;ITIT;>2

<T1 I T2 "Tl >2

QO] =t U] bt (D] bt O] bt LD bt WD 1mi]

Wl 1ol B ol B

ol Bl= Bl= Sl = Sl = Sl

<alitylity>2
<aliglity>2
<aylitylity>2
<ajlitglity >2
<ajlitylity>2

<ay il t2 Il t2 >2

<ttty >2
<tylity llty>2
<ty llty Ity >2
<tplityllty>2

<t2 Il 5] Il t2 >2

<tylity ity >2
<tylitylity>2
<t ity llty>2
<tylltylity>2
<tylity ity >2

<tyllty Ity >2

a Each column of the table can be directly equated to the one to its left.
b Excited states are written with their parent d™+! states in parentheses.
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Table 5.5b. T4 d2 holes? (continued)

Square of Many- Square of One-
Transition? Square of Matrix Elements  Electron State Electron Reduced
3T, (GS) Reduced Matrix Matrix Elements
Elements
—>(2T) 3Ty <T, @)1 T, @) I1T;(x)>2 % <T I Ty I Ty >2 % <tylity ity >2
(t2—>t2) <T2 (Y) IT2 (Z)'Tl (X) >2 % <T2 I T2 Il Tl >2 ‘I}E <t2 I t 1l ty >2
<T, (@) Ty (x) 1T (y)>2 % <Ty I Ty 11Ty >2 % <ty lityllty>2
<SHEIT,@IT; > 1 <LITIT;>? 5 <tllin>?
<T,(x)IT2 ) I T (2)>2 % <T, I Ty 1Ty >2 1—12 <tylity ity >2
<T,(NIT,®) IT; () >2 % <THIIT, I T >2 1i2 <tylity llty>2

a Each column of the table can be directly equated to the one to its left.
b Excited states are written with their parent d"*! states in parentheses.

Table 5.5¢c. T4 d3 holes?

Transition? Square of Matrix Elements
4A, (GS)

Square of Many-
Electron State
Reduced Matrix
Elements

Square of One-
Electron Reduced
Matrix Elements

—> (BT AT, <T;(x) 1Ty x) 1A, >2

@ —>t)  <T;(y) 1Ty () Ay>2
<T1 (z)] T2 (z) |A2 >2

—>OBTY AT, <T; ) 1Ty x) 1Ay >2

(thp —>1ty) <T; (y) 1T, () | A,y >2
<Ty ()T, @) Ay>2

"<T1 “T2 ||A2>2

<T1 I T2 Il A2 >2

<TITy A, >2

<T1 1l T2 1l A2 >2

— D]

2<T;IT, 1Ay >2

— 0

3<TiITy1A;>2

<aplitylity>2

<aplitylity >2

W= W= W=

<ajlitality >2

<ty lity ity >2
<ty llta N tg >2

<talitallty>2

[FSTE R US TR U T

a Each column of the table can be directly equated to the one to its left.
b Excited states are written with their parent d"*1 states in parentheses.
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Table 5.5d. T4 d4 holes?

Square of Many- Square of One-
Transition? Square of Matrix Elements  Electron State Electron Reduced
5E (GS) Reduced Matrix Matrix Elements
Elements
—>(*A) T, <TyWIT,WIE@>2  Z<TITIE>2 7 <tlilies
(tp—>e) <T; (%) IT, (x) |E (g)>2 1—12—<T1 I Ty Il E>2 le <talitglle>2
<TG ITaWIE@P2  I<TITIE>2 7 <tlinle>?
<TI®)ITa O IE@E?  T<TITIE>? 15 <ulinles?
<Ti@IT,@IE(P?  TITIE>2 3 <tlinles?
—>(4Ty) 5T, < T (x) 1T, (x) E (8)>2 %<T2 I T, | E >2 11—2 <ajlitglity>2
(a—>t)  <T@IT;WIEE>?  7<TITIE>2 g <aliglp>2
<TL,MIT,MIEE>? LT ITIE>? 15 <alinlin>?
<HLM)ITaOIEE?  7<TITIE>? 7 <alinliy>
<L@OIT,@IEEP?  3<TITIE>? 7 <alilip>
—> (4T T; <T; (x) 1T, X) |E(6)>2 %<T1 T, | E>2 % <trlitgllty>2
—>1)  <TI@IT;WIEE?  T<TITIE>? 5 <hlinln>2
<T;(y) 1T, @) |E(6)>2 %<T1|IT2IIE>2 %<tzlltzllt2>2
<STIMIT, O IEE?  S<TITIE>? 15 <pligly>?
<TI@IT,@IE@EP?  3<TIITIE>? 3 <ulnlp>2
—>(T)T, <T@ ITa@IE@EP2  L<TIT,IE>2 0
—>t)  <T@IT;WIE®?2  <T,IT,IE>2 0
<T,®IT;6)IE@>?  L<TIT,NE>2 0
<Tp(y) IT2 @) |E(e)>2 % Ty I Ty I1E >2 0
<, @ITy@IEE»?  1<T,ITIE>2 0

@ Each column of the table can be directly equated to the one to its left.
b Excited states are written with their parent d"*! states in parentheses.

144



Table 5.5d. T4 d4 holes? (continued)

Square of Many- Square of One-
Transition? Square of Matrix Elements  Electron State Electron Reduced
5E (GS) Reduced Matrix Matrix Elements
Elements
—>(4T1) 5T; < T} (x) 1T, (x) | E (6)>2 %< Ty I T, 1 E>2 }1 <aplitgllity>2
(aj —> 1) <T; (%) 1Ty (x) IE (e)>2 %< T, I T, IE>2 11—2 <aplitglity>2
ST IT,MIE®R?  Z<TITIE>? g <aplipli>?
<TIO) T, M IE@E?  S<TITIE>? 15 <arliplip>?
<T@ 1T, () 1E (ep>? % T 1Ty IE>2 %<alllt2"t2>2
—>@TST, <Ty (M ITa@IE@2 7 <T{IT,IE>2 0
(—>1t) <T;(x) 1T () IE (e)>2 T1§< T; I Ty IE>2 0
<Ty () IT, ) IE(8)>2 4l<T1IIT2HE>2 0
<STIM)ITa@IE@E>?  S<TITIE>2 0
<TI@IT;DIE@E>?  3<TITIE>2 0
—>(*T) 5T, <Tp(x) 1T, (x) | E(6)>2 %<T2 T, Il E >2 % <plilit>2
(2 —>1t) <Tp (x) 1Ty (X) | E (e)>2 %<T2 I Ty Il E >2 41 <tplitglitpg>2
<T,MITaWIEE?  L<TITIE>? 15 <nliln>?
ST MITaWIEE?  7<TITIE>? 7 <ulplp>?
<L@OIT,@IEEP?  1<TITIE>? 3 <nlinlip>2

a Each column of the table can be directly equated to the one to its left.
b Excited states are written with their parent dn*1 states in parentheses.
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Table 5.5e. T4 d> holes?

Transition? Square of Matrix Elements
6A1 (GS)

Square of Many-
Electron State
Reduced Matrix
Elements

Square of One-
Electron Reduced
Matrix Elements

—SCE)6T, <Ty() 1T, x) 1A >2
ty—>e)  <To(y) Ty @) 1A;>2
<T, @) ITy(2) 1A >2

—>(5Tp) 6T, <T,(x) 1Ty (x) 1A, >2
(a1 —>1tp) <T, () 1T () 1A >2

<T2 (z) |T2 (z) Al >2

—_—> (5T2) 6T2 < T2 x) |T2 (X) | Al >2
(g —>ty) <Ty(y) 1Ty (y) 1A} >2
<T, @) T, @) Ay >2

3<TalIT, 1Ay >2

%‘<T2"T2“A1 >2

I<THIIT, A >2

F<TLIT 1A >2

A<THIT, A >2
1

'§<T2 ||T2 “A] >2

<T, I Ty Il Af >2

— D] bt

§ T2 Il T2 Il A] >2

I<TLIT A >2

Wl W W W Gt GO e

W = W]+ LI

<t litglle>2
<ty lltylle>2

<thplitplle>2

<aplitglity>2
<aplitglity>2

<ajlitality>2

<tality Nl tg >2
<trlitg Nty >2

<thlitylity>?

a Each column of the table can be directly equated to the one to its left.

b Excited states are written with their parent d™*! states in parentheses.
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The solution of equation 5.2' requires the evaluation of a single one-electron
matrix element < ac | g; | b > using symmetry-adapted linear combinations (SALC's) of
atomic orbitals for the one-electron orbital wavefunctions. The linear combinations of Cl
Is orbitals, as well as the ty and e one-electron HOMO orbitals (which contain both metal
3d- and ligand 3p-character) are given in Table 5.6. The coefficients ¢ and ¢ describe
the ligand 3p-6 and 3p-n contributions to the ty-set, respectively; and the c3 coefficient
reflects the ligand 3p m-component in the e-set. The wavefunctions in Table 5.6 are those
of Ballhausen and Gray 26 for the T4 geometry and ligand 3p-vectors as defined in Figure
5.3. The molecular axis system is designated x, y, z, and the local axis system of each
ligand is designated x', y', Z'.

For molecular orbitals, aa and b, written as aa= Cyym + CLYL, Where xp and
xL are symmetry-adapted metal and ligand combinations, the expansion of the one-
electron matrix element (ac|r|bB) is given by equation 5.5 and includes metal-metal,
metal-ligand, and ligand-ligand terms.

(acirlpB) = CpyCos' (xmltlms’ )+ CasCr' el L)+ CLCL (xLielx,') (5.5

It has been demonstrated for ligand-to-metal charge transfer (LMCT) transitions that the
ligand-ligand term gives the dominant contribution to {acjr|bf).27-29 The approx-
imation, which neglects the other integrals, should be even more valid for ligand pre-edge
transitions than for LMCT transitions due to the localized nature of the ligand 1s orbital
involved in the transition. Including only integrals which involve atomic orbitals on the
same ligand center, the ligand-ligand integral can be approximated using equation 5.6.

(2Llr(xy.2)xr) = pR{sr(x .y .2 )|p) (5.6)

where pR is the projection of the electric dipole vector in the molecular axis system
(X, y, z) onto the ligand axis frame (x', y', z' ) (R is the metal-ligand bond length), y; is a
symmetry-adapted linear combination of ligand 1s core orbitals, and Y 'is a symmetry-
adapted linear combination of ligand 3p orbitals. The projections, pR, have been
determined for this T4 system using the vectors in Figure 5.3 and are given in Table 5.7.
Using equations 5.5 and 5.6 and Table 5.7, the solution for each non-zero one-electron
matrix element on the left in equation 5.2' is obtained and is given in Table 5.8.

Having obtained the one-electron matrix elements, the value of the one-electron
reduced matrix elements (<aj HHta Ity >, <ty litallt2 >, and <ty Il t7 Il e >) can be
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Table 5.6. Symmetry-adapted One-electron Wavefunctions for a T4 Molecule?

Ligand '

Core 1s SALC's

Orbitals

a) %(sl+52+33+54)

t2(x) %(S] -89 +53 - 84)

t(y) %(s1+sz-83-S4)

t2(2) %(sl -572-53+54)

Metal SALC's

d-type .

Orbitals  metal component ligand component
1

e(8) Vi1 -c3?1dz2 +¢3 [ (Px1 - Px2 - Px3 +Px4)]
1

e(e) Vi1 - c32] dx2.y2 +c3 [3(Py1 - Py2 -Py3 +Py4)]
1 1

2(x) VI1-(ci2+cldy;  +c1 by (P21 - P22 +Pz3-Pra)l +2 [[(Px1 +Px2 -Px3 - Pxa) + V3 (Py1 -Py2 +Py3 + Pya)]]
1 1

t2(y) V[1-@12+c)ldy,  +cy [ P21+ Pz2-Pz3-pza)l +c2 [7 [(Px1 -Px2 +Px3 -pxa) + V3 (py'1 -Py2 +Py3 - Pya)l]
1 1

t(z) VI1- 2+ D1 dxy  +c1[7(P21-P22-Pz3+Pza)] -2 [5(Px1 +Px2 +Px3 +Px4)l

a Taken from Ballhausen, C. J.; Gray, H. B. Molecular Orbital Theory; Benjamin Press: New York, 1964, pp 108-109.



Figure 5.3. The T4 molecular axis system and ligand p-orbital vectors used for
molecular orbital construction.26 The molecular axes are X, y, z, and the local axis
system of each ligand is designated with x', y', z'. For each ligand, the z' (6-bonding) p
orbital is along the ligand-metal bond. The n-bonding orbitals are perpendicular to the
bond with each y' being 90° to the molecular z-axis. Note that the x" and y" vectors of
ligand centers 1 and 4 are related by symmetry as are centers 2 and 3, but the two sets of
vectors do not directly transform into one another with point group operations.
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Table 5.7. Projections of Molecular Axes onto Cl p-Orbitals in a Tq Molecule?

Cl p-orbital Molecular x Molecular y Molecular z
, R R + RV2
P 6 "6 Ry
R R
Py +33 - 0
R R R
Pz +73 +33 +33
, R R LRV
Px2 "3 *Y6 £}
R R 0
Py2 ¥ *
' R + R R
P22 "B ] )
' R R + RvV2
Px3 36 "6 3
R R
Py3 "7 - 0
' R R R
P23 3 N3 "
R R RV2
Pxs 36 36 B
R R
Pv4 -z +7 0
' R R + R
Pz B N 7

a Determined using vectors defined in Ballhausen, C. J.; Gray, H. B. Molecular
Orbital Theory; Benjamin Press: New York, 1964, pp 108-109; see also Figure 5.3.
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Table 5.8. Evaluation of One-electron Matrix Elements With Molecular Orbital Expressions

One-electron
Matrix Element

Molecular Orbital Substitution?

<aj 1ta(x) 1ta(x)>
<ap lta(y) 1t2(y)>
<aj | ta(z) 1 ta(z)>
<ta(x) I ta(x) 1 e(O)>
<tz(x) 1t2(x) le(e>>
<ta(x) I t2(2) 1 t2(y)>
<ta(x) I ta(y) | t2(2)>
<ta(y) I't2(y) 1 e(O>
<ty(y) I t2(y)  e(ep>
<ta(y) 1t2(2) | to(x)>
<ta(y) I't2(x) | t2(2)>
<tx(z) | to(z) | e(8)>
<tx(z) | tay) 1 ta(x)>

<ty(z) | t2(x) | to(y)>

clRVlg <slr(z)\py>- c2R%-6‘<sl r(x)Ipx>-c R%QI r(y) I py>
c1 R;}g <sslr@)Ipzy>- ¢ Rﬁg«l r(x‘)lpx->-c2R%<sl r(y) I py>
cl% <sl r(z) Ipz'>-c2R\;%— <s|r(x') I px>

-c3R g <s| r(x) I py>

C3R;}2— <slr(y)lpy>

(] % <s | r(z) IpZ->+c2R%%§ <slrx) I px>

cl% <s| r(z) Ipz->+c2R;]lg <sirx) pxy >

'C3RVI6— <s Ir(x') Ipx'>

-C3qui <s Ir(y") Ipy >

ct % <s | r(z) Ipzv>+c2R%2§ <s lr(x') Ipx>

cz% <s | r(z) Ipz'>+c2RV16— <sir(x) Ipxy>

C3R£]l§— <slrx) Ipxy >

c1 % <s | r(z" lpzv>-c2R§\ljg<slr(x') lpx'>+c2R-2-%<slr(y')lpy'>
Cl% <sslr@)ipy>-c2R jﬂlg <s | r(x") Ipx~>+c2R%32— <sir(y)lpy>

a Using symmetry-adapted one-electron wavefunctions given in Table 5.6.



determined using equation 5.2' and are given in Table 5.9.30 Reduced matrix elements
involving the ty-set of orbitals are a sum of 3pg{pz)- and 3pr(px )-based integrals, while
integrals involving the e-set have only 3pr(px )-based integrals. Table 5.9 also gives the
square of each one-electron reduced matrix element. For transitions to the tp-set, the
square includes cross terms due to the contributions from both 6- and nt-based intensity
mechanisms.

(iv) Calculation of Dipole Strength in the Strong Field Limit. The dipole
strength (equation 5.1) is now evaluated for each pre-edge transition by summing the
squares of each matrix element contributing to the transition (see Table 5.5, last column).
Table 5.10 gives the dipole strength for each pre-edge transition (with its parent excited
state designated in parentheses) in terms of one-electron reduced matrix elements. Also
given in Table 5.10 are the equivalent dipole strength expressions derived from
substitution of the molecular orbital wavefunctions in Table 5.9.

The electron repulsion between a localized ligand core (1s) hole and electrons in
the valence d-manifold should be minimal. Thus, transitions which are related to the
same dM*] parent, differing only in the ligand core orbital of origin (a; or t2) are assumed
to be degenerate, and contributions from their dipole strengths will be additive. For
example, the 2A | and 2T excited states of T4 CuCls?- arise from the same parent
excited state (1A1) and thus contribute to pre-edge intensity at the same energy. The
expressions for the total sum dipole strength for each d™! parent excited state are given
in Table 5.11. Since the intensity of the pure Cl 1s —> 3p transition to the 3p,' orbital is
equal in magnitude to those to the 3px' and 3py' orbitals, the following substitutions are
made, <s I rlp>2=<s|r@)Ipy>2=<s|rx)lpy >2=<sir(y)|py >2. Note that
when the dipole strengths for each parent excited state are calculated, the -7 cross terms
cancel. Thus, cross terms do not contribute to observed transition intensity. For each
Cu(I), Ni(II), and Co(II), in which there is only one parent excited state, the intensity of
the transition to each state is proportional to the sum of the o and nt 3p-covalency in the
ty-set [c 12 + cp2], a constant related to the number of ground state t-set holes, the square
of the bond length, and the intensity of a pure Cl 1s —> 3p transition (<s | rlp>2). It
should be noted that the result obtained for Tq CuCls?- holds even if the symmetry is
lowered to D24.31 Further, the expression derived for the Cu(I) complex by this
methodology is exactly analogous to that given in Chapter 1 (equation 1.3c) for the
simple 1s —> y* transition.

For Fe(IIT)Cl 4, there is one parent excited state arising from a transition to the
e-set (5E) and one parent excited state derived from a transition to the t2-set (°T2). The
dipole strength expression for the transition to the 5Ty parent is identical to that for the
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Table 5.9. Conversion from One-electron Reduced Matrix Elements to One-electron Matrix Elements

Substitution for One-electron Substitution for the Square of

Reduced Matrix Elements One-electron Reduced Matrix Elements
<ailiplity> -ciR<slr@) Ipr>+V2cR<s|r(x) I px>
<ap ity Nty >2 c12R2 <s | 1(Z) 1py >2 +2c22R2 <s | r(x) | py >2

-2V2c1coR2 <s | K(Z) | py ><s | R(X) | px' >

<pligity> -Y2cR<s!r@)lpy>-coR<s|r(x) 1 pye>
<ty Nty 11ty >2 2012R2 <s | 1(Z') | p>2 + c22R2 <s | p(x') | px >2
+2¥2c1coR2 <s | r(z) I pz ><s | v(X) I pxr >

<tlitplle> V2ciR<slrx)Ipy>
<t ity e >2 2c32R2 <s | r(x') | px >2




Table 5.10. Dipole Strength for Each Contributing Pre-edge Transition for MCl 4™
(d1-d3 holes)

Transition

Dipole Strength in Terms of

one-electron
reduced matrix
elements

molecular orbital expressions

CuCl42-
2T, (GS)

—>(1AD 2A1
(aj —>tp)
—> (1Ay) 2T,
(th—>1)

NiCly?-
3T, (GS)

%<a1 "t2”t2>2

1
§ <t2"t2"t2>2

% [c12R2<s | F(Z) | py>2 +2c2?R% <s | r(x") | px>2

-2V2c109R2 <s | 1(Z) | pp ><s | 1(x") | py >)
% [2¢12R2 <s | 1(Z') | p2 >2 + ¢2?2R2 <s | r(X) | px >2

+ 2V2c1c0R2 <s | 1(Z') | py ><s | r(x") | py' >]

—> (2T 3T,
(a;—>1)
—>(2Ty) 3E
(th,—>1t)
- (2T2) 3T1
(th—>1)
> (2T2) 3T2
(t2 —> t2)

CoCly?-
4A, (GS)

%<a1 ||t2”t2>2
1 2
§<t2||t2"t2>

L ctyliyliey>2
ﬁ<t2 t2|t2>

1
1—8'<t2||t2"t2>2

% [c12R2 <s | 1(Z) I py>2 + 2c22R2 <s | r(x') | py >2

-2V2c1coR2 <s | r(2) | py ><s | r(x") | pyx >]
—;— [2¢12R2 <s | 1(z') 1 p2 >2 + ¢22R2 <s | r(x") | px' >2

+2V2c1c9R2 <s | 1(z') | py ><s | r(x") | px>]
1—18- [2¢12R2 <s | 1(2') | pz>2 + ¢p2R2 <s | p(x) | px >2

+2V2c 1©2R2 <s 1 r(z') 1 py ><s | r(x") | px >]
—llg [2c12R2<s | 1(z') I p2>2 + 22R2 <s | r(x') | px>2

+2V2c 160R2 <s | r(Z) | p ><s | r(X") | px>]

—> (3Ty) 4T,
(aj—> t2)
—> (3Ty) *T)
(tp—>1t)

1
3<al Ity 1l tp >2

%qz Ity Ity >2

3 [c12R2 <51 1(Z) 1 py >2 + 2072R? <5 | £(x) | py 2

| -2V2c1cR2 <s | K(Z') | py ><s | r(x") | pyr >]
3 [2¢12R2<s | r(2)) I pz >2 + ¢22R2 <s | r(x") | px>2

+ 2V2c1coR2 <s | 1(z) I p ><s | F(X') | py >]
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Table 10. Dipole Strength (Continued)

Transition

Dipole Strength in Terms of

one-electron
reduced matrix
elements

molecular orbital expressions

Fe(I)Cly?
3E (GS)

> (4A2) 5T1
(tz —>e€)

—> (4T») 5T2
(aj—>1ty)
—> (4T) 5T,
(2 —>1tp)
—> (4T) 5T,
(t2—>1)

—>(*Ty) °Ty
(a;—>1tp)
—> (4T)) 5T,
(t2—>1ty)
—> (4T) 5T2
(t2—>1t)

Fe(IM)Clg~
6A, (GS)

1
6<t2||t2||¢>2

1
€<ai Ity 1ty >2

é<t2 Ity 1l tg >2

1
g<a Htp ll ty >2

—é—<t2l!t2|lt2>2

1 [2c%R2 <1 £(x) | py 2]

% [c12R2 <s | 1(z) | py>2 +2c22R2 <s | r(x") | px>2

- 2¥2¢c1coR2 <s | 1(Z) | py ><s | r(x") | px >]

% [2¢12R2<s | HZ') I pz >2 + ¢22R2<s | r(x") I px>2

+2V2¢1caR2 <s | 1(Z') I p2 ><s | r(x") | px >]

L[c12R? <51 1(2) 1 py>2 + 2092R2 < | 1(X) | py >

-2V2c1cpR2 <s | r(z') 1 py ><s | K(x') | px>]
-é— [2¢12R2 <s | 1(2') I p2>2 4+ c22R2 <s | F(x) | px>2

+2V2¢1coR2 <s | 1(2') | py ><s | v(X') I py >)

_ (SE) 6T2
(th —>e)

—> (5Ty) 6T,
(agj —>1tp)

%<t2|lt;>_|le>2

%<a1 Ity !ty >2

—> (5Ty) 6T, %< to 1ty 1l ty >2

(b—>1t)

% [2c32RZ <s | r(x") I px >2]

% [c12R2 <s | r(Z)) | py>2 + 2c22R2 <s 1 r(x") | px'>2

- 2V2c1coR2 <s | K(z') I py ><s | F(x") | px'>]
% [2¢12R2 <s | 1(z') | pz>2 + ¢22R2 <s | r(x') | px>2

+2¥2c1coR2 <s | 1(Z) | pz ><s | rx) | px' >]
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Table 5.11. Strong Field Dipole Strength Expressions for MCl4™
Pre-edge Transition Intensities

Complex  Parent dn+!
Excited State

Dipole Strength for Transition to
Parent Excited State

CuCly?- 1A,

% (c12+c2)R2<slrip>2

NiCly2- 2T, % (c12+c)R2<sirip>2
CoCl4?- 3T, (c12+c2)R2<slirip>2
Fe(I)Cl42- 4, %032 R2<sirip>2

4T, —é—(c12+c22)R2<slrlp>2

4Ty %(012+c22)R2<s|r|p>2
Fe()Cly  SE 2c2R2<sirip>?

STy (ci2+c)R2<slrip>2
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single Co(II) excited state parent because both metal sites have the same ground state t2
configurations. The intensity of the transition to the 5E parent excited state is propor-
tional to the 1t 3p-covalency [c32] in the e-set, a constant related to the number of ground
state e-set holes, RZand <sirlp>2.

For Fe(I1)Cl42-, there is one parent excited state arising from a transition to the
e-set (4A3) and two parent excited states derived from a transition to the to-set 4Ty +
4T). The dipole strengths of the pre-edge transitions to the 4T3 and 4T parents are equal
and each is half the value calculated for CoCl42-. Thus, for transitions to the ta-set,
Fe(II)Cl42- has the same total dipole strength as CoCl42- because Co(1I) and Fe(II) have
the same t, ground configuration. However, the intensity in Fe(II)Cl42- is distributed
equally over two excited states. The intensity of the transition to the 4A parent in
Fe(II)Cl42- is related to that for the SE parent in Fe(III), with the difference reflecting the
fact that Fe(II) has one less e-hole in the ground state.

5.4.2.3. Higher State Mixing and Excited State Energies in Intermediate-
Strength Ligand Fields. The analysis of pre-edge intensities has up to this point treated
the transitions in the strong field limit. For a T4 complex with chloride ligands, however,
the treatment must be extended to account for the fact these complexes are closer to the
weak field limit. In intermediate-strength ligand fields, mixing between states of
appropriate symmetry is non-negligible. Mixing of a pre-edge transition parent excited
state with a higher lying d"*! excited state will result in the redistribution of pre-edge
intensity to higher energy. The consequence of this mixing would then be a reduction in
the experimentally observed pre-edge intensity.

Both Co(II) and Fe(II) have dn*! parent excited states which can mix with higher
lying states of appropriate symmetry. These higher lying excited states derive from
formally forbidden two electron excitations. This mixing will redistribute some of the
intensity predicted by the strong field dipole strength for the transition to the allowed
dn+! parent (Table 5.11) to higher energy (relative to the pre-edge transition in
Figure 5.1). The magnitude of this mixing is determined from the d™*! Tanabe-Sugano
matrices 32 for Co(II) and Fe(II), assuming reasonable values of Dq and B for the dn+!
excited states. As described in Section 5.4.1., the excited state Dq is expected to be
approximately 60% of the ground state value. Appropriate values of B are obtained from
values for F determined for the d™*! free ions Co(I) and Fe(I)33 and using F4 = 0.07F;
and B = F; - 5F4. Table 5.12 gives excited state values of Dq and B, as well as the
coefficients of mixing calculated from the Tanabe-Sugano matrices, and the absolute and
relative energy splittings of excited states for Tg Co(II)Cl42- and Fe(II)CI42". Because the
magnitude of B might be expected to be further reduced due to covalency, the B values in
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Table 5.12. Distribution of Energies and Intensities for Final States of MCl4"- Pre-edge Transitions

Tqg

Parent  Higher Excited Excited Calculated Relative

Metal (n+l State of State Dq State B Energy Energy

Coeff. of Ratios from Theoretical
Mixing? Strong Field Intensity

Ton?  Excited Appropriatt (cm-!) (cm-)  Valueb Value D¢ Ratiosd
State ~ Symmetry (cm-1) (eV)
for Mixing
Co() 3Ty 186 812  -61655 0 0.84 1 1
3T,b +7213.5 166  0.16 1 0.19
Fe) 4A, - 250 722 -138300  -031 ; % o1 0.42
‘T, - 113300 0 - Ter+cd
4T,a 04360 023 029  J(ei2+c?) 029
41b +106.0 1.42 0.71 0.71
Fe(lll) SE - 393 0 - Zep 0.58
5T, ; 0.49 - (€12 +cp?) L

]

Cu and Ni are not included here because there is only one parent excited state in each case and thus there is

no splitting to be calculated.
Calculated using Tanabe-Sugano matrices.32
See Table 5.11.

The ratios between transitions to t7 orbitals are completely determined from the calculated D, expressions and the
calculated coefficients of mixing. The ratios between transitions to t; and e orbitals have been estimated using c32 and

(c12 + c22) from X calculations (see text).



Table 5.12 should be taken as an upper limit. For smaller B, there would be less mixing
between the two states and a smaller energy splitting.

For Co(IT)Cl42-, the pre-edge intensity for the transition to the allowed 3T ;4
parent excited state will contain ~84% of the predicted strong field intensity. The
remaining ~16% is predicted to be redistributed to ~1.66 eV higher energy (for the
formally forbidden transition to 3T).

There are three allowed excited state parents in T4 Fe(II), only one of which (4T1)
experiences higher state mixing. The allowed parent excited state is denoted 4T4, and
the higher lying forbidden state is 4T15. Evaluation of the Tanabe-Sugano matrices
indicates that the majority (~71%) of the intensity predicted for the 4T12 parent final state
(see Table 5.11) is actually redistributed to ~1.19 eV higher energy (relative to the
allowed 4T;4 state). To define the distribution of intensity for all T4 Fe(II) pre-edge
transitions, the ratios between the dipole strengths of each transition can be employed
(see Table 5.11). These ratios (given in Table 5.12), combined with the coefficients of
excited state mixing, can be used to calculate the pre-edge transition intensity ratios. For
transitions to the excited state parents 4T, and 4T 4, the 4T»:4T 4 intensity ratio is 1:0.29
and the excited states are separated by 0.23 eV. The higher lying (forbidden) 4T state
has an intensity of 0.71 relative to 4T,. The relative contribution of the transition to the
e-set of Fe(II) (the 4A, parent) requires an estimate of the ratio between the Tt-covalency
[c32] in the e-set and the total (6 + Tt = [c12 + ¢22]) covalency of the ta-set. This ratio can
be estimated from an X o calculation of Fe(II)Cl42- (vide infra) which indicates that
c32:[c12 + c22] ~ 0.64:1. The total intensity ratio between transitions to 4A and 4T is
then predicted to be 0.42:1, with an energy splitting of 0.31 eV. These results are
summarized in Table 5.12.

While T4 Fe(III)Cl4™ has no intermediate-strength ligand field mixing, the
transition intensity ratio between transitions to the e- and t-sets (°E and 5T parents,
respectively) can be similarly determined. The ratio between the e-set t-covalency [c3?]
and the tp-set covalency [c1? + ¢32] is determined from an Xa. calculation (vide infra) to
be c32:[c12 + cp2] ~ 0.86:1. The combination of this ratio and the intensity ratios
predicted by the dipole strength expressions (Table 5.11) give the pre-edge transition
intensity ratio for Fe(IN)Cly" to be SE: 5T, ~ 0.58:1. The energy splitting between these
two parent states is equal to the excited state 10Dq and is determined to be 0.49 eV.

5.4.2.4. Determination of Total Experimental Pre-edge Intensity and
Calculation of Covalency. Based on the intensity ratios and energy splittings derived in
the previous section (see Table 5.12), each pre-edge feature has been broken down into its
contributing transitions. Figures 5.4a-e show the experimental data with the contributing
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pre-edge transitions and their assignments. The transitions are fixed to have the
appropriate theoretical intensity ratios and energy splittings.

The strong field dipole strength expressions derived above and given in
Table 5.11 describe the rotal multiplet transition intensity. For CuCl4?- (Figure 5.4a)
and NiCl42- (Figure 5.4b) a single transition contributes to the pre-edge, and the total
pre-edge transition intensity is that observed in the Results (Section 5.3) and given in
Table 5.2. For CoCls2- (Figure 5.4c), the intensity under the pre-edge feature is not the
total multiplet transition intensity. Rather, the total intensity includes the contribution
which has been redistributed to higher energy due to mixing in an intermediate-strength
ligand field. Thus, the pre-edge feature reflects ~84% of the total (see Table 5.12) and
the total experimental estimate of multiplet intensity is obtained by multiplying the
observed pre-edge intensity by O.IW .

The two transitions which contribute to the pre-edge feature in Fe(III)Cl4 are
unresolved but the feature is broadened34 (Figure 5.4e). The intensities of the two
transitions (with fixed energy splittings and intensity ratios) were modeled with a number
of different rising edge backgrounds. In each case the sum of the intensities of the two
transitions was within the error reported for the intensity of the feature obtained from a
one-function fit which was reported in the Results (Section 5.3) and given in Table 5.2.

For Fe(I)C142- (Figure 5.4d), the observed pre-edge intensity is the sum of
transitions to the 4A 5, 4T, and 4T parents. The total multiplet intensity must also
include the contribution which has been redistributed to higher energy (4T1%) due to
mixing in an intermediate-strength ligand field. The sum of the 4A2, 4T, and 4T 4
transitions (i.e., the pre-edge peak intensity), compared to the intensity redistributed to the
higher lying SE —> 4T transition, gives a theoretical ratio of 1:0.415. The observed
pre-edge feature intensity, then, reflects only 70.7% of the total multiplet intensity. As
for Fe(III)Cly ", the sum of the intensities from the transitions which contribute to the
pre-edge feature is adequately described by the intensity of the pre-edge feature obtained
from a one-function fit (Table 5.2). Thus, the total multiplet intensity is determined by
multiplying the observed pre-edge intensity (Table 5.2) by 0—7157 . The total multiplet
intensity (the sum of all contributing transitions) for each complex is given in Table 5.13.

The dipole strength expressions in Table 5.11 can now be applied to the total
multiplet intensity to obtain a quantitative estimate of the covalency in each system.
Dipole strength is usually equated with absolute, rather than normalized, intensity. To
verify that the dipole strength can be applied directly to the data normalized to the edge
jump intensity, we have calculated the dipole strength for the edge jump, modeled as a Cl
1s —> 4p transition. The dipole strength was determined to be the same for each
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Figure 5.4. Pre-edge transition assignments for (a) CuCls2-, (b) NiClsZ-, (c) CoCl4?, (d)
Fe(I)Cl42-, and (¢) Fe(III)Cl4". Transitions are fixed to theoretical intensity ratios and
energy splittings (Table 5.12) and are designated by the ground state of each system and
the parent d™*! metal excited state to which the transition occurs. States designated with
a "b" derive intensity from intermediate-strength ligand field mixing.

161



91

Table 5.13. Covalency Analysis of Pre-edge Intensities in MCl4" Cl K-edges

Factor for
Complex Observed Intensity Total Covalency Reflected in
Pre-edge Distributed ~ Multiplet Dipole Strength (%)
Intensity to Higher Intensity
Energy
CuClyZ 0.526+0.017 0.52610.017 ci2+cp?2 = 30014
NiCly2- 0.42810.018 0.42810.018 ci2+cy2 = 11.840.6
1
CoCly%- 0.41940.021 084 0.49740.025 ci2+c2 = 9.0405
1 1
Fe(ICle-  0.427+0.039 0707 0.662+0.061 ci2+c?+3cal = 119419
2
- 2 “ o2 =
Fe(INCl4 1.505+0.064 1.505+0.064 ci2+c?+3c2 = j98416




molecule.35 Since each normalized edge jump has an intensity of 1.0, the pre-edge
intensity dipole strength expressions (Table 5.11) can reliably be applied to the
normalized data.

It is well-established that the Cl contribution to the HOMO in D4 CuCl4?- is
~30%.36 By equating the dipole strength expression for CuCl42- in Table 5.11 to the total
pre-edge intensity of the complex in Figure 5.1b and letting the total (G + 1) chloride
character be 30% ([c12 + c22] = 0.30), the value of the Cl 1s —> 3p transition intensity
(<s ! rlp>2)can be estimated. This value of <s | r|p >2 can be substituted into the
dipole strength expressions for the remaining complexes and the covalency of each can
be obtained from the pre-edge intensity. Because the transitions to the parent excited
states in Fe(I)Cl42- and Fe(III)Cl4  are not experimentally resolved, the total pre-edge
intensity must be equated with the sum of the dipole strength for all contributing
transitions (Table 5.11). For Fe(II)Cl42-, D (total) = (c12 + c22 + % c3?)R2<slirip>2
and for Fe(IICl4’, Do(total) = (12 + 22 +5 ) R2<s 1 rIp>2.

The C]  + 6 covalency [c12 + ¢22] in the tz-set in NiCl42- and CoCl4?- is
calculated to be (11.81+0.6)% and (9.0+0.5)%, respectively, indicating a reduction in
covalency relative to CuClg2-.

For Fe(II)Cl42-, the covalency derived from the pre-edge intensity is the total Cl
3p character (Tt + ©) in the tp-set plus one-third of the 3p () character in the e-set
[c12+c2+ % c32] and is determined to be (11.9+1.2)%.

The covalency determined for Fe(IITI)Cly is (29.8+1.6)% which corresponds to
the total Cl 3p character (1 + ¢) in the t3 set plus two-thirds of the 3p (%) character in the
e-set [c12 4+ co2 + % c32). These results are summarized in Table 5.13.

In this analysis the value of the Cl 1s —> 3p transition intensity (< s | r | p >2) has
been assumed to be constant over the MCI4" complexes. In fact, this intensity should be
somewhat dependent on the charge on the chloride. As was shown in the Section 5.4.1.
(Table 5.3), the charge on the chloride varies in these complexes by as much as one-third
of a charge unit. To ascertain the relationship between the Cl 1s —> 3p transition
intensity and the Cl charge, the relative oscillator strength of the transitions has been
estimated using hydrogenic wavefunctions. The result is proportional to the effective
charge (Zzp) in both the Cl 1s and Cl 3p orbitals. The proportionality relationship is
given in equation 5.7.

2 (25 &) (2 D) (2o 0+ 22,1505))

(sir|p)” a 3
(Zey (P)+ Zegy (5))

. (57D
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The values of Z(s) and Z(p) can be estimated using Slater's rules37 and are calculated
using the experimentally determined charges (Table 3) to be Zg(s) = 16.7 and Zgg(p) =
5.56, 5.52, and 5.63 for Cl bound to Cu(II), Ni(II), and Fe(IlI), respectively; the Zg(p)
for Cl bound to Co(II) and Fe(II) are equal to that of Cl bound to Ni(Il). Figure 5.5
shows the relationship between the Cl 1s —> 3p oscillator strength and Zg(p), with
Zg(s) fixed at 16.7. In the range of Z4(p) for these complexes, the relationship is nearly
linear. While there is clearly an increase in Cl 1s —> 3p intensity with increasing Z.g(p)
due to the 3p orbital contraction, the absolute change is not very large. These results
predict that Cl bound to Ni(II) should be characterized by a < s | r | p >2 value ~2% less
intense than that for Cl bound to Cu(Il). Between Fe(II)Cl42- and Fe(III)Cly4, an increase
in Cl 1s —> 3p intensity of ~5% is predicted. Since the effect is small, it is reasonable to
assume an approximately constant value of <s | r1p>2 as in the above analysis.

5.4.2.5. MClg"™ Xa Calculations: Comparison to Experimental Results. Xo
calculations have been performed on Dag CuCl42- and Tg MCly™ (M = Ni(II), Co(Il),
Fe(II) and Fe(III)) for comparison to the results of the experimental covalency analysis.
The results of these calculations are summarized in Table 5.14. Tables which detail
orbital energies as well as the calculated valence orbital components for these complexes
are provided as supplementary material in the appendix to this chapter.

The total Cl-character in the to-set of orbitals varies from 30% in CuCl42- to 15%
in Fe(I)Cl42-; in Fe(II)Cly" it is 26%. Further, the Cl 3p component of this covalency,
which contributes to the electric dipole intensity of Cl K-edge transitions, varies across
the series from 95% in CuCl42- to 68% in Fe(I)Cl42-; for Fe(III)Cl4 the C1 3p
component is 86%. Thus, the Cl 3p character in each t3-set (corresponding to [c 12 + c32]
in the above analysis) varies from ~28% in CuCl42- to ~10% in Fe(I)Cly?- and is ~22%
in Fe(II)Cl4 . The results indicate a trend in Ci 3p-covalency over the divalent metal
series which is correlated with decreasing effective charge on the metal in going from
Cu(Il) to Fe(Il).

The Cl-character in the e-set of Fe(II)Cl42- and Fe(IIT)Cl4” can be similarly
examined. The total e-set Cl-character is 10% in Fe(II)Cl42- and 23% in Fe(III)Cl4". Of
the total Cl character in the e-set of Fe(II)Cl42-, 65% is Cl 3p (m). Thus, the total Cl 3p
(1) contribution (corresponding to c32) is found to be ~6%. In Fe(III)Cls” 84% of the
total Cl-character in the e-set is Cl 3p (%t). Thus, the total CI 3p () contribution is ~19%
(see Table 5.14). The increase in both t7 and e covalency in Fe(III)Cly relative to
Fe(II)Cl42- is related to the change in oxidation state as well as the concomitant shorter
ligand-metal bond length (see Table 5.1).

164



— 5.1 T T T T
=
o
P 50 [~ -
<t
‘o_ 4.776 [Cu(ll ."
. u

% sl cuml - _ |
= .
8’ 48 - | . N
@ 2" 4.913 [Fe(lll)]
b | ]
({_) 4.7 . [ | " -
_Q =
©
% 4.6 B -
7 4.697 [Ni/Co/Fe(ll)]
O 4.5 | I ] 1

5.50 5.55 5.60 5.65

Z..(p)

Figure 5.5. The oscillator strength of the Cl 1s —> 3p transition intensity vs. Zg(p), the
effective charge of the Cl 3p orbital. In this range of Z.g(p), the relationship is nearly
linear. The value of Zgg(s), the effective charge of the Cl Is orbital, is fixed at 16.7 as
calculated by Slater's rules. The Zgf(p) are calculated from Slater's rules and the
experimentally determined charge (Table 5.3). The oscillator strength is 4.697 for Cl
bound to Ni, Co, and Fe(Il), 4.776 for Cl in Cu(II)Cl42- and 4.913 (x 104 cm) for Cl in
Fe(II)Cly .
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Table 5.14. Summary of SCF-Xa-SW Calculations of MCl4™ Complexes

Total %

Ty Complex Cl-character Cl 3p Character % Cl 3p-character Cl 3p-covalency Observed in
in Metal as a Fraction of in Metal d-derived Total Multiplet Intensity (%)
d-derived Total Ci Orbitals
Orbitals

CuCly?- (Dyq) 30 0.95 282 (=ci2+c3?) 28.2

NiCls2- 19 0.88 16.7 (=ci2+cp?) 16.7

CoClyZ 16 0.77 123 (=ci2+c?) 12.3

Fe(INCls2- (ty) 15 0.68 102 (=ci24¢p?) 124 (=ci2+cp?+ %c32)

(e) 10 0.65 6.5 (=c32)
Fe(INCls- (tp) 26 0.86 224 (sc?+c?) 353 (=ci2+c?+ic?)

(e) 23 0.84 193 (=c3?)




In these calculations the remainder of the total Cl character in the t7 and e-sets
(that which is not 3p) is delocalized into diffuse, £ = 2 orbitals. If the calculations are
repeated with £pmax = 1 for the Cl ligands, this £ = 2 electron density is shifted onto the
metal.

For comparison with the experimental covalency analysis, the covalencies
from the X o calculations must be correlated to that which is reflected in the multiplet
intensity: [c12 + ¢32] for Cu(Il), Ni(Il), and Co(Il), [c)2 +c22 + % c32] for Fe(II), and
[c12 +co2+ 3 c32] for Fe(IIl). These sums are included in Table 5.14. Comparison of
the calculated covalency values (Table 5.14, last column) to the experimentally
determined covalencies (Table 5.13, last column) shows the results to be in agreement
within ~5%.

5.5. Discussion
5.5.1. Factors Which Determine Pre-edge Intensity

From analysis of ligand K-edge XAS of a series of first row transition metal
MCl4™ complexes, three factors which contribute to pre-edge transition intensity have
been defined: the statistical probability of the occurrence of a pre-edge transition, the
degree of excited state mixing in intermediate-strength ligand fields, and the HOMO
covalency of the site. Each of these contributions is discussed below in greater detail.

Pre-edge intensity is related to the statistical probability of an allowed pre-edge
transition. This is reflected in the dipole strength expressions derived for the complexes
in these studies. The dipole strength expressions in Table 5.11 for T3 Cu(II), Ni(1I) and
Co(Il) predict an intensity ratio of 1:2:3 (everything else being equal), in proportion to the
number of t> holes in the ground state of each metal. The dipole strength of T4 Fe(II) and
Fe(I1I) centers follow a similar trend for ground state holes in the t3 and e-set. Thus, the
more orbital vacancies to which spin-allowed transitions are possible, the more intense
the pre-edge feature. Figure 5.6a shows theoretical Cl K-edge spectra for each of the
complexes in this study as they would appear in the strong field limit (e.g., no mixing) if
the covalency were constant over the series. The covalency of each site is fixed at 0.30
for the to-set, with the e-set covalency in Fe(II)Cl42- and Fe(IIT)Cly4” fixed at the ratios
obtained from Xa calculations. The total intensity predicted by the dipole strength is
modeled by the FWHM x Ht of each the features, using the same FWHM for all
transitions. The pre-edge transition intensity increases by 1:2:3 for Cu(II):Ni(II):
Co(II)Cl42-, a result which reflects the statistical probability of the occurrence of a
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Figure 5.6. (a) Theoretical Cl K-edge XAS spectra of MCl4" complexes with i) constant t)-set covalency (30% Cl), ii) e-set
covalency fixed with the ratio determined from Xa calculations and iii) no intermediate ligand field mixing of states. (b) Theoretical

Cl K-edge XAS spectra of MCl4"- complexes with constant tp-set covalency (30% Cl), ii) e-set covalency fixed with the ratio
determined from X o calculations and iii) intermediate-strength ligand field mixing of states. (c) Experimental Cl K-edge XAS

spectra of MCl4"- complexes.



pre-edge transition for each metal complex. The Fe(II)Cl42- pre-edge is somewhat more
intense than the Co(II)Cl42- (and Fe(IIT)Cl4™ is more intense than Fe(I)Cl142-) due to the
additional contributions from transitions to the e-set.

The second contribution to pre-edge feature intensity is mixing between excited
states in intermediate-strength ligand fields. This mixing lowers the observed pre-edge
intensity by distributing some of the pre-edge intensity to higher energy. Figure 5.6b
shows theoretical Cl K-edge spectra as they would appear for complexes with the same
covalency, with the added effect of excited state mixing in intermediate-strength ligand
fields. The magnitude of mixing is that determined in Section 5.4.2.3 and the covalency
is as above for Figure 5.6a. The intensity of the pre-edge in CuCl42-, NiCl42-, and
Fe(III)Cly is the same as in Figure 5.6a, but the intensity of pre-edges in both CoCly?
and Fe(I)Cl42 is reduced by ~16 and ~35%, respectively, due to higher state mixing.
Note that if the covalency were as high as it is fixed to be in these spectra, the Fe(I)Cl42-
spectrum would exhibit a second, higher energy pre-edge feature.

The final contribution to the pre-edge intensity in ligand K-edges comes from the
covalency of ligand 3p character in the metal d-derived orbitals of the complex. The
experimental data is shown in Figure 5.6c (on the same scale as in Figure 5.6a and 5.6b).
While the statistical probability of a pre-edge transition increases (Figure 5.6a), the
covalency decreases across the series from Cu(II) to Fe(II)Cl42~. Thus, the total observed
pre-edge intensity does not vary significantly across the divalent series. Further,
between Fe(III) and Fe(Il), it is primarily the increase in covalency (augmented by an
additional electronic transition to the e-set) which effects the significant increase in
pre-edge intensity observed in the spectrum of Fe(IIT)Cl4.

Both the statistical probability of the occurrence of a pre-edge transition and the
intermediate-strength ligand field excited state mixing can be calculated and their effect
on pre-edge intensity determined. Thus, experimental pre-edge intensity which has had
these factors taken into account provides a direct probe of the ligand 3p character in the
metal d-derived orbitals of a ligand-metal complex.

5.5.2. Covalency in MCl4* Complexes

The methodology presented herein allows us to relate ligand XAS pre-edge
intensity to metal d-derived orbital covalency in a series of T4 metal-tetrachloride
systems. The results are understood in terms of the energetics of bonding. The amount
of Cl1 3p character in each antibonding HOMO in the series is determined by the
difference in energy between the metal d-orbitals and the Cl 3p orbitals. Covalency will
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be greatest when the metal d- and Cl 3p-orbitals are closest in energy. Thus, the
variations observed in covalency can be correlated with the effective charge on the metal.
For increased effective nuclear charge on the metal, the d-orbitals are at deeper binding
energy. Analysis of the pre-edge and edge energies of the Cl K-edge spectra shows the
d-manifold of the metal centers varies in the order Cu(Il) < Ni(II) < Co(II) < Fe(II) and
Fe(III) << Fe(II).

For complexes with only t;-vacancies, the t2-set covalency is greatest in CuCl42-,
which has the deepest d-manifold energy. The ta-set covalency is least in Co(I)Cl42,
which has the highest d-manifold energy. The difference in t3-set covalency between
CuCls2- and NiCl42- (~30% vs. ~12%) is larger than the difference between NiCl42- and
CoCls2- (12% vs. 9%). This is consistent with the d-manifold energy differences which
are 1.5 eV between CuCl42- and NiCl42- and only 0.7 eV between NiCl42- and CoCl42-.
Based on the ty-set covalency trend in Cu(II)-Ni(II)-Co(II)Cl42-, and on the fact that the
Fe(IT) d-manifold is less deep in binding energy than in Co(Il) by 0.6 eV, it is reasonable
to anticipate that the t7 covalency in Fe(I[)Cl42- is somewhat less than in Co(INCl42-, in
agreement with X o calculations (Table 5.14). The remaining covalency reflected in the
pre-edge intensity of Fe(II)Cl42- can be attributed to the additional contribution due to the
partially unoccupied e-set.

The difference between the HOMO covalencies obtained for Fe(III)Cl4 and
Fe(II)Cl42- can also be related to the energetics of bonding. The d-manifold of the Fe(III)
ion is 3.4 eV deeper than in Fe(II) due to increased effective nuclear charge and is closer
to the Cl 3p-orbitals. Both the e- and t-set covalency in Fe(IIT)Cly4 is thus increased
relative to Fe(II)Cl42- because of the increased interaction between the metal d- and
ligand p-orbitals.

5.6. Summary

Ligand K-edge X-ray absorption spectroscopy has been shown to be a powerful
tool in the study of the electronic structures of ligand-metal interactions in open shell
metal ions. The technique was developed previously for application to ligand-Cu(Il)
covalency, but has now been extended for application to metal ions with more than one
electron (or hole). Using the expressions derived and the protocol outlined in this study,
ligand pre-edge intensity provides a direct probe of the ligand valence p-orbital covalency
of a metal-ligand bond. The technique is extended to other d™ systems by application of
the analysis presented in this paper.
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Ligand K-edges have already been successfully analyzed to quantitate the
covalency in the active site electronic structure of blue copper-containing proteins.2 With
the extension of the technique to other d" metal centers, this work provides the basis for
analyses of other metalloproteins and will be of particular importance in the study of

bonding in iron-sulfur and related proteins.
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2(e\NG(a b c\G
b GoG, - ‘Cl
(aa,,bbjlcc,) H(abc) lcxlm ¢ )Gla b ¢ )G, (a)

i

Where a,b,c are states of the higher symmetry group G and ay,b;, and ¢ are states
of G (the next lowest state along the chain of groups with successively lower
symmetry) and H(abc) is a phase factor. For Dyg CuCls?- G is a state in T4
symmetry and G is the state in D4. The integrals in the lower symmetry group
are then given by

O e B D ®

ala b

Lowering the symmetry to Dy results in a splitting of the t; HOMO set into b»
(HOMO) + e-orbitals and the ligand core holes into aj + by + e. The application to
the case of D4 CuCly?2- thus involves rewriting the integrals of the T4 analysis as

Tq integrals D»q integrals D4 integrals
chain of groups notation
<A11T21T2> <A1 A;IT2B1T, By >Td > D2g* <A iBy1B; >D2*

<A1 A1IT2EIT,E>Td oD <Ay IEIE>D2d
<Ty1T21T2> <TREIT,E|T;By>Td>Dag* <EI|E|B; >D2*
<T2EIT2B 1T, E>Td>D2d <EIB3|E>D2d
<T>B>IT2E|T,E>Td o D2d <B3 | EIE>D2d
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(32)

(33)
(34)

(35)

Since the ground state is By for Dyg CuCls?-, only the first integral in each set
(noted with an asterisk [*]) will actually contribute to the dipole strength of a pre-
edge transition. Each of these integrals is evaluated using equation (b) to obtain

D»gq integral Is equal to
<A1A1IT2By I ToBy>Ta2DN o AT Td

<TEIT,EITy By >Ta > D Vl§ <T,lITlITy>Td

The many-electron reduced matrix elements <A{lIT2lIT2>Td and <THlITHIIT,>Td
have been evaluated in the Analysis Section of this manuscript (See Table 5a).

The dipole strength of the D4 CuClg?- can thus be calculated to be %Rz (c12+c22)
< Cl 1s | r 1 3p >2 which is identical to the result obtained in T4 symmetry.

Xa. calculations of the T4 and D54 CuCls?- complexes indicate that while the
relative o- and m-covalencies contributions vary, the foral covalency which is
distributed into b, and e-sets in D4 is the same as the covalency in the T4 t2-set.
Thus, the analysis herein which calculates CuClg?- tp-covalency using the Tq D,
expression is equivalent to an analysis in D4 which gives the covalency of the b-
orbital.

Dunn, T. M.; McClure, D. S.; Pearson, R. G. Some Aspects of Crystal Field Theory;
Harper & Row: New York, 1965, pp 42-45.

Ferguson, J. Prog. Inorg. Chem. 1970, 12, 159-293.

Support for the pre-edge assignment in Fe(III)Cl 4' is given by the FWHMs required
to fit the data. The FWHM of a pre-edge transition is dependent on the resolution
of the experiment and on the core-hole lifetime of the Cl 1s hole, both of which
should be relatively constant across this series. In each of the M(II)Cl42- spectra the
FWHM required to fit the data ranged between 1.04-1.18 eV, while the FWHM
required to fit the Fe(II1)Cl,” was 1.32-1.44 eV. When one function was replaced
with two (with the appropriate intensity ratios and energy splitting fixed) in
Fe(lIDCI,  (Figure 5.4¢), the FWHM of each of the two transitions which
reproduced the data in the pre-edge region ranged between 1.12-1.22 eV, in better
agreement with the FWHM of the rest of the series. '

The Cl 1s —> 4p dipole strength for each case, in terms of one-electron reduced
matrix elements, is D, = 2/3 [<alitglity>2 + <talltgllay>2 + <tylitollty>2].

174



(36) Solomon, E. 1. Comments Inorg. Chem. 1984, 3, 297-299.
(37) Karplus, M,; Porter, R. N. Atoms and Molecules; W. A. Benjamin, Inc.: Menlo

Park, CA, 1970, pp 229.
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Chapter 5

5.9. Appendix
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Table S5.1. Valence Orbitals from SCF-Xo-SW Calculation of Dyq CuCls2-

% for

Cl
State Level Energy (eV) Ni(%) Cl(%) s p d
15 4B, -3.284 70 30 1 94 4
24 S5E -3.834 74 26 0 96 4
10 2B, -4.132 75 25 0 92 8
19 4A -4.202 74 26 0 95 5
11 1A, -4.989 4 97 0 100 0
23 4E -5.156 6 94 0 100 0
18 3A, -5.831 30 70 0 99 1
14 3B, -5.849 14 86 0 100 0
22 3E -6.005 21 79 0 99 1
9 1B -6.327 31 69 0 99 1
21 2E -6.837 37 63 0 98 1
13 2B, -7.023 45 55 0 97 2
17 2A1 -7.651 34 66 0 95 2
12 1B, -17.480 13 87 99 0 0
20 1E -17.546 13 88 99 1 0
16 1A, -17.845 16 85 98 1 0
Sphere radii (in Bohr units) for calculation: Cu=3.11, Cl =2.49
Table S5.2. Valence Orbitals from SCF-Xa-SW Calculation of Tq NiClg2-

% for

Cl
State Level Energy(eV) Ni(%) Cl(%) S p d
17 4T, -3.032 81 19 1 88 10
10 2E -3.477 85 15 0 84 16
11 1T, -5.353 4 96 0 100 0
16 3T, -5.992 14 86 0 100 0
9 1E -6.083 20 80 0 99 1
15 2T, -6.839 33 67 1 98 1
13 2A, -7.588 32 68 3 96 2
14 1T, -17.619 10 90 99 0 0
12 1A -17.862 13 87 99 1 0

Sphere radii (in Bohr units) for calculation: Ni=3.11,Cl =2.49
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Table $5.3. Valence Orbitals from SCF-Xo.-SW Calculation of T4 CoCls2-

9% for

Cl
State Level Energy (V) Co(%) Cl(%) ) P d
17 4T, -2.268 84 16 2 77 21
10 2E -2.680 89 11 0 73 27
11 1Ty -5.398 4 96 0 100 0
16 3T, -5.993 12 88 0 100 0
9 1E -6.059 15 85 0 100 0
15 2T» -6.785 30 70 1 98 1
13 2A, -7.533 31 69 2 96 1
14 1T, -17.642 10 90 99 0 0
12 1A -17.872 12 88 99 1 0
Sphere radii (in Bohr units) for calculation: Co=3.11, Cl =249
Table S5.4. Valence Orbitals from SCF-Xa-SW Calculation of Ty FeCly2-

% for

Cl
State Level Energy(eV) Fe(%) Cl(%) s p d
17 4T, -1.773 85 15 2 68 29
10 2E -2.177 90 10 0 65 35
11 1T -5.473 4 96 0 100 0
16 3T,  -6.044 11 89 0 100 0
9 1E -6.107 13 87 0 100 0
15 2T, -6.823 29 71 1 98 1
13 2A1 -7.542 30 70 2 96 1
14 1T, -17.700 10 90 100 0 0
12 1A -17.918 12 88 99 1 0

Sphere radii (in Bohr units) for calculation: Fe =3.11, Cl =2.49
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Table S5.5. Valence Orbitals from SCF-Xo.-SW Calculation of Tyq FeCly

% for

Cl
State Level  Energy (eV) Fe(%) Cl(%) S p d
17 4T, -3.885 74 26 1 86 13
10 2E -4.540 77 23 0 84 16
11 1Ty -6.476 4 96 0 100 0
16 3T, -7.259 14 86 0 99 1
9 1E -7.497 26 74 0 99 1
15 2T, -8.646 35 65 2 96 2
13 2A1 -9.229 29 71 4 93 3
14 1T, -19.084 11 89 99 1 0
12 1A -19.410 14 86 98 1 1

Sphere radii (in Bohr units) for calculation: Fe = 2.90, Cl = 2.49
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