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Abstract: The geometric and electronic structures of two mononuclear CuO2 complexes, [Cu(O2){HB(3-
Ad-5-iPrpz)3}] (1) and [Cu(O2)(â-diketiminate)] (2), have been evaluated using Cu K- and L-edge X-ray
absorption spectroscopy (XAS) studies in combination with valence bond configuration interaction (VBCI)
simulations and spin-unrestricted broken symmetry density functional theory (DFT) calculations. Cu K-
and L-edge XAS data indicate the Cu(II) and Cu(III) nature of 1 and 2, respectively. The total integrated
intensity under the L-edges shows that the ψLUMO

/ ’s in 1 and 2 contain 20% and 28% Cu character,
respectively, indicative of very covalent ground states in both complexes, although more so in 1. Two-
state VBCI simulations also indicate that the ground state in 2 has more Cu (|3d8〉) character. DFT
calculations show that the ψLUMO

/ in both complexes is dominated by O2
n- character, although the O2

n-

character is higher in 1. It is shown that the ligand L plays an important role in modulating Cu-O2 bonding
in these LCuO2 systems and tunes the ground states of 1 and 2 to have dominant Cu(II)-superoxide-like
and Cu(III)-peroxide-like character, respectively. The contributions of ligand field (LF) and the charge on
the absorbing atom in the molecule (Qmol

M ) to L- and K-edge energy shifts are evaluated using DFT and
time-dependent DFT calculations. It is found that LF makes a dominant contribution to the edge energy
shift, while the effect of Qmol

M is minor. The charge on the Cu in the Cu(III) complex is found to be similar
to that in Cu(II) complexes, which indicates a much stronger interaction with the ligand, leading to extensive
charge transfer.

1. Introduction

Copper-containing enzymes play important roles in O2

activation and reduction in biological systems. These include
the trinuclear Cu site in laccase,1 the binuclear Cu proteins, and
the heteronuclear heme-CuB site present in cytochromec
oxidase.2 The group containing the binuclear Cu sites is further
divided into exchange-coupled and noncoupled classes on the
basis of the magnetic interactions between the two copper sites.3

The coupled binuclear proteins, which include hemocyanin,
tyrosinase, and catechol oxidase, exhibit strong magnetic
coupling (-2J e 1200 cm-1) and have been extensively studied
using spectroscopic techniques.4-7 Insight into the geometric

and electronic structures of these sites has also been gained from
studies on complexes that model the protein function of O2

binding and activation to functionalize organic substrates.
Relative to the exchange-coupled proteins, less is known

about the geometric and electronic structures of the noncoupled
binuclear copper proteins. These include dopamineâ-monooxy-
genase (DâM) and peptidylglycineR-hydroxylating monooxy-
genase (PHM), which utilize molecular O2 to catalyze C-H
bond hydroxylation in a stereospecific fashion (dopamine to
norepinephrine in DâM and glycine backbone C-H hydroxyl-
ation in PHM).8,9 Crystal structures of PHM have been solved
and show that the Cu‚‚‚Cu separation is∼11 Å. This large
separation precludes electronic coupling of the two copper
centers.8,10 The two Cu atoms are labeled CuM (ligated by† Department of Chemistry, Stanford University.
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S(Met) and two N(His)) and CuH (ligated by three N(His)). O2
binding and reduction occur at CuM, while CuH transfers one
electron to the CuM site to complete the two-electron reduction
of O2 required for the reaction. It has been shown that the copper
atoms cycle between a CuM

ICuH
I form and a CuMIICuH

II form
in the reaction mechanism. Although various experimental and
theoretical studies have been performed on both PHM and
DâM,3,11-14 the mechanism of the long-range electron transfer
from CuH to CuM and O2 reduction is unclear. Various mech-
anisms have been proposed, including superoxide channeling,15

substrate-binding-mediated electron transfer to generate a
hydroxide intermediate for two-electron reduction of O2,16,17and
direct H-atom abstraction by a one-electron-reduced superoxide
intermediate.5,11,12

Recently, the CuM(O2) (plus slow substrate) intermediate has
been trapped and the crystal structure determined (Figure 1).18

This has triggered interest in characterizing synthetic models
using spectroscopic methods which help understand various
aspects of the protein chemistry. Two model complexes have
been structurally characterized, [Cu(O2){HB(3-tBu-5-iPrpz)3}]
(where HB(3-tBu-5-iPrpz)3 ) hydrotris(3-tert-butyl-5-isopropyl-
1-pyrazolyl)borate,1)19 and [Cu(O2)(â-diketiminate)] (where
â-diketiminate) N,N′-bis(2,6-diisopropylphenyl)-2,2,6,6-tetra-
methyl-3,5-pentanediiminato,2)20 (Figure 2). A variation of2
with an anilido-imine ligand system has also been structurally
characterized,21 and the results corroborate the structural data
for 2. Spectroscopic and theoretical characterization of1
elucidated some aspects of O2 binding and activation by a single
copper center.22 2 is structurally similar to1 in that it also has
a side-on (η2) binding mode of O2 to Cu. However, these
molecules differ dramatically in their spectroscopic properties.
1 has been described using magnetic susceptibility, electronic
absorption, vibrational spectroscopy, and density functional

theory (DFT) calculations as a highly covalent singlet species
with no spin polarization in the ground state. The O-O
stretching frequency in1 is 1043 cm-1, which is similar to those
of well-characterized superoxide species.23,24 In contrast,2 has
an O-O stretching frequency at 948 cm-1, indicating consider-
able peroxide (O22-) character.20,25Cu K-edge X-ray absorption
studies on2 indicate that the copper is in the 3+ oxidation
state.26 DFT calculations support the resonance Raman studies
and indicate that1 and 2 have predominant peroxide- and
superoxide-like character, respectively.20,22,26,27These differences
in two structurally analogous molecules hold potentially im-
portant information on O2 binding and activation by the
mononuclear CuM site.

Cu L-edge X-ray absorption spectroscopy (XAS) is a direct
probe of the charge on the absorbing metal (M) in a molecule
(Qmol

M ) and the ligand field (LF) of the Cu center.28,29 L-edges
are associated with the 2pf3d transition and have significant
intensity due to their electric-dipole-allowed nature (∆l ) +1).
For Cu this transition occurs at∼930 eV. Additionally, relative
to Cu K-edges (∼9000 eV), the resolution at∼930 eV is much
higher (0.1 eV compared to∼1 eV), which results in sharp,
well-separated peaks.30 In the case of most dn (n < 9) species,
the L-edge spectrum is rich in multiplet structure.31 To interpret
the L-edge spectra, the atomic terms need to be evaluated for
both the initial and final configurations. In a molecular system,
the atomic Hamiltonian is combined with ligand field terms
using perturbation theory (see Experimental Section for details).
Finally, the L-edges of highly covalent systems need an
additional charge-transfer term in the Hamiltonian to include
the effects of ground-state covalency and electronic relaxation
due to the 2pf3d excitation.

In this study, our Cu K-edge study of226 has been extended
to include the Cu K-edge of1 and the Cu L-edges of1 and2.
These data are analyzed with a valence bond configuration
interaction (VBCI) model, DFT, and time-dependent (TD)-
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Figure 1. Pre-catalytic active site of peptidylglycineR-hydroxylating
monooxygenase (PHM), showing the binuclear Cu site separated by∼11
Å. The O2 is bound asymmetrically to the CuM site. Figure 2. Crystal structures of1 (A) and2 (B). The iPr andtBu groups on

the pyrazole ring andâ-diketiminate ligand systems have been removed
for clarity. Refer to text for bond length parameters.
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DFT32,33calculations to understand the electronic structures of
these molecules. The role of the ligand L in tuning these LCuO2

systems toward more superoxide- or peroxide-like character has
been explored. Comparison of1 and2 provides insight into the
electronic structure of a Cu(III) site in a highly covalent ligand
environment. This study utilizes metal K- and L-edge spec-
troscopies to understand the changes inQmol

M and LF of the
metal center upon a one-electron oxidation of Cu(II) species.

2. Experimental Section

2.1. Samples.[Cu(O2){HB(3-Ad-5-iPrpz)3}] (where HB(3-Ad-5-
iPrpz)3 ) hydrotris(3-adamantyl-5-isopropyl-1-pyrazolyl)borate,1L34)
and [Cu(O2)(â-diketiminate)] (whereâ-diketiminate) N,N′-bis(2,6-
diisopropylphenyl)-3,5-methyldiiminato,2L) have been studied as
analogues of1 and 2 since they have greater thermal stability. The
[1LCu(O2)] (1)19 and [2LCu(O2)] (2)26 complexes were synthesized as
previously described. Both complexes are temperature sensitive (rate
of decomposition highly enhanced above∼ -40 °C) and were handled
in a glovebag under inert N2 atmosphere and at dry ice temperatures
during sample preparation. For Cu K-edge XAS, the solid samples were
finely ground with BN into a homogeneous mixture and pressed into
a 1 mm aluminum spacer between X-ray-transparent Kapton tape. The
samples were immediately frozen and stored under liquid N2. During
data collection, the samples were maintained at a constant temperature
of 10 K using an Oxford Instruments CF 1208 liquid helium cryostat.
The Cu L-edge samples were similarly treated and spread thinly over
double-sided adhesive conducting graphite tape on an Al sample paddle.
The paddles were transferred onto a magnetic manipulator in an
antechamber pre-chilled with liquid N2 and then transferred into the
main chamber and affixed to an Al block, which was cooled through
conduction by a continuous flow of liquid He into a Cu block in an
internal cavity. The temperature was monitored using a Lakeshore
temperature controller and maintained at 20 K during the course of
data measurement. The samples were positioned at 45° to the incident
beam. The room-temperature stable [Cu(TMPA)(OH2)](ClO4)2

35 com-
plex (3), included as a reference, was handled on the benchtop. The
Cu K- and L-edge data for all samples were collected at similar
temperatures.

2.2. X-ray Absorption Spectroscopy. 2.2.1. Cu K-Edge.The Cu
K-edge X-ray absorption spectra of1, 2, and3 were measured at the
Stanford Synchrotron Radiation Laboratory (SSRL) on the focused 16-
pole 2.0 T wiggler beam line 9-3 and the unfocused 8-pole 1.8 T wiggler
beam line 7-3 under standard ring conditions of 3 GeV and 60-100
mA. A Si(220) double-crystal monochromator was used for energy
selection. A Rh-coated harmonic rejection mirror and a cylindrical Rh-
coated bent focusing mirror were used for beam line 9-3, whereas the
monochromator was detuned 50% at 9987 eV on beam line 7-3 to reject
components of higher harmonics. The transmission mode was used to
measure data tok ) 16 Å-1. Internal energy calibration was ac-
complished by simultaneous measurement of the absorption of a Cu
foil placed between two ionization chambers situated after the sample.
The first inflection point of the foil spectrum was fixed at 8980.3 eV.
Data presented here are 2-4 scan averaged spectra, which were
processed by fitting a second-order polynomial to the pre-edge region
and subtracting this from the entire spectrum as background. A three-
region spline of orders 2, 3, and 3 was used to model the smoothly
decaying post-edge region. The data were normalized by subtracting

the cubic spline and assigning the edge jump to 1.0 at 9000 eV using
the SPLINE routine in the XFIT36 suite of programs.

2.2.2. Cu L-Edge.Cu L-edge X-ray absorption spectra were recorded
at SSRL on the 31-pole wiggler beam line 10-1 under ring operating
conditions of 50-100 mA and 3 GeV with a spherical grating
monochromator with 1000 lines/mm and set at 30µm entrance and
exit slits. Sample measurements were performed using the total electron
yield mode, where the sample signal (I1) was collected with a Galileo
4716 channeltron electron multiplier aligned to 45° relative to the copper
paddle. The signal was flux-normalized (I1/I0) using the photocurrent
of a gold grid reference monitor (I0). Data for all samples were recorded
in a sample chamber maintained below 10-6 Torr, isolated from the
ultra-high vacuum beam line by a 1000 Å Al window. External energy
calibration was accomplished by L-edge measurements on CuF2 before
and after the sample. The L3 and L2 peak maxima were assigned to
930.5 and 950.5 eV, respectively. The variance in this calibration energy
measured prior to and after each sample scan was used to linearly shift
the experimental spectra between calibration scans. Spectra presented
here are 3-5 scan averages, which were processed by fitting a second-
order polynomial to the pre-edge region and subtracting it from the
entire spectrum as background, resulting in a flat post-edge. The data
were normalized to an edge jump of 1.0 at 1000 eV. The data for3
were fit using EDG_FIT.37 The L3 and L2 pre-edges were modeled
using 50:50 Lorentzian:Gaussian pseudo-Voigt band shapes, and the
rising edges were modeled using arctangents. The total pre-edge
intensity was calculated as L3 + L2. Fits to the data for1 and2 were
more complicated due to the presence of shake-up transitions. Two
arctangents were subtracted from the data, which were separated by
3/2λL.S (20.25 eV) and fixed with an L3:L2 intensity ratio of 2:1. The
total integrated area was obtained between 930 and 950 eV. The total
integrated area of the L-edge of3 was also obtained for comparison to
1 and2.

2.3. Electronic Structure Calculations.Gradient-corrected (GGA)
spin-unrestricted broken symmetry density functional theory calculations
were carried out using the Gaussian0338 package on a 2-cpu linux
computer. As reported in ref 22, Chen et al. have found that a more
reasonable description of1 was obtained using the BP86 pure functional,
which gives the correct energy ordering of the singlet and low-lying
triplet excited states. Thus, the Becke8839,40exchange and Perdew8641

correlation nonlocal functionals with Vosko-Wilk-Nusair local func-
tionals,42 as implemented in the software package BP86, were employed
in this study to compare the electronic structure differences between1
and2. The triple-ú 6-311+G* and the double-ú 6-31G*43-45 basis sets
were used on the Cu, O, and N atoms and the C and H atoms, respec-
tively. Population analyses were performed by means of Weinhold’s
natural population analysis (NPA),46-48 including the Cu 4p orbitals in
the valence set. Wave functions were visualized and orbital contour
plots were generated in Molden.49 Compositions of molecular orbitals
and overlap populations between molecular fragments were calculated
using the AOMix program.50,51 For 1, the alkyl side chains on the
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pyrazole rings were replaced by hydrogen atoms. For2, the isopropyl
side chains on the benzene rings on the ligand and the methyl groups
on the carbon backbone were replaced by hydrogen atoms.

The geometry optimization of the reference complexes [CuIIL]2- and
[CuIIIL] - and the single-point calculation on [CuIIIL*] - (for L, see
section 4.2.5) employed the BP86 functional with 6-311G* basis sets
on Cu and N and 6-31G* basis sets on the rest of the atoms.

2.4. XAS Multiplet Calculations. Atomic multiplet calculations
were carried out using the T.T Multiplet software package, developed
by R. D. Cowan et al.52 and modified by B. T. Thole. The output of an
atomic multiplet calculation is subjected to a LF multiplet calculation,
which applies an electrostatic field around the metal center and employs
Butler’s branching rules53 to split the atomic multiplets. Covalency was
then included through charge-transfer mixing, using a two-configuration
VBCI model (program developed by Okada).54 Atomic Slater integrals
were used in all simulations.55 With the inclusion of electronic relaxation
(Q - U ) -2 eV) (see section 4.1), the charge-transfer parameters
model the shake-up intensity observed at higher energies relative to
the main L3 and L2 pre-edge peaks. The plots were generated using
the program integrated with the multiplet program. The spectral
simulations were generated using 0.4 and 0.6 eV Lorentzian broadening
contributions (to account for core-hole lifetime effects) to the L3- and
L2-edges, respectively. The whole spectrum was then convoluted with
a 0.4 eV Gaussian (to account for experimental broadening).

2.5. TD-DFT Calculations.The time-dependent density functional
theory (TD-DFT) framework implemented in ORCA56,57 was used to
compute Cu K-edge (1sf3d), and Cu L-edge (2pf3d) transition
energies. The Becke88 exchange and Perdew86 correlation nonlocal
functionals were employed. The all-electron Gaussian basis sets used
were those reported by the Ahlrichs group.58,59Accurate triple-ú valence
basis sets (TZV(P)), with one set of polarization functions on all the
atoms, were used to perform spin-unrestricted single-point calculations.
The basis set dependence was tested by repeating the calculations using
6-311G*60-62 with polarization. The self-consistent field (SCF) calcula-
tions were set to a tight convergence criterion (10-7 Eh in energy, 10-6

Eh in the density change, and 10-6 in the maximum element of the
DIIS error vector). The RI modification was not employed. The input
structures for the TD-DFT calculation were obtained from the spin-
unrestricted DFT calculations performed at the BP86 level in Gaussian
using a 6-311G* basis set on the Cu and O atoms and a 6-31G* basis
set on N, C, and H atoms.

3. Results

3.1. Cu K-Edge.The normalized Cu K-edge X-ray absorption
spectrum of1, compared to that of2, is presented in Figure 3.
The pre-edge and shake-down energies are given in Table 1. In
a previous study, the Cu K-edge spectrum of2 was used to
determine the predominant Cu(III) character of the complex.26

The Cu(II) K-edge consists of a weak pre-edge transition at
∼8979 eV before the onset of the rising edge. The pre-edge

corresponds to a dipole-forbidden, quadrupole-allowed 1sf3d
transition, which can gain intensity through 4p mixing into the
3d orbitals if the molecule deviates from centrosymmetry.63 In
2, the pre-edge transition in the Cu K-edge was observed at
∼8980.7 eV,∼2 eV higher in energy than that observed for
Cu(II) complexes, thus falling in the Cu(III) region. In1, the
pre-edge occurs at 8978.6 eV, demonstrating its Cu(II) nature.64

To higher energy in the Cu K near-edge region, an intense
1sf4p + ligand-to-metal charge-transfer (LMCT) shake-down
transition is observed in2 (8986.5 eV), which reflects the strong
covalent bonding between the metal and ligand orbitals usually
associated with Cu(III) complexes.65,66 In contrast, in1, this
shake-down transition occurs at 8988.3 eV and is weaker,
leading to an almost featureless rising edge reflecting predomi-
nant Cu(II) character.

3.2. Cu L-Edge.The normalized Cu L-edge X-ray absorption
spectra of1, 2, and the reference complexD4h (C4H8N3O)2-
[CuCl4]29 are presented in Figure 4A. The expanded L3 regions
of the spectra of1 and 2 are compared to the spectrum of
La2Li1/2Cu1/2O4, an inorganic Cu(III)-oxide4 (spectrum adapted
from ref 29), in Figure 4B. The Cu L-edge spectrum involves
the Cu 2pf3d transition and consists of two peaks split by∼20
eV (3/2 × the 2p core spin-orbit coupling), with an intensity
ratio of ∼2:1 [J ) 3/2 and 1/2, corresponding to the L3-edge
(∼930 eV) and the L2-edge (∼950 eV), respectively].67 The
L2-edge is broadened due to an additional Auger decay channel
(Coster-Kronig)68 of the excited state, which is absent for the
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(61) Curtiss, L. A.; McGrath, M. P.; Blaudeau, J. P.; Davis, N. E.; Binning, R.

C.; Radom, L.J. Chem. Phys.1995, 103, 6104-6113.
(62) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A.J. Chem. Phys.1980,

72, 650-654.

(63) It should be noted that the mechanism of K pre-edge intensities is different
from that of L pre-edge intensities (see section 3.2). The K pre-edge
transitions are quadrupole allowed and therefore weak. The dominant
intensity mechanism in the K pre-edges is metal 4p mixing into the d
orbitals. For a more detailed analysis of contributions to K pre-edge
intensity, see: Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I.J. Am. Chem. Soc.1997, 119, 6297-
6314.

(64) Shadle, S. E.; Penner-Hahn, J. E.; H. J., S.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I.J. Am. Chem. Soc.1993, 115, 767-776.

(65) DuBois, J. L.; Mukherjee, P.; Collier, A. M.; Mayer, J. M.; Solomon, E.
I.; Hedman, B.; Stack, T. D. P.; Hodgson, K. O.J. Am. Chem. Soc.1997,
119, 8578-8579.

(66) DuBois, J. L.; Mukherjee, P.; Stack, T. D. P.; Hedman, B.; Solomon, E. I.;
Hodgson, K. O.J. Am. Chem. Soc.2000, 122, 5775-5787.

(67) de Groot, F. M. F.Physica B1995, 209, 15-18.
(68) Fuggle, J. C.; Alvarado, S. F.Phys. ReV. A 1980, 22, 1615-1624.

Figure 3. Normalized Cu K-edge XAS spectra of [1LCu(O2)] (1, red line)
and [2LCu(O2)] (2, black line). Inset: Expanded pre-edge region (1sf3d
transition), indicating a∼2 eV shift.
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L3-edge. Both of these pre-edge features are followed by weak
2pf4s and 2pfcontinuum edge transitions (the intensity of the
∆l ) +1 transition is∼30 times higher than that of the∆l )
-1 transition) at∼10 eV higher energy. In the case of Cu(II)
3d9 and Cu(III) 3d8 complexes, multiplet effects do not
redistribute the intensity between the L3- and L2-edges (see
Supporting Information). Hence, we focus on the L3-edge energy
positions (an analogous trend is observed in the energy shifts
in the L2-edge). The L3-edges of1 andD4h [CuCl4]2- occur at
930.8 and 931 eV,29 respectively, which are in the range
generally observed for normal Cu(II) complexes. The L3-edge
of 2 is at 932.7 eV, which is comparable in energy to that of4
(∼932.9 eV). This∼2 eV shift in the pre-edge is consistent
with a change in oxidation state on the Cu and further supports
the assignment of2 as having predominantly Cu(III) character.

Due to the localized nature of the Cu 2p orbital and the fact
that a pfd transition is electric-dipole-allowed, the L-edge
transition decreases in intensity as the d orbital mixing with
the ligand (covalency) increases. This provides a direct probe
of Cu 3d (1- â2) character in theψâ-LUMO

/ .28,69

â-LUMO is the spin-down lowest unoccupied molecular orbital.
Correlation of the L-edge intensity under the L3 + L2 peaks
with that in D4h [CuCl4]2- gives a quantitative estimate of the
amount of Cu character in an unknown complex.70 Figure 4A
shows a comparison of the total intensity under the L-edge
spectra ofD4h [CuCl4]2-, 1, and2. Since both1 and 2 have
two unoccupied spin-orbitals (R and â spin of the 3dx2-y2

orbital) with significant Cu character (i.e, two-hole systems),
in contrast to the one unoccupied orbital inD4h [CuCl4]2- (â
spin of the 3dx2-y2 orbital), a normalization factor of1/2 has to
be used to quantitatively compare the covalencies of each hole
in 1, 2, andD4h [CuCl4]2-. Thus, the per-hole L-edge intensities
of 1 and 2 (one-half of the intensity in Figure 4A) are much
lower than that ofD4h [CuCl4]2-, indicating very covalent Cu
centers in both complexes. Since the high covalency also leads
to shake-up satellite features on the L-edge which redistribute
the intensity (vide infra),71 the total integrated areas were
obtained for1 and2 and compared to that ofD4h [CuCl4]2-.72

The Cu characters obtained from these total integrated areas
are given in Table 1. The reduced Cu character in both of the
[LCuO2] complexes indicates very strong mixing of the O2

n-

ligand with the empty Cu d orbital. Further, the total integrated
intensity for 2 (which quantitates to 28% per hole metal d
character) is more than that of1 (20%), indicating that2 has
more Cu character, consistent with its Cu(III) description.22

4. Analysis

4.1. Multiplet Calculations. Both 1 and 2 are two-hole
systems, which can lead to multiplet effects on the L-edge. To
gain further insight into the differences in bonding in the two
monomeric [LCuO2] complexes, the TT-Multiplets program was
used to fit the mutiplets observed in the L-edge data. The atomic
multiplets were simulated by setting the covalent reduction of

(69) In a CuII system with a 3d9 configuration, the highest Cu 3d orbital in a
spin-restricted description contains one electron; thus, the description of
the ground-state wave function is made asψSOMO

/ . In the case of both
complexes1 and2, the ground state corresponds to a two-hole description
and thus is described asψâ-LUMO

/ .
(70) D4h [CuCl4]2- has been well characterized by various spectroscopies with

61 ( 4% Cu character in theψSOMO
/ , which is the same as that for the

ψâ-LUMO
/ in the spin-unrestricted molecular orbital calculations.

(71) Van der Laan, G.; Westra, C.; Haas, C.; Sawatzky, G. A.Phys. ReV. B
1981, 23, 4369-4380.

(72) Wasinger, E. C.; de Groot, F. M. F.; Hedman, B.; Hodgson, K. O.; Solomon,
E. I. J. Am. Chem. Soc.2003, 125, 12894-12906.

Table 1. Cu K- and L-Edge X-ray Absorption Edge Energies (eV) and Cu Character in ψLUMO
/

Cu K-edgea Cu L-edgeb

2pf3d

1sf3d
1sf4p +

shake-down L3-edge L2-edge
Cu character in

ψLUMO
/ (% per hole)

[Cu(O2){HB(3-Ad-5-iPrpz)3}] (1) 8978.6 8988.3d 930.8 950.7 20
[Cu(O2)(â-diketiminate)] (2) 8980.7 8986.5 932.7 952.7 28
(C4H8N3O)2[CuCl4] (D4h)e 8978.6 8986.8 931.0 951.0 61

a Energy resolution∼1 eV. b Energy resolution∼0.1 eV. c 1 and2 are two-hole systems (see text for detail).d The energy is determined from the second-
derivative intensity, as the shake-down feature is less pronounced in CuII systems.e Creatininium tetrachlorocuprate(II).

Figure 4. (A) Normalized Cu L-edge XAS spectra of [1LCu(O2)] (1, red
line), [2LCu(O2)] (2, black line), andD4h [CuCl4]2- (blue line). The intense
peaks at∼930 and∼950 eV represent the L3-edge (2p3/2f3d transition)
and the L2-edge (2p1/2f3d transition), respectively.(B). Expanded Cu L3-
edge X-ray absorption spectra of [1LCu(O2)] (1, red line), [2LCu(O2)] (2,
black line), and La2Li1/2Cu1/2O4 (4, green line). Inset: Expanded shake-up
region (satellite peak), showing the relative shift in the satellite peak from
the main peak (main peak energy positions have been rescaled to 0 eV).

ψâ-LUMO
/ ) [1 - â2]1/2|Cu(3dx2-y2)〉 - â|Ligand(np)〉
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electron repulsion,â, at 80%. Note that the multiplet splitting
is observed in the low-intensity, high-energy satellite peak
(∼940 eV feature) (Figure 4B, inset), while the main peak is
featureless. This indicates that an inverted bonding description
is required for the final state (see below). In this case, the ligand
field effects alone are limited and contained mostly within the
low-intensity satellite peaks. Thus, the data were fit by
simultaneously optimizing the LF and charge-transfer (see
below) parameters. The molecules are approximately square
planar, and so, aD4h effective ligand field was included in the
simulations. In each case, the values for the LF parameters Dq,
Ds and Dt were systematically varied to find the best-fit
simulation. From these LF plus charge-transfer simulations, the
most satisfactory 10Dq, Ds, and Dt values were 1.5, 0.1, and
0.15 eV and 2.5, 0.24, and 0.19 eV for complexes1 and 2,
respectively (Table 2).

The ground-state description in the LF multiplet model is
given by a single d8 configuration which does not include the
covalent interactions between the metal d and ligand p orbitals.
To allow for bonding, the ground state can be treated within a
VBCI model.73,74The ground-state wave function of a dn system
can be defined as a linear combination of the dn configuration
and the LMCT, dn+1L (L ) ligand hole) configuration. These
are separated by an energy∆ with the two components coupled
by the covalent interaction given byT (the transfer integral
reflecting orbital overlap). The Hamiltonian and configurations
generating this ground state (ΨGS) and the LMCT excited state
(ΨTS) are given by eqs 1-3:

These equations are modified in the L-edge final state to include
electronic relaxation as given by eqs 4-7:

where∆F andTF are the charge-transfer energy and the electron-
transfer matrix element between the two configurations in the
final state andΨES2 is the charge-transfer final state. The
interaction parameterTF is approximated to be equal to the
ground-state parameterT. Q andU are the Cu 2p-3d and 3d-
3d Coulomb interactions. Their estimated energy difference is
∼ -2 eV;75,76 thus,∆F is approximately∆ - 2 eV. In the case
of a Cu(III) system, the value for∆F becomes very small and
often negative (Scheme 1).73,76When∆F is negative, the intense
L3 main peak (single peak) at∼930 eV is mainly a transition
to the|2p53d10L〉 configuration, while the weak L3 satellite peak

is mostly due to a transition to the|2p53d9〉 configuration. This
is the inverted bonding scheme mentioned above and is
consistent with the fact that the main peak is sharp and
featureless while the satellite peak exhibits multiplet structure.
Using the average energy position and intensity of the L3

multiplets at∼940 eV asESATELLITE andISATELLITE, respectively,
and those of the 930 eV feature asEMAIN and IMAIN , eqs 8 and
9 give the energy difference and intensity ratio of the main and
satellite peaks.

The inset in Figure 4B shows the relative energy shift (from
the main peak) and the intensity of the shake-up transitions of
the L3 peak in1, 2, and 4. The relative energy position and
intensity of the shake-up peaks were simulated using the VBCI
multiplet program, which determines the values for∆77 andT.
It should be noted that, although∆ andT are not completely
independent of each other, the dominant contribution in

(73) Hu, Z. W.; Kaindl, G.; Mu¨ller, B. G. J. Alloys Compd.1997, 246, 177-
185.

(74) Van der Laan, G.; Zaanen, J.; Sawatzky, G. A.; Karnatak, R.; Esteva, J.
M. Phys. ReV. B 1986, 33, 4253-4263.

(75) Kaindl, G.; Strebel, O.; A., K.; Schafer, W.; Kiemel, R.; Losch, S.;
Kemmlersack, S.; Hoppe, R.; Mu¨ller, H. P.; Kissel, D.Physica B1989,
158, 446-449.

(76) Mizokawa, T.; Fujimori, A.; Namatame, H.; Akeyama, K.; Kosugi, N.Phys.
ReV. B 1994, 49, 7193-7204.

(77) ∆ is defined as the energy difference between the lowest 3dn state and the
lowest 3dn+1L state; however, the input for the multiplet program requires
an energy term which represents the energy difference (EAVERAGE) of the
average energy 3dn and 3dn+1L configurations. The perturbation produced
due to electron repulsion and multiplet effects is subtracted fromEAVERAGE
to estimate the accurate∆ value.

Table 2. Parameters Used in Multiplet Simulations and
Ground-State Description of ψLUMO

/

crystal field
parameters (eV)

ligand field
parameters (eV)a

10Dq Ds Dt ∆ TB1
b TA1 TA1 TB2

|3dn〉 character
in ψLUMO

/ c

1 1.5 0.1 0.15 0.24 0.9 0.35 0.2 0.15 15%
2 2.5 0.24 0.19 0.61 1.7 0.2 0.1 0.1 26%
4 6.0 0.3 0.4d 1.9 3.5 1.0 0.2 0.1 32%

a The ligand field simulations were performed underD4h symmetry (TB1
) Tx2-y2, etc).b The dominant contribution in determining the intensity of
satellite peak was fromTB1. c Determined from the projection method.d Dt
is used to obtain the correct crystal field description.

Scheme 1. Schematic Energy Diagram of the Charge-Transfer
Interaction in the Ground and Excited States of a 3dn System
Covalently Interacting with a Ligand 2p/3p Orbitala

a Panel A shows the ground-state configuration interaction. Panels B and
C show the excited-state CI mixing with positive and negative charge-
transfer energy, respectively.

EMAIN/SATELLITE ) 1
2

[(∆F
2 + 4TF

2)1/2 - ∆F] (8)

IMAIN

ISATELLITE
)

(R0â - â0R)2

(R0R + â0â)2
(9)

H ) |0 T
T ∆ | (1)

ΨGS ) R0|3dn〉 + â0|3dn+1L〉 (2)

ΨTS ) â0|3dn〉 - R0|3dn+1L〉 (3)

H ) |0 TF

TF ∆F
| (4)

∆F ) ∆ + Q - U (5)

ΨES1) R|2p3dn+1〉 + â|2p3dn+2L〉 (6)

ΨES2) â|2p3dn+1〉 - R|2p3dn+2L〉 (7)
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determining the energy difference between the main and satellite
peaks is∆ and the relative intensity of the peaks isT. In D4h

symmetry, there are four interaction terms,T, one for each set
of symmetry orbitals: B1g, A1g, B2g, and Eg.78 The mixing term
for B1g (dx2-y2) is largest due to strongσ overlap of the dx2-y2

orbital with the ligands. While non-zero values were used for
T(B1g), T(Eg), T(B2g), andT(A1g), T(B1g) was dominant and is
referred to asT in the text below. Figure 5 shows the best-fit
multiplet simulations for complexes1, 2, and4. Table 2 gives
the charge-transfer parameters obtained from the simulations.79

The L-edge spectra of2 and4 are qualitatively very similar.
Although the L-edge spectra of both complexes are shifted up
in energy by∼2 eV, indicating a Cu(III) ground state, the small
difference in the L3 (and L2 (Figure S1, Supporting Information))
edge energy positions (932.7 eV for2 and∼932.9 eV for4)
indicates different amounts of ligand hole character in the ground
state. The satellite peak is∼8 eV higher in energy than the

main peak for4, compared to∼6 eV for 2 (Table 3), and the
intensity of the satellite peak is higher in4. From the VBCI
fits, the ground-state wave function in4 contains more Cu(III)
character. The best-fit L-edge simulations (Figure 5 and Table
2) indicate that the|3d8〉 character in4 is 32%, while that in2
is 26% (Cu character in the ground state is obtained from the
projection method developed in ref 71). Thus,2 is similar to4
(reflecting their Cu(III) nature) but with increased ligand
character in the ground state. In contrast, the L-edge spectra of
2 and 1 are very different in intensity and energy (EMAIN )
932.7 eV in2 compared to 930.8 eV in1). In addition, the
satellite peak is∼4 eV higher in energy relative to the main
peak for1, compared to∼6 eV for 2 (Table 3). The intensity
of the satellite peak is lower in1 compared to that in2. The
satellite peak for2 is characterized by a double-peak structure
(as for Cu(III) oxides), indicating the presence of multiplet
effects which are larger than those for1 (which shows a weak,
broad peak). In the L-edge simulations, the energy position and
intensity of the satellite peak restrict the values of∆ and T,
and the best-fit simulations for1 give both a smaller∆ (0.24
eV compared to 0.61 eV for2) and a smallerT (0.9 eV
compared to 1.7 eV in2). Using the projection method, these
values give 15% Cu character in the ground state of1, compared
to 26% for 2.72 The covalency values are consistent with the
L-edge intensities, showing that there is an increase in electron
transfer from O2

n- to Cu for 1 relative to2.
4.2. Density Functional Theory Calculations. 4.2.1. Ge-

ometry Optimization. Broken symmetry spin-unrestricted
density functional theory calculations were performed on models
derived from the crystal structures of1 and2 (see Experimental
Section) to correlate with the spectroscopic results to further
probe their electronic structure differences. The geometry-
optimized structural parameters are in good agreement with the
experimental data. The calculated Cu-O and Cu-N bond
distances for1 and2 are 1.88 and 1.95 Å and 1.86 and 1.90 Å,
respectively, compared to the experimental Cu-O and Cu-N
bond distances of 1.84 and 1.99 Å and 1.82 and 1.86 Å,
respectively. The first coordination bond distances are also
consistent with those obtained from extended X-ray absorption
fine structure (EXAFS) results.26 The calculated O-O bond
distance for2 is 1.39 Å, which is in good agreement with the
experimental bond distance of 1.39 Å, while the calculated O-O
distance for1 is much longer than the crystallographic distance
(1.36 Å compared to 1.22 Å).19 It has been argued that the
crystallographic data underestimate the O-O distance, and
spectroscopic data strongly suggest that a longer bond length
is appropriate.22,27 The Cu-O bond distances are comparable
for 1 and 2, while the Cu-N bond distance for2 is 0.05 Å
shorter, indicating a stronger interaction of the diketiminate
ligand with the Cu relative to the pyrazole ligand-Cu interac-
tion. The O-O bond distance for1 is 0.03 Å shorter than that

(78) Eskes, H.; Sawatzky, G. A.Phys. ReV. B 1991, 43, 119-129.
(79) The published VBCI analysis for the CuIII -oxide, complex 4, was

reproduced in this study. The data were renormalized on the basis of the
VBCI results, and the intensity shown in Figure 5 reflects the Cu character
obtained from this analysis.

Figure 5. L-edge multiplet simulations. The VBCI simulations of
[1LCu(O2)] (1), [2LCu(O2)] (2), and La2Li1/2Cu1/2O4 (4) are shown in panels
A, B, and C, respectively. Data are shown in black and simulations in red.
The red lines represent the stick spectra and correspond to the transitions
with intensity. The stick spectra have been convoluted with a pseudo-Voigt
shape to simulate experimental spectra.

Table 3. Energy and Intensity Ratios of Main and Satellite Peaks
of the L3-Edge

2p3/2f3d (L3-edge)

main peak (eV) satellite peak (eV) ∆Ea (eV)

1 930.8 934.7 3.9
2 932.7 938.8 6.1
4 932.9 940.2 8.3

a The satellite peak position was determined at the average energy of
the multiplet structure.
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for 2, consistent with its more superoxide-like character
compared to the more peroxide-like character for2.

4.2.2. Frequencies.To further correlate to the experimental
assignments of1 and2, frequency calculations were performed
and are presented in Table 4. The O-O stretching frequencies
obtained from the BP86 DFT calculations did not have
appreciable mixing with other vibrational modes and hence
reflect the O-O bond. The O-O stretching frequencies obtained
for 1 and2 are 1040 and 990 cm-1, respectively, which are in
reasonable agreement with the experimentally obtained frequen-
cies of 1043 and 968 cm-1 for complexes1 and2, respectively.

4.2.3. Ground-State Wave Functions.The MO surface
contour plots of the calculated singlet ground states of both1
and2 are presented in Figure 6. DFT calculations using BP86
give ground-state descriptions that are in reasonable agreement
with experimental ground-state properties, in particular the
singlet nature of1. Table 4 summarizes the compositions of
selected spin-down molecular orbitals for both molecules. The
Cu dx2-y2 characters calculated for theψLUMO

/ are 22.7% and

28.3% for1 and2, respectively, consistent with the experimental
values obtained from L-edges (20% and 28% in1 and 2,
respectively. This indicates that both systems have highly
covalent Cu centers. The contour plots in Figure 6 show exten-
sive delocalization over the Cu-O2

n- moiety in both complexes.
The O2

n- characters in theâ-LUMOs of 1 and 2 are 65.2%
and 54.0%, respectively. The equatorial nitrogen atoms con-
tribute 9.7% and 12.7% (per hole) in1 and2, respectively (the
total contributions of trispyrazolyl borate andâ-diketiminate
ligands are 17.7% and 12.3%, respectively), reflecting the greater
donor strength of the bidentateâ-diketiminate ligand in2.

4.2.4. Electronic Structure Descriptions. In these ap-
proximately planar geometries, the most destabilized d orbital
is dx2-y2 (see Figure 2 for molecular coordinate system). The
highest-lying filled molecular orbitals in the free O2

n- moiety
is theπ* set, which split intoπσ

/ andπV
/ upon bonding with Cu.

The πV
/ orbital is perpendicular to the molecular plane; hence,

it does not have significant overlap with the Cu dx2-y2 orbital.
The in-planeπσ

/ orbital forms strongσ bonds with the Cu
dx2-y2 orbital, destabilizing it to higher energy. The NPA charge
on the O2 moiety in2 is more negative than in1 (Table 4,-0.74
for 2 and -0.58 for 1), consistent with their assignments as
peroxide and superoxide, respectively, which is supported by
the O-O stretching frequencies and Cu K-edge data. This is
also consistent with the larger Cu character in theψLUMO

/ for 2
compared to1.

4.2.5. K-Edge Energy Shifts.Cu K-edge and L-edge X-ray
absorption spectra exhibit characteristic shifts of the pre-edge
to higher energy on going from1 to 2, which indicate an increase
in oxidation state. The K- and L-edge shift magnitudes are very
similar (K-edge,∼2.2 eV; L-edge,∼1.9 eV). To correlate these
pre-edge energy shifts with electronic structure changes on going
from a Cu(II) to a Cu(III) complex, 1sf3d and 2pf3d TD-
DFT calculations were performed on1 and2. Note that these
calculations do not include relativistic effects, so only relative
energies are considered. The experimental trend in the K pre-
edge energy shift (∆E2-1 ) 2.2 eV) is reproduced, although
the TD-DFT calculated shift is 0.6 eV. The trend in the L-edge
shift (∆E2-1 ) 1.9 eV) is also reproduced, but again the
calculated energy shift is lower, at 0.5 eV. Interestingly, the
calculated∆E2-1 values for both L- and K-edges are very similar
(similar to the experimental shifts).

There are two potential contributions to the shifts observed
in the Cu K and L pre-edge energies:Qmol

Cu , the charge on the
Cu atom in the molecule, and the ligand field strength, LF.80

An increase inQmol
Cu might be expected to shift the pre-edge to

higher energy due to a larger contraction of the core levels
relative to the valence levels. An increase in LF would
destabilize theψLUMO

/ and increase the pre-edge energy.

(80) Randall, D. W.; DeBeer George, S.; Holland, P. L.; Hedman, B.; Hodgson,
K. O.; Tolman, W. B.; Solomon, E. I.J. Am. Chem. Soc.2000, 122, 11632-
11648.

Table 4. Selected Parameters from DFT Calculations

bond distance (Å) â-LUMO composition natural charge

Cu−O Cu−N O−O
O−O stretching

frequency (cm-1) Cu Oa Na Lb Cu O N

1 1.88 1.95 1.36 1040 22.7 65.2 9.7 2.4 1.22 -0.58 -1.20
2 1.86 1.90 1.39 990 28.3 54.0 12.7 5.0 1.21 -0.74 -1.30

a â-LUMO composition and natural charge represent the sum total on the two O and N atoms.b L represents the tripyrazolyl borate and diketiminate
ligand systems in1 and2, respectively.

Figure 6. Molecular orbital contour plots of (A) [1LCu(O2)] (1) and (B)
[2LCu(O2)] (2). The contour plots have been generated in MOLDEN. The
Mulliken population ofψLUMO

/ is shown next to the relevant atom(s). L
denotes trispyrazolyl borate andâ-diketiminate in1 and2, respectively.
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However, the LF andQmol
Cu contributions are coupled, as an

increase in LF reflects stronger bonding between the metal and
ligand orbitals, which will tend to decreaseQmol

Cu .
To evaluate the relative contributions of LF andQmol

Cu to the
pre-edge transition energies, 1sf3d TD-DFT calculations were
performed on two additional mononuclear complexes, (PPh4)2-
[CuIIL] and (PPh4)[CuIIIL] (where L ) bis(methylamide)
derivative ofN,N′-o-phenylenebis(oxamate)),81 which differ by
one electron oxidation. This pair of molecules is useful as a
reference as they are both approximately square-planar, N-
ligating systems, similar to1 and2, and their experimental Cu
K-edge data are available.66 The experimental shifts in the Cu
K pre-edge energy in these complexes follow the expected trend
(CuIII

pre-edge- CuII
pre-edge≈ 2 eV). The K-edge spectra of these

complexes have been published and are reproduced in Figure
S2 (Supporting Information) for reference.66 Structural param-
eters and Mulliken atomic charges obtained from DFT calcula-
tions on [CuIIL] 2-, [CuIIIL]-, and [CuIIIL*] - are given in Table
5. [CuIIIL*] - corresponds to an un-relaxed ionized state of the
molecule in which the geometric relaxation due to one-electron
oxidation has been restricted (Scheme 2) by using the same
Cu-N bond distances as in [CuIIL] 2-. The Cu-N bond
distances are 1.94 and 1.95 Å in the optimized structure of
[CuIIL] 2- and 1.85 and 1.86 Å in the optimized structure of
[CuIIIL]-. These distances are in excellent agreement with the
X-ray crystal structure data (1.93 and 1.96 Å for [CuIIL] 2- and
1.84 and 1.88 Å for [CuIIIL]-). In addition, the molecules are

essentially square planar with noD2d distortion. Thus, a one-
electron oxidation of [CuIIL] 2- to [CuIIIL]- results in a∼0.1 Å
decrease in the ligand-Cu bond distances. The charge on Cu
increases on going from [CuIIL] 2- to [CuIIIL*] - (1.04 to 1.15),
but on going from [CuIIIL*] - to [CuIIIL]- the change is very
small (1.15 to 1.18). The charge on the Cu is reflected in the
Cu character in theâ-LUMO orbital, which contains 52%, 68%,
and 69% Cu character in [CuIIL] 2-, [CuIIIL*] -, and [CuIIIL]-,
respectively. The average charges on the N atoms, which are
very similar for the three complexes, are-0.76, -0.76, and
-0.78 for [CuIIL] 2-, [CuIIIL*] -, and [CuIIIL]-, respectively.

TD-DFT calculations of the 1sf3d transition were performed
on the optimized structures obtained from the DFT calculations
using ORCA.56,57 This ensures that the ligand fields between
[CuIIL]2- and [CuIIIL*] - are similar. Additionally, on going from
[CuIIIL*] - to [CuIIIL]-, where the molecule has now been
geometry optimized to allow for structural relaxation, the charge
on Cu remains the same (Table 5). Thus, the 1sf3d transition
energies obtained from the TD-DFT calculations should pre-
dominantly reflect the effect of a change in charge on Cu on
going from [CuIIL] 2- to [CuIIIL*] - and a change in ligand field
on going from [CuIIIL*] - to [CuIIIL]-. The transition energies
obtained from the 1sf3d TD-DFT calculations are given in
Table 5. The trend observed for the experimental transition
energies is reproduced by the TD-DFT calculations, and the
shift due to one-electron oxidation is∼1 eV (compared to∼2
eV for the experimental data). However, the change in 1sf3d
transition energy on going from [CuIIL] 2- to [CuIIIL*] - is only
∼0.2 eV, while the change on going from [CuIIIL*] - to [CuIIIL]-

is ∼0.8 eV. Thus, although most of theQmol
Cu increase occurs on

going from [CuIIL] 2- to [CuIIIL*] - (11%), there is only a very
small shift in calculated K pre-edge energy. However, while
there is almost no change inQmol

Cu (∼1%) on going from
[CuIIIL*] - to [CuIIIL]-, there is a significant change in the pre-
edge energy. This indicates that the contribution ofQmol

Cu to the
pre-edge transition energy is, in fact, very small and that these
energy shifts are dominated by changes in LF. This is consistent
with the observation that similar shifts are observed in L and K
pre-edge transition energies between1 and2. Thus, the change
in Qmol

Cu leads to similar energy shifts in the Cu 1s, 2p, and 3d
orbitals and the pre-edge shift observed is predominantly due
to LF. In 1 the N-containing ligand system is trispyrazolyl
borate, which forms two fairly weak Cu-N bonds in the
equatorial position at∼2 Å (a weak∼2.25 Å Cu-N bond is
also present).82 In contrast, the partial negative charge on the
nitrogens of theâ-diketiminate ligand leads to the formation of
strong Cu-N bonds (at∼1.86 Å) in 2, increasing the ligand
field and destabilizing the dx2-y2 orbital relative to that in1.

(81) Ruiz, R.; Surville-Barland, C.; Aukauloo, A.; Anxolabe´hère-Mallart, E.;
Journaux, Y.; Cano, J.; Muno˜z, M. C. J. Chem. Soc., Dalton Trans.1997,
745-751.

(82) The aromatic pyrazole groups do not significantly participate in the bonding
of trispyrazolyl borate with Cu.

Table 5. Selected DFT Parameters and Comparison of Cu K-Edge and TD-DFT Transition Energies

DFT (Gaussian) 1sf3d transition (eV)

bond distance (Å) Mulliken charge TD-DFT (ORCA)a

Cu−N1(N2) Cu N1(N2) Cu K-edge TZVP 6-311G*

[CuIIL] 2- 1.94(1.95) 1.04 -0.71(-0.82) 8978.7 8749.2 8748.2
[CuIIIL*] - 1.94(1.95)b 1.15 -0.71(-0.82) 8749.4 8748.4
[CuIIIL]- 1.85(1.86) 1.18 -0.74(-0.83) 8980.8 8750.1 8749.2

a DFT underestimates the core binding energy; the energies are reported for relative comparison.b The bond distances in [CuIIIL*] - (single-point calculation)
are identical to those in [CuIIL] 2-.

Scheme 2. Schematic Representation of the Changes in the 1s,
2p, and 3d Orbital Energies upon One-Electron Oxidation of
[CuIIL]2- to [CuIIIL*]- and to [CuIIIL]-a

a The formation of [CuIIIL*] - involves a change inZeff, while formation
of [CuIIIL] involves a change in both LF andZeff, indicating that LF effects
have a dominant contribution to the edge shift andE1 ≈ E2 < E3. LF )
ligand field, np) 2p(O).
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This is consistent with DFT calculations which indicate larger
nitrogen character (18% per hole) in2 relative to1 (12% per
hole) This is also consistent with the [LCu-thiolate] study by
Randall et al.,80 which showed, using a combination of magnetic
circular dichroism (MCD) and XAS studies, that theâ-diketimi-
nate ligand interacts more strongly with Cu, resulting in larger
destabilization of the dx2-y2 orbital relative to the trispyrazolyl
borate ligand. This increase in ligand field leads to the large
shift observed in the K pre-edge of2 relative to1.

5. Discussion

5.1. Nature of Cu-O2 Bonds. Resonance Raman spectro-
scopic studies and theoretical calculations have been performed
on complexes1 and2 which indicate their respective superoxide
vs peroxide nature.22,25-27,83,84In this study, Cu K- and L-edge
data on1 and2, combined with the results obtained from VBCI
analysis of the L-edge spectra, are used to experimentally probe
differences in the Cu-O2

n- bonding and to evaluate the nature
of the Cu-O2

n- bond in 1 and 2. Quantitating the total
integrated intensities under the L-edge peaks (Figure 4A)
indicates that both complexes are very covalent and that1 has
a ground state with 20% Cu character, while for2 the Cu
character is 28%. Further, the L-edge of2 has a larger gap
between the main and satellite peaks and higher intensity of
the satellite features at∼935-940 eV, which also exhibit more
multiplet structure. VBCI simulations of these L-edge spectra
reproduce the strongly covalent nature of the ground states, with
more d8 Cu(III) character in2. In the VBCI framework, two
factors contribute to the covalent mixing of the d8 Cu(III) ground
state with the charge-transfer excited state: (i) a small∆ term
where the two interacting states are close in energy and (ii) a
largeT term for the interaction (L-M overlap) between them.
The∆ andT values for1 and2 obtained from the best-fit VBCI
simulations are 0.24 and 0.9 eV and 0.61 and 1.7 eV,
respectively. The higher value ofT for 2 more than compensates
for its larger∆, leading to a net increase in the amount of Cu
character in the ground-state wave function relative to1.

DFT calculations are consistent with previous theoretical
studies27 and support the experimental results and analysis. The
experimental trends in the O-O stretching frequencies of 1043
and 948 cm-1 for 1 and2 are reproduced by the calculations
(1040 cm-1 for 1 and 990 cm-1 for 2) and support the electronic
structure description of1 and 2 as superoxide and peroxide
copper complexes, respectively. The experimental trend in the
Cu character in theψLUMO

/ is also reproduced reasonably well.
The differences in the ligand character in theψLUMO

/ indicate
that the planar ring system of theâ-diketiminate and anionic
charge localization on the N’s lead to a very strong bonding
interaction with Cu and significant charge donation from the
â-diketiminate, stabilizing the Cu(III) state. The strong interac-
tion of â-diketiminate with Cu relative to tris(pyrazolyl)-
hydroborate was described in a spectroscopic study by Randall
et al.,80 in which it was demonstrated that the increased donation
of the â-diketiminate ligand weakens the Cu-thiolate bond
relative to the tris(pyrazolyl)hydroborate ligand system. This
result was invoked in a theoretical study on derivatives of1
and2 by Cramer et al.,27 which indicated that an electron-rich
metal tends to form a peroxide species.

In the Cu-thiolate study by Randall et al.,80 although the
thiolate character in theψSOMO

/ changes significantly, the Cu
character remains very similar in both complexes. In contrast,
in the Cu-O2

n- systems, the interaction between theπσ
/ orbital

on O2
n- and the 3dx2-y2 orbital on Cu leads to a very covalent

two-hole system, which results in Cu(II)-superoxide or Cu(III)-
peroxide character, depending on the relative contributions of
Cu and O to theψLUMO

/ . It is important to note that, in contrast
to the CuII-thiolate systems, the Cu characters in1 and2 are
different. This difference arises from the presence of additional
electron repulsion on going from a d9 to a d8 system, which
localizes Cu character in theψLUMO

/ .

This difference in the composition of theψLUMO
/ indicates

that the ligand environment regulates the O2
n- character in the

ground state. The amount of O2
n- character in theψLUMO

/ is
larger in1 (65%πσ

/) than that in2 (54%πσ
/). This is critical in

terms of reactivity in PHM and DâM, as it indicates that the
frontier molecular orbital of a superoxide-like species would
be activated toward H-atom abstraction.11 The ligand system
of the CuM site in PHM (2 N(His), 1 S(Met), and 1(H2O)) is
similar in ligand field to the trispyrazolyl ligation in1.10,17This
is consistent with various experimental and theoretical studies
on PHM, which implicate (and possibly observe) the formation
of a [CuII-O2

-] intermediate which is tuned toward substrate
hydroxylation.3,11,18 Thus, this study provides insight into the
ligand environment contribution to the formation of a [CuII-
O2

-] intermediate in PHM (and DâM) and in tuning its
reactivity.

5.2. Contributions to Pre-edge Energy Shifts.L-edge
intensity is a direct probe of the total metal character in the
â-LUMO and thus directly reflects the charge on the metal atom
in the molecule (Qmol

M ).85 It has been shown by X-ray photo-
electron spectroscopy that changes inQmol

M result in large shifts
in the ionization energies, referred to as chemical shifts, which
reflect the formal oxidation state of the atom in the molecule.
This might indicate that the L pre-edge energy should increase
with increase in the relative L-edge intensity. Figure 7A shows
a comparison of the Cu L3 pre-edges of [Cu(TMPA)(OH2)]-
(ClO4)2 (3), 2, and the blue copper site in plastocyanin. The
normalized L-edge intensities of3, 2, and plastocyanin are 55%,
56% (28% per hole), and 42%, respectively. The effective charge
on copper is quite different between3 and plastocyanin, yet
the pre-edge energy positions for both occur at 930.8 eV. In
contrast, the charge on copper is the same for2 and3, while
the pre-edge for2 is at 932.7 eV,∼2 eV higher than for3.
Thus, the L-edge energy positions do not directly reflectQmol

Cu .
The calculations on [CuIIL] 2-, [CuIIIL*] -, and [CuIIIL]- pre-
sented in section 4.2.5 also indicate that there is very little effect
on the edge energy due to the change in charge on the copper
and the dominant contribution to the edge shift is from the
increased ligand field at the Cu(III) in the complex.

The effect of change in charge on an atom in a molecule
(∆Qmol

M ) on the 2p and 3d orbitals has been modeled.86,87 This
∆Qmol

M modeling was extended in this study to obtain the
relative change in 1s and 2p core and 3d valence orbital energies
in a copper atom due to∆Qmol

Cu . The correlation of the core(1s):

(83) Pantazis, D. A.; McGrady, J. E.Inorg. Chem.2003, 42, 7734-7736.
(84) Gherman, B. F.; Cramer, C. J.Inorg. Chem.2004, 43, 7281-7283.

(85) This is valid when metal 4s and 4p do not contribute significantly to
bonding.

(86) Kennepohl, P.; Solomon, E. I.Inorg. Chem.2003, 42, 679-688.
(87) Kennepohl, P.; Solomon, E. I.Inorg. Chem.2003, 42, 689-695.
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core(2p) orbital energies was found to be∼1:1, while the core:
valence correlation is∼0.9:1 (Figure S3, Supporting Informa-
tion). These results are consistent with XPS data which show
that, over a series of compounds with differentQmol

M values
(due to differences in formal oxidation state), the chemical shifts
observed in the valence and core levels are approximately the
same. Since metal K and L pre-edges probe transitions between
two bound states, the energy shift due to a change inQmol

M is
small.88,89 Thus, the energy shifts associated with pre-edges
reflect contributions from the ligand field. Figure 7B shows a
comparison of the Cu K-edges of2 and 3. The K pre-edge
energy shift is∼2 eV, which is similar to the L pre-edge energy
shift (Figure 7A). Since the ligand field dominantly affects the
valence orbitals involved in bonding, the shifts in the Cu K-
and L-edges are necessarily very similar (within resolution).

5.3. Electronic Structure of CuIII Compounds. Cu(III)
complexes are important chemical oxidants, implicated as
intermediates in oxidative processes, and comprise an important
class of superconductors.66,73,78,90In recent years, a number of
Cu(III) complexes have been characterized,91-93 and crystal
structures and EXAFS data on these indicate that the first-shell

Cu(III)-L distance is 0.1 Å shorter than in similar Cu(II)
complexes. In an extensive X-ray absorption Cu K-edge study,
DuBois et al.66 have shown that the Cu K-edges of Cu(III)
complexes look dramatically different from those of Cu(II)
complexes and have assigned the∼2 eV pre-edge shift (∼8979
eV to ∼8981 eV) as a signature of a unit increase in oxidation
state. It is shown in the present study that this shift in the pre-
edge energy position for both K- and L-edges is, in fact,
dominated by ligand field contributions. The L-edge intensity
of 2, a Cu(III) complex, is very similar to that of normal Cu(II)
complexes (Figure 7A), indicating that theirQmol

Cu values are
very similar. This similarity in L-edge intensity, combined with
the 0.1 Å shortening of Cu-L bonds, indicates that Cu(III)
complexes have very strong covalent bonds. Hence, the charge
built up by the one-electron oxidation of a Cu(II) to a Cu(III)
species is neutralized by extensive charge donation by the ligand
framework to the metal. This reflects Pauling’s electroneutrality
principle.

In summary, the electronic structures of two mononuclear
LCuO2 systems,1 and2, have been evaluated using Cu K- and
L-edge XAS coupled with calculations. The XAS data, par-
ticularly the L-edge intensities, clearly demonstrate the Cu(II)-
O2

- and Cu(III)-O2
2- natures of1 and2, respectively. These

differences reflect the difference in donor interactions of L with
Cu (greater in2) coupled with the increased electron repulsion
in these two-hole systems. Ligand field andQmol

Cu contributions
to Cu K- and L- pre-edge shifts have been evaluated using DFT
and TD-DFT calculations and through correlation to XPS data.
It is found that, for bound-state transitions, the pre-edge energy
shift is dominated by the ligand field and is less affected by a
change inQmol

Cu . Finally, it is shown that Cu(III) compounds
can haveQmol

Cu values similar to those of Cu(II) complexes due
to increased donor interaction with the ligand to compensate
for the increased charge on the metal center.
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Figure 7. (A) Normalized Cu L3-edge spectra of [CuII(TMPA)(OH2)]-
(ClO4)2 (3, blue line), plastocyanin (red line), and [2LCu(O2)] (2, black
line). (B) Normalized Cu K-edge spectra of [CuII(TMPA)(OH2)](ClO4)2

(3, blue line) and [2LCu(O2)] (2, black line). Inset: Expanded pre-edge
region (1sf3d transition).
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