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bstract

Exchange coupled trinuclear Cu(II) clusters are of great importance in magnetic materials as well as in key steps of biological catalysis. However,
he physical origins of the unique magnetic and spectroscopic features have been elusive and detailed descriptions of their electronic structures
ave been limited. In this review, we review our recent spectroscopic studies on structurally well-defined trinuclear Cu(II) model complexes with
istinct Cu–O bridged structures that represent the 4e− reduced, native intermediate in the catalytic reactivity of the multicopper oxidases. Our
tudies mainly based on electron paramagnetic resonance (EPR) and magnetic circular dichroism (MCD) experiments provide new insights into
he metal–ligand bonding interactions in the ground and excited states of the exchange coupled Cu(II) trimers: (1) the spin frustrated ground state
f an antiferromagnetically coupled Cu(II) trimer undergoes zero-field splitting into two doublet states via a first-order spin–orbit coupling effect,
ermed antisymmetric exchange, that requires effective ground-to-excited state superexchange interactions, and (2) the ligand-to-metal charge
ransfer excited states undergo coupling interactions via either metal- or ligand-based, single-centered spin–orbit coupling mechanisms. The former
s reflected in extremely unusual ground state EPR spectral features, while the latter is manifested in the MCD spectrum of the excited states as a set

Abbreviations: CD, circular dichroism; CT, charge transfer; DFT, density functional theory; EPR, electron paramagnetic resonance; HDVV, Heisenberg,
irac, Van Vleck; MCD, magnetic circular dichroism; MO, molecular orbital; NI, native intermediate; PI, peroxy intermediate; SOC, spin–orbit coupling; T1, type
; T2, type 2; T3, type 3; XAS, X-ray spectroscopy; VTVH MCD, variable-temperature variable-field magnetic circular dichroism; ZFS, zero-field splitting
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of two field- and temperature-dependent MCD C-terms with opposite signs. This MCD feature, called a pseudo-A term, has allowed differentiation
of geometrically distinct Cu–O chromophores of the two model complexes and determination of the structure of the native intermediate in the
reduction of O2 to H2O by the multicopper oxidases. The fundamental descriptions of the electronic structures of exchange coupled Cu(II) trimers

implicate their significant roles in the catalytic reductive cleavage of O O bonds in biology and in the physical properties of magnetic materials.
© 2006 Elsevier B.V. All rights reserved.

K e; Anisotropic exchange; Spin–orbit coupling; Multicopper oxidase
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Fig. 1. Crystal structures of: (a) TrisOH and (b) �3O. TrisOH is D3 symmetric
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. Introduction

Trinuclear Cu clusters with trigonal symmetry have attracted
ignificant interest, particularly, as these play a central role in
he catalytic O2 reduction in the ubiquitously found multicopper
xidases that include tree and fungal laccases, ascorbate oxidase,
eruloplasmin, Fet3p, CueO, and CotA [1]. These enzymes con-
ain at least four Cu centers that are necessary to catalyze the
e− reduction of O2 to H2O with concomitant 1e− oxidations
f various substrates. The electrons are taken up at the type 1
T1) “blue” Cu site and transferred ∼13 Å to the trinuclear Cu
luster site that is comprised of a type 2 (T2) “normal” and a
ype 3 (T3) “coupled binuclear” Cu center where the O2 reduc-
ion occurs [2]. Reaction of the fully reduced enzyme with O2
nvolves two, 2e− intermediate stages [3,4]. Since the first 2e−
tep is rate determining (k ≈ 2 × 106 M−1 s−1) [5] while the sec-
nd 2e− step is fast (k > 350 s−1) [6], the overall reaction is
ffectively one 4e− process.

The 4e− reduction of O2 generates the native intermedi-
te (NI), which has been trapped using a rapid freeze–quench
echnique and spectroscopically characterized using electron
aramagnetic resonance (EPR), absorption, circular dichroism
CD), magnetic circular dichroism (MCD), and X-ray spectro-
copies (XAS) [4]. It was shown that the NI is a fully oxidized
pecies with the three Cu(II) centers in the trinuclear site mutu-
lly bridged by the product of full O2 reduction after cleavage
f the O O bond. In particular, the study has unveiled a range of
nique spectroscopic and reactivity features of the NI that orig-
nate from the all bridged structure of the trinuclear Cu cluster
ite. This structure promotes strong antiferromagnetic coupling
f the three Cu(II) centers, yielding a doublet ground state
ccompanied by a low-lying doublet excited state at ∼150 cm−1.
ccordingly, two limiting structures of the exchange coupled

rinuclear Cu(II) cluster in the NI have been proposed with con-
ideration of the enzymatic reactivity [4]: one has three �2-OH
igands, each bridging a Cu(II) pair, where two OH− ligands
erive from O2 reduction and the third from ambient H2O; the
ther structure has a single �3-oxo ligand bridging all three
u(II) centers with the second oxygen atom from O2 either

emaining bound or dissociated from the trinuclear site.
The most characteristic spectroscopic features of the NI are,

rst, the absence of the T2 signal and the emergence of a broad
ignal with a low geff value of 1.65 in the EPR spectrum at low
emperature and high radiant power, and second, the appearance

f a pair of intense field- and temperature-dependent bands with
pposite signs in the MCD spectrum at 316 nm (−) and 364 nm
+) that are associated with the O → Cu(II) charge transfer (CT)
ransitions at the trinuclear site [4]. However, the physical origins

2

C

ith all three O-ligands in the Cu3 plane and �3O is C3 symmetric with the
xo-ligand 0.5 Å above the Cu3 plane. N-ligand atoms are labeled for one of the
hree equivalent Cu centers in each structure.

f these features have been elusive, as detailed descriptions of
he electronic structure of trimeric Cu clusters have been limited.

In order to elucidate these unique spectral features and define
he geometric and electronic structures of the NI, we have
ecently performed spectroscopic studies on model complexes of
he tris-�2-hydroxy bridged and �3-oxo bridged trimeric Cu(II)
tructures, synthesized by Mirica and Stack (TrisOH, Fig. 1(a))
7,8] and Suh et al. (�3O, Fig. 1(b)) [9], respectively. Compared
o other relevant models available [10,11], TrisOH and �3O
re ideal for the purpose of studying Cu O bonds involved in
he superexchange interactions and the O2−/OH− → Cu(II) CT
ransitions, because these have the �2-hydroxy/�3-oxo ligands
s the only effective bridging ligands between the Cu centers
nd also lack spectroscopically non-innocent coordinating lig-
nds or counter-anions, such as chlorides, that may dominate the
V–vis spectra.
This review presents detailed descriptions of the unique

round and excited state spectroscopic properties of the
xchange coupled trigonal trimeric Cu(II) cluster in the NI build-
ng upon detailed spectroscopic and electronic structure studies
f the TrisOH and �3O model complexes [7,12,13]. These
escriptions provide further insight into the physical properties
f trimeric Cu(II) complexes in general and into the reaction
echanism of the reductive cleavage of the O O bond.

. Ground states of exchange coupled trimeric Cu(II)
lusters
.1. Antisymmetric and anisotropic exchange

The basic description of an exchange coupled trinuclear
u(II) complex is given by the isotropic exchange spin
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Scheme 1. (a) Energy diagram of an antiferromagnetically coupled Cu(II) trimer
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all J < 0) with zero, one, and three bridging ligands. (b) Competing spin config-
rations in the spin-frustrated 2E ground state of a three-bridged Cu(II) trimer.

amiltonian from the Heisenberg, Dirac, Van Vleck (HDVV)
odel:

ˆ iso =
∑

i,j
− 2J(Ŝi · Ŝj) (1)

here Ŝi and Ŝj are local spin operators on metal centers i
nd j (i, j = 1–3, i �= j) [14]. Each of the three spins can interact
ith its adjacent spins: the two Cu(II) centers with S = 1/2

ouple to form intermediate spins S′ = 1 and 0 (Scheme 1(a),
one bridge’), which then couple to the third Cu(II) center to
ive Stot = 1/2 and 3/2, and another Stot = 1/2 state, respectively
Scheme 1(a), ‘three bridges’). For the D3/C3 symmetric trimers
ith spins S1 = S2 = S3 = 1/2 and J = J12 = J23 = J31, the quartet

nd the doublet ground states are the 4A2/4A and 2E states,
espectively, that are separated by 3|J| in energy (Scheme 1(a)).

Within the framework of the HDVV model, the two dou-
lets in the 2E state are non-interactive and the degeneracy
s accidental. Thus, splitting of the two degenerate doublets
s only possible via distortion of the D3/C3 symmetry which

akes the three J’s inequivalent. Static, dynamic, and mag-
etic Jahn–Teller effects have been proposed to account for
he discrepancies from the HDVV model found in experiments
15]. However, studies on the EPR, optical, Mössbauer spectra,
eat capacity, and magnetic susceptibility of various polynuclear
etal clusters have demonstrated that the HDVV model is insuf-
cient in explaining the observed data [15,16]. For example,

ow temperature magnetic susceptibility studies of antiferro-
agnetic Cu(II) trimers have reported the anomalous decline
f χMT values below that expected for one unpaired spin system
8,17,18].

The degeneracy in the 2E ground state of the three-bridged
ase (Scheme 1(a)) represents what is widely known as

G
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pin frustration. This concept is prevalent in the solid state
agnetism [19–21] where it was first introduced to explain a

ew type of order in the spin-glasses [22,23]. In the triangular
opology of the C3/D3 symmetric Cu(II) trimers, three spin
onfigurations are possible, as depicted in Scheme 1(b). Here,
espite all pairwise spin interactions being antiferromagnetic
J < 0), each spin configuration comprises a pair of spins that
re aligned parallel (�). The term “frustration” describes a
ituation in which the system cannot simultaneously satisfy
ll of its pairwise exchange interactions and the resulting
round state can have a large degeneracy. The competing
nteractions of different spin configurations often lead to
round states that cannot be described in the conventional spin
amiltonian and cause a dramatic modification of the magnetic
roperties.

Various studies have demonstrated that the spin frustration in
he ground states of antiferromagnetically coupled metal com-
lexes must be lifted via higher-order exchange terms such
s antisymmetric (=Dzialoshinsky–Moriya) [24,25], anisotropic
=pseudo-dipolar), or biquadratic exchange effects [15,16]. In
articular, the antisymmetric and anisotropic exchange effects
re first- and second-order in spin–orbit coupling (SOC) in an
xchange coupled system and have been suggested to be the two
argest non-Heisenberg term available, especially for trinuclear
ystems [16]. These terms are introduced into the spin Hamil-
onian by treating the interaction between a pair of spins with
second rank tensor that can be decomposed into the sum of a

ymmetric and a traceless antisymmetric tensor [26]. The former
an be further divided into a diagonal and a traceless symmetric
ensor. Consequently, the spin Hamiltonian for the two center
nteractions can be written as:

ˆ 12 = −2JŜ1 · Ŝ2 + Ŝ1 ·D · Ŝ2 + �G(Ŝ1 × Ŝ2) (2)

here the first term is the isotropic, the second is the aniostropic
xchange, and the third is the antisymmetric exchange (�d is also
ften used in the literature instead of �G) terms. Note that the
sotropic or aniostropic exchange terms tend to orient the spins
arallel or antiparallel to each other, while the antisymmetric
xchange term induces spin-canting to minimize the interaction
nergies. The aniostropic and antisymmetric exchange terms,
escribed purely by the off-diagonal matrix elements, become
onsequential when the zeroth-order magnetic orbitals are mod-
lated by perturbations such as SOC.

Physical descriptions and quantitative expressions of the anti-
ymmetric and anisotropic exchange contributions have been
rovided, first by Moriya [24], to explain the weak ferromag-
etism in antiferromagnetic crystals such as �-Fe2O3 and NiF2,
nd later by Kanamori [27], who gave more explicit descriptions
f the superexchange between the ground state of one metal
enter to the excited state of the other metal center. From per-
urbation theory, these are expressed as:
12 = 2iλ

[ 〈e1|L1|g1〉
Δ1

(−2Je1g2
g1g2

) − 〈e2|L2|g2〉
Δ2

(−2Jg1e2
g1g2

)

]
(3)
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12 = λ2

[
〈e1|L1|g1〉2

Δ2
1

(−2Je1g2
e1g2

) + 〈e2|L2|g2〉2

Δ2
2

(−2Jg1e2
g1e2

)

]

(4)

here λ is the SOC parameter, |gi〉 and |ei〉 the ground
nd excited states at the ith metal center, Δi the energy
ifference between |gi〉 and |ei〉, Li the orbital angular
omentum operator that couples |gi〉 and |ei〉, and Je1g2

e1g2
=

φ1
e (1)φ2

g(2)|Ĥex|φ1
e (2)φ2

g(1)〉 is the transfer integral (equivalent
efinitions for Je1g2

g1g2
, Jg1e2
g1g2

, and Jg1e2
g1e2

), where φg and φe are the
round and excited wave functions at each metal center indicated
y superscripts 1 and 2, while 1 and 2 in parentheses refer to
lectrons; the exchange Hamiltonian Ĥex in the transfer integral
xpression includes contributions from both the two electron
oulomb operator 1/r12 and the superexchange derived from
etal–ligand overlap. Thus, Je1g2

g1g2
involves exchange coupling

f one electron in the ground state of metal 1 to the ground state
f metal 2 and the second electron from the ground state of metal
to the excited state of metal 1, while Je1g2

e1g2
involves exchange

f both electrons between the excited state of metal 1 and the
round state of metal 2.

As indicated by Eqs. (3) and (4), the antisymmetric and
nisotropic exchanges are the first- and second-order SOC
ffects, with magnitudes approximated by (�g/g)|2J| and
�g/g)2|2J|, respectively, where �g is the deviation of g from
he free electron ge = 2.0023. It is important to note that both
re derived from the synergistic effects of single-centered SOC
nd superexchange interactions between the ground state of
ne center to the excited state of the other center, and vice
ersa. However, the antisymmetric exchange follows a set of
ymmetry rules and vanishes when, for example, the metal
enters are symmetrically related by a center of inversion [24].
he anisotropic exchange, on the other hand, is not limited
y such rules and is present in complexes of all symmetry.
onsequently, it is often the case that only the anisotropic
xchange is considered in dimeric Cu(II) complexes. In trigonal
rimeric complexes, the lack of a center of inversion allows

non-zero component of the antisymmetric exchange to be
resent in the direction normal to the metal plane. Indeed, it has
een suggested that the antisymmetric exchange is the largest
on-HDVV term available to account for the zero-field splitting
ZFS) in the antiferromagnetic 2E ground state of a trimeric
u(II) complex; in the ferromagnetically coupled 4A2/4A state

Scheme 1(a)), the largest term is the anisotropic exchange
ue to the absence of orbital degeneracy/orbital angular
omentum.
It should be noted that another, but obvious, source of ZFS

n the 4A2/4A and 2E states of trimeric Cu(II) complexes is
he magnetic spin–spin dipolar interaction that derives from the

utual influence of the magnetic field created by the magnetic
enters on each other [28]. Its magnitude can be estimated using
point dipole model with |Ddd| ≈ 0.65g2

‖/r3, in which r is
n Å [29]. This model estimates |Ddd| of 0.22 and 0.27 cm−1

or TrisOH (g‖ = 2.32 and r = 3.64 Å) and �3O (g‖ = 2.064 and
= 3.105/3.125 Å), respectively. However, TrisOH and �3O
how ZFS of 65.0 cm−1 [7] and 5.0 cm−1 [13] in their 2E and

1
s
t
d

istry Reviews 251 (2007) 379–400

A ground states, respectively, suggesting that the magnetic
pin–spin dipolar contribution to the ZFS is minor.

.2. Antisymmetric exchange in the spin frustrated 2E
round state of TrisOH

The spin frustrated 2E ground state of a Cu(II) trimer can be
est illustrated by TrisOH (Fig. 1(a)). The structure of TrisOH
as been determined by X-ray crystallography at −130 ◦C to
ave rigorous D3 symmetry. As the closest distance between
etal sites of different trimer molecules is 9.2 Å, the effect

f intermolecular magnetic interaction is negligible. The mag-
etic susceptibility data from 80 to 290 K yield an isotropic
xchange constant J of −105 cm−1 and thus, 3|J| = 315 cm−1

s the molecular doublet–quartet splitting energy. At lower tem-
eratures, however, the magnetization decreases well below and
hen increases above that of an isolated S = 1/2 spin system [8].
his phenomenon has been reported for other Cu(II) trimers and
ecessitated the incorporation of the antisymmetric exchange
erm in the simulations of these magnetization curves [17,18].

Considerable progress has been made in the theoretical pre-
ictions of the behavior of the 2E ground state of trinuclear Cu(II)
lusters, by Tsukerblat et al. in particular [16,30]. In their treat-
ent of trigonal trimeric Cu(II) systems, a spin Hamiltonian that

ccounts for the antisymmetric exchange and differences in the
hree isotropic exchanges is implemented (note that anisotropic
xchange is not present in an S = 1/2 system [16]). With consid-
ration of the Zeeman splitting in applied magnetic field B, the
pin Hamiltonian is written as:

ˆ = −2J(Ŝ1 · Ŝ2 + Ŝ2 · Ŝ3 + Ŝ1 · Ŝ3) + δ(Ŝ1 · Ŝ2)

+ δ′(Ŝ1 · Ŝ3) + �G · ([Ŝ1 × Ŝ2] + [Ŝ2 × Ŝ3] + [Ŝ3 × Ŝ1])

+ (gz cosθ + gxy sinθ)βB(Ŝ1 + Ŝ2 + Ŝ3) (5)

here δ and δ′ are the changes in the isotropic exchange
δ= J12 − J23 and δ′ = J13 − J23) due to symmetry lowering and
is the angle between the applied magnetic field and the z-axis
f the molecule (i.e. the C3-axis normal to the Cu3 plane). The
ector components of the antisymmetric exchange follow the
elation Gz 
 (Gx, Gy) ≈ 0, which can be derived from the sym-
etry properties of the �G vector [24].
The above spin Hamiltonian operates on a set of four spin

asis functions |S′, S, MS〉 = |0, 1/2, ±1/2〉 and |1, 1/2, ±1/2〉.
he eigenvalues and eigenfunctions obtained describe the ZFS
nd the extent of mixing between the two doublets as functions of
he antisymmetric exchange G (=Gz) and the symmetry lowering
. The ZFS (Δ, Scheme 2) of the 2E ground state is expressed
s:

=
√
δ2 + 3G2 (6)

f only the symmetry distortion is present (G = 0, δ �= 0), Δ
quals δ, and the eigenfunctions are functions of either |0,

/2, ±1/2〉 or |1, 1/2, ±1/2〉 which suggests localization of the
pin density on individual metal centers. In such a case, the
wo degenerate doublets of the 2E ground state split in energy
ue to the differences in isotropic exchange coupling constants
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with gz = 2.32, gx,y (effective) = 0, and equal C-term intensities (Asatlim) but with
opposite signs. Contributions from MCD A- and B-terms were ignored. Splitting
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Scheme 2.

J12 �= J23 �= J31). These doublets are non-interactive as the split-
ing is not caused by SOC (i.e. no off-diagonal matrix elements
hat allow spin–orbit mixing of the doublet states). Alternatively,
f there is only the antisymmetric exchange present (G �= 0,
= 0), Δ equals

√
3G, and the eigenfunctions become complex

ombinations of the spin basis functions as (1/
√

2)|0,1/2, ±
/2〉 ± i(1/

√
2)|1, 1/2,±1/2〉, where i = √−1. The spin den-

ities are now delocalized and equally distributed over the three
etal centers. The antisymmetric exchange acts to mix the two

ero-field split doublets of the 2E ground state, which becomes
vident when a magnetic field is applied to the system.

Direct experimental evidence for the ZFS in the 2E ground
tate of a Cu(II) trimer that are associated with the combined
ffects of the antisymmetric exchange and symmetric lower-
ng has been obtained from TrisOH [7]. First, the field- and
emperature-dependent MCD intensity (i.e. MCD C-term; see
ection 3) allows observation of a low-lying excited doublet

hat is a zero-field split component of the 2E ground state of the
rimer. In the Curie plot of the MCD intensity that is associated

ith an x,y-polarized OH− → Cu(II) CT transition, deviation

rom the linear dependence on 1/T at a fixed non-saturating
agnetic field is observed at T > 30 K (Fig. 2). Likewise, a

ig. 2. 1/T Curie plot of the MCD intensity at 330 nm (band 9 in Fig. 10) at a fixed
agnetic field of 0.7 T. Data points were collected over 12 temperatures between

.78 and 120 K. The main panel shows data points between 20 and 120 K, which
s the expanded view of the circled region in the inset. The simulation assumed
wo level Boltzmann distribution with each state having MCD C-terms with the
ame magnitude but with opposite signs (solid line). The linear 1/T dependence
f one-level systems (i.e. infinite Δ limit in the two level systems) is shown in
he dotted line for comparison (reproduced with permission from ref. [7], ©2004
merican Chemical Society).
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etween the two doublets, i.e. Δ= 65.0 cm−1, is obtained. The arrow indicates
.7 T in the 1.78 K isotherm (see Fig. 2) (reproduced with permission from ref.
7], ©2004 American Chemical Society).

ariable-temperature variable-field MCD (VTVH MCD) satu-
ation plot of the same transition shows no nesting behavior (i.e.
ack of overlap between the saturation curves obtained at differ-
nt temperatures) at low temperatures, while a distinct nesting
ehavior is observed at T > 30 K where an increase in tempera-
ure causes reduction of the relative MCD intensity and a gradual
ecrease of the slope of the isotherms (Fig. 3).

These anomalous behaviors of the Stot = 1/2 ground state of
risOH are indicative of ZFS of the 2E ground state. As the

wo zero-field split doublets of the 2E ground state have orbital
ngular momenta of opposite signs (Lz = ±1), the field- and
emperature-dependent MCD intensity (i.e. MCD C-term; see
ection 3) from the low-lying excited doublet (i.e. the higher
nergy component of the zero-field split 2E ground state) would
ave an opposite sign to that of the ground doublet, resulting
n cancelation of the intensity of the latter at high temperature
here Boltzmann population of the low-lying excited doublet
ould occur. With consideration of two-state Boltzmann distri-
ution, the ZFS is determined to be ∼65 cm−1 from simulations
f both the Curie and VTVH MCD plots (Figs. 2 and 3). If we
eglect the effect of symmetry lowering (δ= 0), which would
e the case for a rigorous D3/C3 structure, the antisymmetric
xchange G (=Gz) in the 2E ground state of TrisOH would be
7.5 cm−1 (i.e. Δ = √

3G).
The powder EPR spectrum of TrisOH is presented in Fig. 4,

ith a transition at g = 2.32. Since the ZFS of 65 cm−1 is much
arger than the microwave energy at X- or Q-band, the observed
ransition occurs within the Zeeman split subcomponents of the
round doublet at low temperatures. It is important to note that
hen the molecular C3-axis is aligned with the applied magnetic

eld (θ = 0◦), the transition probability is given by:

〈Ψ+
lower|Ŝ+ + Ŝ−|Ψ−

lower〉|2 ∝ δ2

Δ2 (7)
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Fig. 4. X-band EPR spectrum of powder TrisOH sample at 5 K, 9.39 GHz (top)
a
s
A

w
l
t
t
t
e
c
s
a
n
D
d
o
(
i
e

m
t
r
t
d
a
e
l
t
t
fi
t
w

Fig. 5. Resonance fields of the single crystal TrisOH in X-band EPR. The hori-
zontal axis of the plot defines the angle between the molecular z-axis (the C3-axis
normal to the Cu3 plane) relative to the applied magnetic field. Each point gives
the average of five experiments (in open circles) and the high/low values (error
bars). The resonance field of the powder EPR spectrum is indicated by the filled
circle at 0◦. Fits were made by varying the antisymmetric exchange (G) and dis-
tortion factor (δ). The dotted curve represents the simulated angular dependence
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a
c
the powder X-band EPR spectrum (Fig. 4) would arise from
the combined contributions from all of the metal sites. Each
of the four hyperfine lines from the unique Cu(II) center (with
nd second derivative plot of the EPR spectrum (bottom). Four-line hyperfine
plitting pattern is indicated (reproduced with permission from ref. [7], © 2004
merican Chemical Society).

here Ψ+
lower and Ψ−

lower are the wave functions of the Zeeman
evels of the ground doublet. This indicates that the observed
ransition is allowed only if the symmetry is lowered (δ �= 0) in
he TrisOH structure, at least at T < 30 K where the EPR transi-
ions are observed. The possibility of a magnetic Jahn–Teller
ffect in the 2E ground state of antiferromagnetic trinuclear
omplex to remove the three-fold symmetry has been proposed,
uggesting a distortion of ∼0.01 Å [31]. Recently, Cage et al.
ttributed the symmetry lowering they observed to such a mag-
etic Jahn–Teller effect [32]. For TrisOH, the crystallographic
3 symmetry reflects either a dynamic or a static Jahn–Teller
istortion where the latter would be distributed over the three
rientations. However, the low Jahn–Teller stabilization energy
∼4–5 cm−1) and small structural distortion (∼0.01 Å) make
t difficult to distinguish these effects through crystallography
ven at very low temperature.

The most dramatic spectroscopic evidence for the antisym-
etric exchange in TrisOH is the strong anisotropy observed in

he single crystal EPR spectrum in which the geff value spans a
ange of 2.32 down to an unprecedented 1.2; geff values lower
han 1.2 were not detected due to signal broadening and the
etection limit of the EPR instrument (Fig. 5). When θ = 0◦, the
pplied magnetic field aligns the spins with Gz and this results in
nergy levels that are linear superpositions of the orbital angu-
ar momentum provided by the antisymmetric exchange and
he spin angular momenta of the individual metal centers. The

wo zero-field split doublets split linearly with applied magnetic
eld, with the monomeric gz value of a Cu(II) center in the

rimer. However, when θ �= 0◦, the spins are no longer aligned
ith Gz by the applied magnetic field and this causes the two dou-

S
i

f the EPR transitions with the best fit values. (Inset) The overlay of the actual
ingle crystal EPR spectra at various angles (reproduced with permission from
ef. [7], ©2004 American Chemical Society).

lets to undergo field-induced mixing that results in a non-linear
plitting with applied magnetic field (Scheme 2, θ > 0◦). Conse-
uently, the resonances with fixed X-/Q-band radiation energies
re shifted to higher field positions that yield the observed low
eff values. A best fit, using Eq. (6) andΔ= 65.0 cm−1, has been
btained with G = 36.0 cm−1 and δ= 17.5 cm−1. The G obtained
s only ∼1.5 cm−1 different from the value obtained for the δ= 0
ase, suggesting that when G is large, it is not very sensitive to δ.

Given the experimental values of Δ, G, and δ, a quantitative
escription of the ground state spin wave functions is accessible.
n particular, it can be readily shown that in the isosceles dis-
ortion limit (δ= δ′ in Eq. (5)), the spin density is distributed 42,
9, and 29% over the three Cu(II) centers in the doublet ground
tate and 24, 38, and 38% in the low-lying doublet excited state,
ll deviating from the spin density of 33% in a totally delo-
alized trimeric system (Scheme 3). The hyperfine splittings in
cheme 3. Reproduced with permission from ref. [7], ©2004 American Chem-
cal Society.
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2% spin density in the ground doublet state) would further
plit into 7 hyperfine lines (28 total) with relative intensities of
:2:3:4:3:2:1 that derive from the other two Cu(II) centers (with
9% spin density each). From the simulation, the positions of
he four minima in the second derivative plot in Fig. 4(bottom)
re very similar to the positions of four hyperfine lines of the
nique metal center; the small shifts in positions are caused by
he contributions from superposition of the other metal hyperfine
ines. Thus, it can be estimated that the observed hyperfine split-
ing, |Aavg| = 74 × 10−4 cm−1, is about 42% of the |A‖| value of
n isolated Cu(II) site. Scaling up the observed value by 2.4
=1/42%) yields 180 × 10−4 cm−1, which is a reasonable value
or a typical Cu(II) parallel hyperfine splitting. Thus, the com-
eting effects of delocalization by the antisymmetric exchange
nd localization by the symmetry lowering result in a significant
eduction of the observed parallel hyperfine splitting.

Finally, the orbital origin of the large antisymmetric exchange
nteraction of ∼36 cm−1 can be found by evaluating the specific
OC pathways between each pair of metal centers. As indi-
ated above, the combined effects of the local SOC, ground-to-
round, and ground-to-excited state superexchange interactions
re required for the antisymmetric exchange. As obtained by
ensity functional theory (DFT) calculations, the dx2−y2 orbital
round state on a metal site in TrisOH can spin–orbit couple
ith the dxy excited state on the same site via Lz. Further, the
u–O–Cu angle of 144.2◦ provides both the ground-to-ground

dx2−y2/dx2−y2 ) as well as the ground-to-excited (dx2−y2/dxy)
uperexchange pathways via Cu O �-bonds (Scheme 4). These
ead to the large values of Je1g2

g1g2
and Jg1e2

g1g2
integrals for the anti-

ymmetric exchange in Eq. (3).
Comparison with the trimeric Cu(II) complex by Cage et al.

32] exemplifies the importance of the superexchange between
he ground dx2−y2 -orbitals and the excited dxy-orbitals. In this
tructure, the x,y-plane of each metal site is perpendicular to the
u3 plane. Consequently, the dx2−y2 - and dxy-orbitals are orthog-
nal and have poor ground-to-excited state superexchange inter-
ctions, leading to weak antisymmetric exchange. Analysis of
he EPR data on this complex only required consideration of
he symmetry lowering effect, implying that the antisymmet-
ic exchange is small. On the other hand, the ground-to-ground
x2−y2/dx2−y2 -orbital pairs form good superexchange pathways
hrough �-type bonds facilitated by two bridging carboxylate
igands between each metal pair, resulting in an antiferromag-
etic ground state with J ∼ −107 cm−1. This illustrates that the

Scheme 4.
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stimation of the G-value by the relation ∝ (�g/g)|2J| can be
isleading, as the J in this formulation is just the ground state

sotropic exchange parameter. Similar arguments can be formu-
ated for the anisotropic exchange interactions in dimeric Cu(II)
omplexes [33,34]. For example, the experimental determina-
ion of excited state exchange coupling parameters in dimeric
u acetate pyrazine has clearly demonstrated that the different
xchange pathways would have distinctly different contributions
o the total anisotropic exchange, and thus, to the ZFS of the
riplet ground state of the dimer [33].

.3. Anisotropic exchange in the 4A ground state of μ3O

The properties of the 4A ground state are best exempli-
ed by �3O, which is a C3 symmetric Cu(II) trimer with
uartet–doublet energy splitting (3|J|) of 163.5 cm−1 as deter-
ined by magnetic susceptibility [9]. This model complex is

he only �3-oxo bridged trimeric Cu(II) complex without other
ffective bridging ligands, such as pyrazolates [11], that may sig-
ificantly affect the exchange coupling. The distances between
he Cu centers of the two neighboring trimer units are large
nough (closest = 9.67 Å) to avoid significant intermolecular
nteractions. Moreover, �3O exists in a protonated form, �3OH
pKa ∼ 4.6 in aq.), that has been also determined to be C3
ymmetric. Thus, the bonding interactions between the �3-oxo
igand and the Cu(II) centers can be greatly simplified, while
he protonated �3OH form can be used as a perturbation to the
u O bonding interactions in �3O.

The powder EPR spectra of �3O taken at X- and Q-bands
re presented in Fig. 6 [13]. The EPR signals are observed only
elow 120 K and their intensities reach their maxima near 8 K.
wo transitions are observed at geff of 3.64 and 2.06 in X-band
nd 3.77 and 2.06 in Q-band. These transitions correspond to
he resonances at g = 4 and 2 that reflect transitions within the

S = ±1/2 component of a zero-field split axial Stot = 3/2 system
Scheme 5). However, the geff of 3.64/3.77 (X-/Q-band) is lower
han 4.0, which would correspond to a true gx,y of 1.82/1.89 that
s too low for the individual Cu centers in �3O. Note that low
eff values are also observed when the oxo-bridge is protonated
Fig. 7) with geff of 3.70 and 2.22. Moreover, the Q-band spec-
rum (Fig. 7(b)) shows an additional transition at geff ∼ 5.57 that
orresponds to the �M = ±2 transition between the MS = ±1/2
nd ±3/2 doublets of the zero-field split 4A ground state.

The observed low geff values for �3O and �3OH originate
rom the mixing of the upper (MS = ±1/2) and lower (MS = ±3/2)
oublets of the zero-field split 4A ground state. As a result, the
eeman levels become non-linear when the molecular z-axis is
ot aligned with the magnetic field. Thus, the low geff value
<4.0) reflects an EPR transition between the perturbed and
on-linear MS = ±1/2 Zeeman levels. In addition, the �M = ±2
ransition at geff ∼ 5.57 observed in the Q-band spectrum (but
ot in X-band) of �3OH indicates that the ZFS is comparable
o the Q-band energy and that the MS = ±1/2 doublet is consid-

rably mixed into the MS = ±3/2 state such that EPR transition
etween the two doublet states becomes partially allowed.

The SOC that results in ZFS and mixing of the doublet com-
onents in the 4A ground state is governed by the anisotropic
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Fig. 6. EPR spectra of powder �3O complex and their simulations using
gx = gy = 2.021, gz = 2.064, D = −2.50 cm−1, E/D = 0, line width parameters
Wx,y,z = (650, 650, 280 G), and the ZFS D–E strain parameters σD and σE = 0.06
and 0.07, respectively. (a) X-band spectrum taken at 0.3 mW, 8.0 K, and
9
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e
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t
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i

Fig. 7. EPR spectra of powder �3OH complex and their simulations using
gx = gy = 2.067, gz = 2.224, D = −1.02 cm−1, E/D = 0, line width parameters
Wx,y,z = (580, 580, 330 G), and the ZFS D–E strain parameters σD and σE = 0.05
and 0.03, respectively. (a) X-band spectrum taken at 0.3 mW, 7.6 K, and
9.390 GHz and (b) Q-band EPR spectrum at 0.097 mW, 10.0 K, and 33.95 GHz
(
e

S
A
u

.390 GHz and (b) Q-band EPR spectrum at 0.097 mW, 10.0 K, and 33.81 GHz
reproduced with permission from ref. [13], ©2005 American Chemical Soci-
ty).

xchange (Eq. (4)). Due to the lack of orbital angular momen-
um, the ZFS of 2D in a 4A state would be second-order in SOC
nd its effect is significantly smaller than that of the first-order

ntisymmetric exchange in a 2E state (see above). Neverthe-
ess, the anisotropic exchange shares the same physical origin as
he antisymmetric exchange (Eq. (3)); i.e. it derives from local

cheme 5. Reproduced with permission from ref. [13], ©2005 American Chem-
cal Society.
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reproduced with permission from ref. [13], ©2005 American Chemical Soci-
ty).

OC and ground-to-excited state superexchange interactions.
s obtained by DFT calculations, the dz2 ground state in �3O
ndergoes SOC with the dxz excited state via Ly (∼molecular
z, since local y-axis ∼ molecular z-axis) at each metal center.
urther, the ground-to-excited state superexchange between dz2 -
nd dxz-orbitals of different metal centers is facilitated via the in-
lane oxo p-orbitals (Scheme 6). Thus, the ZFS of −5.0 cm−1 in
he 4A ground state in �3O provides experimental evidence, in

agnitude and sign, for the existence of the anisotropic exchange
nd the contribution of the local SOC and ground-to-excited state
uperexchange.

Note that the ferromagnetic ground state of �3O is not intrin-
ic to the �3-oxo bridged structure, but derives from the oxo-
igand being out of the Cu3 plane by ∼0.5 Å, likely due to the
igid macrocyclic ligand. However, it can attain an antiferromag-

etic 2E ground state when the oxo-ligand is brought closer to the
u3 plane, as indicated by DFT calculations [13]. When the oxo-

igand is out of the plane, the Cu dz2 -O pz bonding interactions
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cheme 6. Reproduced with permission from ref. [13], ©2005 American Chem-
cal Society.

ecome substantial in the singly occupied MO (SOMO with a*

ymmetry; Scheme 7, left). The resulting pseudo-�-bonds desta-
ilize the SOMO and decrease its energy gap with the SOMO + 1
e* symmetry MO with in-plane oxo px- and py-orbital charac-
er mixed into the d-orbitals). Consequently, the ferromagnetic
ontribution in the exchange interaction dominates over the anti-
erromagnetic contribution, as described by the magnetic theory
f Hay et al. [35]. In contrast, if the oxo-ligand is in the Cu3
lane, the Cu–O pseudo-�-bonds are lost and the SOMO energy
s stabilized, increasing the SOMO/SOMO + 1 energy gap. As a
esult, the antiferromagnetic contribution, being proportional to
he square of the SOMO/SOMO + 1 energy gap [35], dominates
ver the ferromagnetic contribution (∼constant), yielding a 2E
round state (Scheme 7, right).

The experimental evidence for the anisotropic exchange in
he ferromagnetic 4A ground state of �3O allows us to antic-
pate a large ZFS in the 2E ground state of an antiferromag-
etically coupled �3O by the antisymmetric exchange as the
ntisymmetric and anisotropic exchanges share the same physi-
al origin. In the �3O structure, the ground-to-excited exchange

Je1g2
e1g2

= J
xz1z

2
2

z2
1z

2
2

in Eq. (4)) should be larger than the ground-

o-ground exchange as the ground-to-excited antiferromagnetic

oupling is further facilitated by the �-bond between dxz and
he in-plane oxo p-orbital which also interacts with dz2 on the
djacent Cu centers via �-bonds (Scheme 6). Using the calcu-
ated ground state exchange coupling constant J of −55.2 cm−1

cheme 7. Reproduced with permission from ref. [13], ©2005 American Chem-
cal Society.
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hen the oxo-ligand is in the Cu3 plane as a lower limit for
xz1z

2
2

z2
1z

2
2

, the magnitude of the pairwise antisymmetric exchange

arameter G (=Gz) of 42 cm−1 is estimated [13]. Accordingly,
he 2E ground state of �3O would exhibit a ZFS of ∼70 cm−1

Δ = √
3G) from the antisymmetric exchange. Consequently,

n antiferromagnetically coupled �3O is also expected to pro-
uce EPR signals with low geff values at perpendicular field
rientation as the antisymmetric exchange facilitates spin–orbit
ixing of the zero-field split doublets of the 2E ground state

Scheme 2, right).

.4. Ground state of the native intermediate

Fig. 8 presents the EPR spectrum of the Rhus vernicifera tree
accase in the two of its fully oxidized forms, namely the resting
xidized and the NI. In the resting oxidized form, two of the
our Cu(II) centers are paramagnetic, which are observed as the
1 and T2 signals (Fig. 8(a)). The T1 “blue” Cu signal exhibits
‖ value at 2.30 and the characteristic small hyperfine splitting
‖ of 39 × 10−4 cm−1, consistent with the dx2−y2 ground state
f its trigonal pyramidal ligand environment with two histidines
nd a cysteine in the x,y-plane (Scheme 8, T1). In particular,
he small hyperfine splitting originates from the highly covalent
u S bond, as has been demonstrated by single crystal EPR and
AS edge studies on various blue Cu proteins [36,37]. The T2

normal” Cu EPR signal exhibits g‖ value at 2.24 and hyper-
ne splitting A‖ of 180 × 10−4 cm−1, consistent with the dx2−y2

round state in its T-shaped ligand environment with two his-
idines and a hydroxide in the x,y-plane (Scheme 8, T2) [38]. This
2 Cu is coordinatively unsaturated; there is an open site oriented

owards the center of the trinuclear Cu cluster as demonstrated
y various crystallographic [39], spectroscopic, and computa-
ional studies, as well as exogenous ligand binding studies [38].
he other two Cu(II) centers in the trinuclear Cu cluster make
p the T3 “coupled-binuclear” site that are antiferromagneti-
ally coupled via a OH− bridge (Scheme 8, T3) and thus, do not
how up in the EPR spectrum. In the resting oxidized form, the

2 and T3 Cu centers have no direct bridging ligand and the two
ites have negligible magnetic influence on each other.

In contrast to the resting oxidized form, the EPR spectrum of
he NI form at 77 K exhibits only the T1 signal; the signal related

Scheme 8.
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Fig. 8. X-band EPR spectra of the Rhus vernicifera tree laccase: (a) the resting oxidized form at 2.02 mW and 77 K, in which both the type 1 (T1) and type 2 (T2) Cu
EPR signals are observed with g‖ of 2.30 and 2.24, respectively, (b) the native intermediate at 2.02 mW and 77 K, in which only the T1 EPR signal is observed, and
(c) the native intermediate taken at 0.5–25 W at 10 K, in which a new broad feature around 4000 G is observed. Simulations show that the native intermediate EPR
signal in ‘c’ has g of 2.15, 1.86, and 1.65 (reproduced with permission from ref. [4], © 2002 American Chemical Society). (Right) Energy diagram of the ground
and low-lying doublet states of the native intermediate, with depiction of the origin of the low g-value observed in ‘c’: when the two doublets are not spin–orbit
coupled, the Zeeman energy levels (dotted lines) would be linearly dependent on the applied magnetic field (B), with g > 2.0 that corresponds to that of the individual
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u centers of the trinuclear Cu cluster. However, due to the spin–orbit couplin
he Zeeman splitting is no longer linearly dependent on B. Consequently, the Z
adiation is shifted up in field, yielding low effective g-value of 1.65.

o the T2 Cu site is now absent (Fig. 8(b)). Importantly, at low
emperature and high radiant power, a broad signal at ∼4000 G
s observed (Fig. 8(c)). This signal shows rapid relaxation and
s not observed above 20 K. Simulations show that this broad
ignal has g-values of 2.15, 1.86, and 1.65. This new signal is
ifficult to saturate and exhibits very different saturation behav-
or compared to the T1 signal; the P1/2, the microwave power at
alf-saturation, of the broad signal at 8.8 K is >25 mW, whereas
hat of the T1 signal is ∼0.45 mW and that of the T2 signal (in
he resting oxidized form) is ∼0.05 mW. From the temperature
ependence of the power saturation of the EPR and its Orbach
nalysis, and also from variable-temperature MCD, the pres-
nce of a low-lying excited doublet state has been estimated at
150 cm−1 above the ground state [4].
Earlier studies have suggested that this new signal at

4000 G, which also broadens with the use of 17O2 isotope,
s associated with a three-electron reduced oxyl or hydroxyl
pecies with the T2 Cu center still reduced [40,41]. However, all
our Cu centers in the NI have been determined to be oxidized by
AS edge studies [4]. In addition, a pair of intense and relatively
road field- and temperature-dependent MCD intensity with
pposite signs (i.e. pseudo-A term; see Section 3) is observed in
he CT region of the MCD spectrum of the NI that is very differ-
nt from what is observed in the MCD spectrum of a hydroxyl

adical [42]. Thus, XAS and MCD studies have provided defini-
ive evidence that the NI form is not a radical species produced
y a three-electron reduction of O2, but rather a 4e− reduced
roduct of O2 reduction with all four Cu centers oxidized.

t
b
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antisymmetric exchange, the two doublet states are field-induced mixed and
n splitting in each doublet is narrowed and the resonance field in the X-band

With the insights gained from the model studies on TrisOH
nd �3O, it is possible to explain the unique ground state features
f the NI based on the SOC phenomenon via antisymmetric
xchange. On the right side of Fig. 8, the energy diagram of the
round and low-lying doublet states of the NI is presented with
epiction of the origin of the new broad signal with low g-value.
he dotted lines represent Zeeman energy levels when there
re negligible SOC between the two doublets, while solid lines
epresent those when SOC is present. When the two doublets
o not spin–orbit couple, the Zeeman energy levels would be
inearly dependent on the applied magnetic field, with g > 2.0
hat corresponds to those of the individual Cu(II) centers of the
rinuclear Cu cluster. Alternatively, when there exists SOC via
ntisymmetric exchange, the two doublet states are mixed by
he magnetic field and the Zeeman splitting is no longer linearly
ependent on the field. Consequently, the Zeeman splitting in
ach doublet is narrowed and the resonance field in the X-band
adiation is shifted up in field, yielding a low effective g-value
f 1.65.

The extent of SOC between the ground and low-lying excited
oublet states of the NI can be estimated by extending the theo-
etical model used for the 2E ground state of TrisOH that includes
ymmetry lowering δ (an equilateral to isosceles (J12 �= J23 = J31
nd δ= J12 − J23) distortion) and antisymmetric exchange fac-

or G (≈Gz). The experimental g-value of 2.15 is assumed to
e the geff when the molecular z-axis normal to the Cu3 plane
s aligned with the applied magnetic field, while the g-values
f 1.86 and 1.65 are assumed to be geff when the molecu-
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ar z-axis is oriented perpendicular to the applied field. With
= √

δ2 + 3G2 = 150 cm−1 (Eq. (6)), δ= 132 ± 8 cm−1 and
= 41 ± 8 cm−1 are obtained. Given these values, the coeffi-

ient of mixing of the low-lying excited doublet state into the
round doublet state (or of the ground doublet state into the low-
ying excited doublet state) is estimated to be ∼6.2 (±2.5)%.

It is not possible to determine the geometric structure of the
I from the ground state analysis of TrisOH and �3O alone, as
oth structures allow large antisymmetric exchange via efficient
round-to-excited state superexchange interactions. Nonethe-
ess, elucidation of the orbital origin of the low effective g-value
f the NI delineates an interesting generalization for other anti-
erromagnetically coupled Cu(II) trimers: the EPR signal with

low g-value much less than 2.0 requires the presence of a
ow-lying excited doublet state that can effectively spin–orbit

ix with the ground doublet state via antisymmetric exchange.
ndeed, the EPR spectra of the azide treated resting oxidized [2]
nd the NI [43] forms of the tree laccase, both of which have
utually bridged trinuclear Cu cluster sites, show such EPR

ignals with low g-values.

. Excited states of exchange coupled trimeric Cu(II)
lusters

The ground state properties of TrisOH and �3O complexes
llowed us to probe into the magnetic interactions among the
u(II) spin centers. However, these properties do not allow a
oncrete distinction between different superexchange pathways.
he effect of the antisymmetric and anisotropic exchange terms
an be comparable, irrespective of what bridging ligands are
resent.

The metal–ligand bonding interactions in different envi-
onments can be directly probed using excited state methods,
amely absorption, CD, and MCD spectroscopies. The
lectronic transition energies, intensities, band widths, and
olarizations provide a direct probe of the ligand-field and
he metal–ligand bonds [44,45]. In particular, MCD becomes
owerful when measuring the weak d–d transition intensities
s the d–d excited states are generally more spin–orbit mixed
han ligand-based CT states, and therefore, d–d transitions
ypically show larger low temperature MCD intensity relative to
bsorption intensity (cf. ξ[Cu(II)] = 830 cm−1 versus ξ[O, N] ∼
0–70 cm−1). Moreover, MCD intensities are closely related to
he SOC between excited states. As the SOC involves essentially
single-center, one electron operator, elucidation of the nature
f the MCD intensities and excited state SOC reveals a great
eal of structural information on a metal–ligand chromophore.

.1. The MCD C-term

The MCD intensity for a transition from a ground state |A〉
o an excited state |J〉 is described by [46,47]:

�A = ALCP − ARCP
E E

= γβB

[
−A1

∂f (E)

∂E
+ B0f (E) + C0

kT
f (E)

]
(8)

d
v
∓
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here �A is the difference in the absorbed left- and right-
ircularly polarized light (=ALCP − ARCP), E the energy of the
adiation, γ a collection of constants, β the Bohr magneton, B
he applied magnetic field, and f(E) is the band shape of the tran-
itions. The first and second field-dependent terms (∝B) in Eq.
8) are referred to as the MCD A- and B-terms, while the third
eld- and temperature-dependent term (∝B/T) is referred to as

he MCD C-term. The A1-, B0-, and C0-parameters are first-order
omponents of the A-, B-, and C-terms, where subscripts 0 and
imply that these are components of the zeroth- and first-order
oments of the MCD transition. These parameters are given by

pecific mathematical expressions associated with the magni-
udes and signs of the A-, B-, and C-terms that are dependent
n the electronic and geometric structure of the molecule [46].
Realize that “A”, “B”, and “J” have multiple meanings in this
eview: see Appendix A for summary of these symbols.)

Of the three MCD terms, the field- and temperature-
ependent C-term [∝(B/T)C0] dominates the MCD intensity for
aramagnetic systems with electronically degenerate ground
tates (S ≥ 1/2) being several orders of magnitude larger than
he field-only dependent A- and B-terms. Eq. (8) is appropriate
or the linear limit where the temperature is high relative to the
eeman splitting of the ground state sublevels. Alternatively,
t low temperature when this limit is no longer appropriate,
CD C-terms exhibit saturation behavior. This phenomenon

s utilized in the VTVH MCD experiments that can provide
etailed descriptions of the ground spin state, the magnitude
f the ZFS (as shown above for the ZFS of the 2E ground
tate of TrisOH; Fig. 3), and the polarizations of the electronic
ransitions [45,48]. In the following sections, we focus on
lucidating the MCD C-terms that are observed in the MCD
pectra of the two Cu(II) model complexes. In particular, the
rigins of the C-term intensities are evaluated by correlating
he geometric and electronic structures of the two model
omplexes to the properties of the C0-parameters. Note that
erms “C-term” and “C0” are used in the text interchangeably;
C-term” will be used to indicate the observed, field-, and
emperature-dependent MCD features, while “C0” will be used
hen mathematical/physical formalisms are described. For
etailed descriptions of the MCD A- and B-terms and a general
verview of the MCD theory, refer to refs. [45,47].

The C0-parameter for a spin allowed transition from a ground
tate |A〉 to an excited state |J〉 is given by:

0(A → J) = − 1

|dA|
∑

〈A|μz|A〉(|〈A|m−|J〉|2

− |〈A|m+|J〉|2) (9)

here |dA| is the electronic degeneracy of the ground state |A〉,μz

he z-component of the magnetic moment operator �μ = �L+ 2�S,
nd m+ and m− are the left- and right-circularly polarized electric
ipole moments, respectively. In the laboratory-fixed coordinate
ystem, the light travels along the z-direction, and the electric
irections. In this coordinate frame, the electric dipole operator
ectors have odd parity and m+ and m− are defined as m± =
(1/

√
2)(mx ± imy).
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LKAw ≈ 0 and LKJw �= 0, a non-zero C0 value is obtained by
SOC between two nearby excited states |J〉 and |K〉 to which
orthogonal transitions are made from a single ground state |A〉
(Scheme 9(a)). Also, when J and K in Eq. (16) are interchanged,
90 J. Yoon, E.I. Solomon / Coordination

Eq. (9) takes both the light propagation and magnetic field
irections to be along the molecular z-axis, which would be true
or an oriented axial single crystal. However, most solution sam-
les are studied as randomly oriented glasses or mulls, so that
he random orientation of the magnetic field and light directions
ith respect to the ensemble of molecules in the sample must
e taken into account. Thus, Eq. (9) can be rewritten as:

0(A → J) = − i

3|dA|
∑

〈A| �μ|A〉 · (〈A| �m|J〉 × 〈J | �m|A〉)
(10)

hich can be further expanded as:

0(A → J) = − i

3|dA| Im
∑

[〈A|μx|A〉(〈A|my|J〉〈J |mz|A〉

− 〈A|mz|J〉〈J |my|A〉) + 〈A|μy|A〉(〈A|mx|J〉
× 〈J |mz|A〉 − 〈A|mz|J〉〈J |mx|A〉)
+ 〈A|μz|A〉(〈A|mx|J〉〈J |my|A〉
− 〈A|my|J〉〈J |mx|A〉)] (11)

q. (11) shows that z-polarized transitions can also contribute to
he MCD intensity, as long as there are three mutually orthogonal
ectors, namely the direction of the applied magnetic field that
ives rise to the ground state Zeeman terms and the two electric
ipole moments between the ground and excited states.

It is important to note that, according to Eq. (11), either
he ground state |A〉 or the excited state |J〉 must be spatially
egenerate to have non-zero orbital angular momentum for two
rthogonal transitions to be present, or either |A〉 or |J〉 must
pin–orbit couple with a nearby state |K〉. The first case works
hen the molecule has high symmetry. However, it is more often

he case that the molecule does not have high symmetry (i.e. a
4 or C3 symmetry axis) for its states to be spatially degenerate.

n such cases, orbital angular momentum is quenched and this
ould eliminate the MCD intensity. Nevertheless, MCD C-term

ntensities (i.e. non-zero C0) are observed experimentally and
his necessitates departure from the zeroth-order description of
he wave functions.

From perturbation theory, SOC allows non-zero C0 and there-
ore, the C-term intensity to be present in the MCD spectrum
f a molecule with low symmetry. When a transition |A〉 → |J〉
s polarized in only one direction, the other perpendicular tran-
ition that is required for the MCD intensity can be obtained
rom an intermediate excited state |K〉 that spin–orbit mixes into
ither |A〉 or |J〉 (note that such a SOC can occur with more than
ne intermediate state). The perturbed states |A′〉 and |J′〉, then,
an be expressed as:

A′〉 = |A〉 + iL̂KA

ΔKA
|K〉 (12)

iL̂KJ

J ′〉 = |J〉 +

ΔKJ
|K〉 (13)

hereΔKA = EK − EA andΔKJ = EK − EJ, and L̂KA (equivalent
efinition for L̂KJ ) which is the imaginary part of the purely

S
i

istry Reviews 251 (2007) 379–400

maginary SOC matrix element expressed as:

ˆ KA = Im

〈
KStotM

K
S

∣∣∣∣∣∣
∑
N,i

ξ(riN )lN,w(i)sw(i)

∣∣∣∣∣∣AStotM
A
S

〉

(14)

ˆ KA = −L̂AK (15)

here lN,w(i) and sw(i) are w-components of the orbital and the
pin angular momenta of the ith electron relative to nucleus N,
ndMK

S −MA
S = 0 or ±1. The effective SOC parameter ξ(riN)

s a function with 1/r3 dependence that makes SOC between
ifferent atomic centers negligible.

With substitution of the perturbed wave functions |A′〉 and
J′〉 into Eq. (11), the C0-parameter for a spin-allowed transition
etween spatially non-degenerate doublet states |A〉 and |J〉 can
e expressed as [48]:

0(A → J)

= − 1

6

∑
uvw

gw
∑
K �=A,J

[Δ−1
KJL

KJ
w (DKAu DAJv −DKAv DAJu )

+Δ−1
KAL

KA
w (DAJu DJKv −DAJv DJKu )] (16)

here gw is the effective g-value of the doublet in the w-
irection, LKAw and LKJw the SOC matrix elements in the w-
irections, and DAJu = 〈AStotMS |mv|JStotMS〉 (=DJAu ) are the
omponents of the transition dipole moment between |A〉 and
J〉 in the u-direction (equivalent definitions forDKAu ,DAJv , and
KA
v ). (Again, realize the symbol “D” has multiple meanings in

his review: see Appendix A for summary of these symbols.)
The above formalism describes two mechanisms that allow

he unidirectional |A〉 → |J〉 transition to gain MCD C-term
ntensity (i.e. non-zero C0). In the first mechanism, in which
cheme 9. (a and b) Reproduced with permission from ref. [12], ©2005 Amer-
can Chemical Society.
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he relationship

0(A → K) = −C0(A → J) (17)

s obtained, implying that the two orthogonal transitions
A〉 → |J〉 and |A〉 → |K〉 result in oppositely signed C-terms
ith equal intensities. Note that this pair of C-terms is called the

pseudo-A term” due to its derivative band shape similar to that
f the MCD A-term. However, pseudo-A term is different from
-term, as the former is both field- and temperature-dependent

because it is, in fact, composed of two C-terms), whereas the
atter is only field-dependent. Eq. (17) also illustrates the “MCD
um rule” that describes the requirement for spectral stability to
onserve the total angular momentum of a photon [49]. In gen-
ral, pseudo-A terms are observed in Cu(II) monomers which
ypically have a non-degenerate ground state that has small
pin–orbit mixing with excited states due to large energy dif-
erences.

Alternatively, the second mechanism, in whichLKAw �= 0 and
KJ
w ≈ 0, describes the MCD intensity gained by SOC between

he ground state |A〉 and a low-lying excited state |K〉 from which
wo orthogonal transitions can be made to a single excited state
J〉 (Scheme 9(b)). In the low temperature region where the low-
ying excited state |K〉 is not populated, only the |A〉 → |J〉 tran-
ition is observed as a single MCD C-term while the |K〉 → |J〉
ransition serves as a virtual orthogonal transition required for
he MCD activity. Therefore, the MCD sum rule is not applica-
le. When the low-lying excited state |K〉 becomes populated at
igher temperature, the |K〉 → |J〉 transition gains intensity with
pposite C-term sign. If the energy splitting between |A〉 → |J〉
nd |K〉 → |J〉 transitions is small, the |K〉 → |J〉 intensity can-
els that of the |A〉 → |J〉 transition. Consequently, the observed
-term intensity would deviate from a linear dependence on 1/T
t sufficiently high temperatures.

.2. d–d transitions of TrisOH and μ3O

The two contrasting MCD C-term intensity mechanisms
escribed by the formalism of the C0-parameter in Eq. (16)
re observed in the d–d transition regions of the MCD spec-
ra of TrisOH and �3O. The first mechanism, which accounts
or SOC between two excited states (Scheme 9(a)), is found
etween 11,400 and 16,500 cm−1 energy region (bands 1–4)
f the �3O MCD spectrum (Fig. 9) with weak absorption and
trong MCD intensities [12]. In �3O, the d–d transitions are
onsidered to be single site transitions and there is no low-
ying orbital excited state that can spin–orbit couple into the
A ground state is limited. The relatively large C0/D0 ratios
≈MCD intensity/absorption intensity: see Appendix A for
etailed description) are indicative of d–d transitions, involving
arge metal-based contributions to the orbitals in the transitions
50]. The band energies are also similar to the d–d energies of
ononuclear Cu(II) complexes with similar geometries as the
ndividual metal sites of �3O (i.e. distorted trigonal bipyrami-
al) [51]. MCD pseudo-A terms are observed, indicating that the
ntensities are governed by SOC between the associated excited
tates and that the spin–orbit mixing into the ground state is lim-

t
s
2
r

ra, and C0/D0 ratios (see Appendix A for definition) between the MCD and
bsorption intensities (bottom) (reproduced with permission from ref. [12], ©
005 American Chemical Society).

ted, as expected for a non-degenerate 4A ground state. When
he d–d excited states of �3O undergo SOC in the molecular
-direction (the molecular z-axis is ∼y-axis of each metal site;
he z-axis of each metal site is along the Cu–O direction), two
ets of pseudo-A terms are obtained [Fig. 9; dxy(+)/dyz(−) and

x2−y2 (+)/dxz(−)], similar to those observed in the MCD spec-
rum of a mononuclear Cu(II) complex [50].

Alternatively, the second MCD intensity mechanism, which
escribes the MCD intensity gained by SOC between the ground
tate and a low-lying excited state (Scheme 9(b)), is observed in
he 9400–15,900 cm−1 energy region (bands 1–4) of the TrisOH

CD spectrum (Fig. 10) [12]. As the data are taken from a
ull sample, it is difficult to quantify the relative absorption and
CD intensities (i.e. C0/D0 ratio) to distinguish the d–d and CT

ransitions due to scattered light effects. However, the energies
f bands 1–4 are similar to the d–d energies of mononuclear
u(II) complexes with similar geometries as the individual metal

ites in TrisOH (i.e. distorted square planar) [51]. These bands
ll have (−) C-terms, thus, deviating from the MCD sum rule.
his indicates that their MCD intensity is governed by SOC
etween the ground state and a low-lying excited state (i.e. SOC
etween the zero-field split components of the 2E) rather than
OC between excited states. Note that the intensity arising from
he low-lying excited state at 65 cm−1 above the ground doublet
tate starts to contribute at T > 30 K. As described in Section
, the intensity contribution from the low-lying excited state
esults in deviation of the 1/T Curie plot (Fig. 2) and VTVH
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ig. 10. TrisOH mull absorption (top, 10 K) and MCD (bottom, 5.0 K/7.0 T)
pectra (reproduced with permission from ref. [12], ©2005 American Chemical
ociety).

CD saturation plot (Fig. 3) from those of the typical Stot = 1/2
ystem.

.3. Charge transfer transitions

.3.1. Excited state spin–orbit coupling leading to MCD
seudo-A terms

The SOC matrix element L̂KA (and L̂AJ ) in Eq. (14) is essen-
ially a one-center function due to the 1/r3 dependence of the
ffective SOC parameter ξ(riN). Therefore, contributions that
ccur between different centers can be neglected, while a single
tomic center must be simultaneously involved in both orthog-
nal CT transitions for MCD activity. Thus, elucidation of the
nderlying SOC mechanism leading to the MCD intensity would
eveal a great deal of structural information for the SOC active
hromophore under consideration.

The TrisOH and �3O structures possess two distinct orbital
oupling mechanisms that allow SOC of two orthogonal
→ Cu(II) CT transitions to produce the characteristic MCD

seudo-A terms present in their MCD spectra. Elucidation of the
rbital origin of the pseudo-A term intensities of these model
tructures allows determination of the geometric and electronic
tructures of the exchange coupled trinuclear Cu(II) cluster in
I.

.3.2. Metal-based spin–orbit coupling in TrisOH
Between 27,000 and 35,000 cm−1 of the TrisOH MCD spec-
rum (Fig. 10), intense and symmetric pseudo-A terms are
bserved with the (−) C-term components lower in energy by
000–5000 cm−1. These are determined to be all x,y-polarized
y VTVH MCD, which shows no nesting behavior (at T < 30 K,

w
m
i
H

esting behaviors indicating z-polarizations, while the OH− → Cu(II) CT tran-
ition in ‘b’ shows no nesting behavior indicating x,y-polarization (reproduced
ith permission from ref. [12], ©2005 American Chemical Society).

efore the low-lying excited state is thermally populated
Fig. 11(b))). This is consistent with the positions of the OH−
igands being in the Cu3 plane. On the other hand, the d–d and
→ Cu(II) CT transitions exhibit nesting behavior at all tem-

eratures (Fig. 11(a and c)), in spite of the Stot = 1/2 ground state
hich typically shows no nesting behavior. The nesting derives

rom the non-linear dependence of the ground state energy levels
n the magnetic field when the molecular z-axis is not aligned
ith the field (Scheme 2, θ > 0◦). Thus, the nesting indicates z-
olarization: the z-polarization of the N → Cu(II) CT transitions
s consistent with the N-ligands being out of the Cu3 plane, while
hat of the d–d transitions is consistent with the fact that these
ransitions gain intensities from the z-polarized CT transitions
t higher energies, such as the N → Cu(II) CT transitions.

The high intensities observed in both the absorption and MCD
pectra imply strong Cu(II)–OH− �-bonds. In addition, the x,y-
olarized transition dipole moments require SOC matrix element
n the z-direction, Lz, for MCD intensity. Thus, the C0-parameter
n Eq. (16), which describes the transition moment associated
ith the observed MCD C-term intensity, can be rewritten with

onsideration of SOC between two excited states |J〉 and |K〉:

0(A → J) = −1

6

∑
K �=A,J

gzΔ
−1
KJ (DKAx DAJy −DKAy DAJx )LKJz

(18)

Again, Lz is effectively a localized one-center function and
he SOC center must be simultaneously involved in both orthog-
nal CT transitions. We first consider the OH−-ligands as possi-
le SOC centers since a CT state would involve the majority of
he charge on the donor ligands. There are three different types
f OH− p-orbitals: the first are the in-plane p-orbitals along the
u–Cu directions that form strong Cu O �-bonds (=Op�), the

econd are the other in-plane p-orbitals involved in O H bonds
=OpH), and the third are the out-of-plane p-orbitals that form

eak Cu O �-bonds (=Op�). The direction of the SOC is deter-
ined by rotating the donor Op� orbital at one oxygen center

nto either the OpH or Op� orbital of the same oxygen center.
owever, none of these orbital rotations yields Lz: rotation of
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Fig. 12. Single-centered (a) metal-based spin–orbit coupling (SOC) in TrisOH,
(b) OH-based SOC in TrisOH, and (c) oxo-based SOC in �3O. The OH-based
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C (A → K) if |K〉 is higher in energy then |J〉 (Δ = E − E > 0)
OC in TrisOH is disabled as the protonation eliminates one of the in-plane O
-orbitals (OpH) for the spin–orbit rotation (reproduced with permission from
ef. [12], © 2005 American Chemical Society).

n Op� into Op� is possible only in the x- or y-direction that
orresponds to Lx and Ly; although rotation into OpH is possible
n the z-direction, no significant spin–orbit mixing is expected
ince the energy differences between Op� and OpH orbitals are
arge and the OpH orbitals do not contribute in the Cu–O bonds
r to the OH− → Cu(II) CT transitions (Fig. 12(b)). Thus, a
igand OH−-based SOC cannot significantly contribute to the
bserved MCD pseudo-A terms.

Alternatively, transitions from two OH− ligands to a single
u site can be considered. In this case, the SOC would occur
t the Cu centers, which is possible due to the highly covalent
ature of the Cu–OH �-bonds that allow a significant amount
f metal contribution into the CT states. This metal-based SOC
echanism in the TrisOH structure is associated with the two

onor MOs with dx2−y2 and dxy characters at the apex Cu cen-
er shown in Fig. 12(a), both of which are involved in �-bonds
ith the in-plane Op� orbitals. The dx2−y2 and dxy characters

an rotate into each other in the z-direction which generates Lz.
hus, the intense pseudo-A terms observed in the MCD spec-

rum of TrisOH derives from the SOC at the same Cu center
etween two different CT states that are involved in orthogonal
T transitions from two OH−-ligands to one Cu center. It is inter-
sting to note that this metal-based SOC can also be very useful
n explaining the MCD intensities of the ligand-to-metal CT
ransitions in many mononuclear transition metal complexes. In
hese complexes, a ligand-based SOC at the single donor ligand

ay not contribute significantly in the MCD intensity as the two
equired perpendicular transition moments cannot come from
single metal–ligand bond, the direction of a ligand-to-metal

T transition being along the metal–ligand vector. Instead, it is
ecessary to have a CT transition from another ligand to couple
ith the original CT transition via a metal-centered SOC.

a
t
c
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There are eight CT excited states, 22A1 + 22A2 + 42E, that
re associated with the � OH− → Cu(II) CT transitions from
he 2E ground state in TrisOH. These transitions are all x,y-
olarized. Therefore, in order for these transitions to gain MCD
-term intensities (i.e. non-zero C0), each associated CT state
ust spin–orbit couple in the z-direction (i.e. LKJz in Eq. (18))
ith another CT state that is associated with a transition perpen-
icular to its own. Group theory predicts that the CT states are
llowed to couple via Lz that induces either the out-of-state SOC
2A1–2A2 and 2E–2E) or the in-state SOC (2E). However, the
n-state SOC in the 2E excited states of TrisOH are not expected
o be resolved as the splittings would be determined either by
he small SOC parameter of the ligand (ξ[O, N] ∼ 60–70 cm−1)
r by the significantly reduced contributions from the metal
ons. The out-of-state CT state splittings, on the other hand,
re directly related to the MO energy splittings of ∼4000 cm−1

btained from DFT calculations [12], as the CT states would
plit in energy by the different bonding and exchange interac-
ions. Therefore, the observed pseudo-A terms in the TrisOH

CD spectrum represent pairs of CT states that interact via out-
f-state SOC.

Finally, the C-term signs (=signs of the C0-parameters) can
e evaluated by approximating the states |A〉, |J〉, and |K〉 with
ingle determinantal wave functions, such as the broken sym-
etry DFT wave functions [48]. The procedure is illustrated in
ig. 13: (1) the acceptor and donor MOs are used to determine

he signs of the transition dipole moments (Dx, Dy) and the SOC
atrix element Lz, and then (2) the signs of Dx, Dy, and Lz are

pplied to Eq. (18) to predict the sign of the C0-parameter, and
hus, the C-term sign (=the sign of C0) of the |A〉 → |J〉 transition.
he C-term sign of the |A〉 → |K〉 transition would be opposite

o that of the |A〉 → |J〉 transition, according to Eq. (17).
The metal-based SOC element LKJz is obtained by the coun-

erclockwise rotation of the SOC active orbital at the apex Cu
enter of the two donor MOs shown in Fig. 13. The rotation is
ade from the second donor MO (i.e. that represents |K〉) to that

f the first donor MO (i.e. that represents |J〉) as the transitions
re made from doubly occupied donor MOs to a singly occupied
cceptor MO. Note that if the transitions are made from singly
ccupied donor MOs to an unoccupied acceptor MO (e.g. d–d
ransitions in d1 systems), the rotation is made from the first
onor MO to the second donor MO. The different sequences of
he orbital rotations in the two cases are, in fact, related to the
igand-field treatment of the many-electron atomic SOC con-
tants λ that are positive when orbitals are less than half-filled,
ut negative when more than half-filled. The signs of the transi-
ion dipole moments are obtained from the transition densities,
hich are the products of the donor and acceptor MO densities:

he directions are taken from the center of the negative overlap
white) to that of the positive overlap (black) in the transition
ensity.

Overall, we obtain +DAJx , +DKAy , and −LKJz . Substitution
f these parameters into Eq. (18) yields (−) C0(A → J) and (+)

0 KJ K J

nd (+) C0(A → J) and (−) C0(A → K) if |J〉 is higher in energy
hen |K〉 (ΔKJ < 0) (Fig. 13). Notably, the lower energy C-term
omponent of the pseudo-A term has negative sign and the higher
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Fig. 13. Graphical prediction of the signs of the C0-parameters (=signs of C-
terms) of the � OH− → Cu(II) CT transitions in TrisOH. The acceptor MO, first
donor MO, and second donor MO represent the ground state |A〉, the excited
state |J〉, and the intermediate excited state |K〉. The counterclockwise rotation
of the SOC active dx2−y2 in the second donor MO to dxy in the first donor MO

yields negative overlap (−LKJz ). The directions taken from the center of the
negative overlap (white) to that of the positive overlap (black) in the transition
densities (the products of the donor and acceptor MO densities) define the signs
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f the transition moments (+DAJx and +DKAy ). Application of these vector com-
onents into Eq. (18) yields a pseudo-A term with a negative low-energy C-term
omponent, irrespective of the energy order of |J〉 and |K〉.

nergy C-term component has positive sign, regardless of the rel-
tive energies of the two excited states |J〉 and |K〉. The predicted
ign of the pseudo-A term is consistent with those observed in
he MCD spectrum of TrisOH in Fig. 10.
.3.3. Ligand-based spin–orbit coupling in μ3O
The O2− → Cu(II) CT transitions for �3O are associated with

he asymmetrically shaped MCD pseudo-A terms with weak
+) C-terms (bands 5 and 6) and strong (−) C-terms (bands

s
e
b
t
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and 9), the latter at 4000–9000 cm−1 higher in energy (Fig. 9).
he corresponding absorption intensities are also asymmetric;
.g. band 9 is ∼7 times more intense than band 5. The relative
bsorption intensities reflect the donor orbital involved in these
ransitions. The strong intensities of bands 7 and 9 derive from
he strong �-bonds between the Cu dz2 and the in-plane oxo
x/py-orbitals, while the weak intensities of bands 5 and 6 derive
rom the weak pseudo-� bonds between the Cu dz2 and the out-
f-plane oxo pz-orbitals.

Group theory predicts six quartet CT excited states associated
ith O2− → Cu(II) transitions, 34A + 34E. From the 4A ground

tate (recall that �3O has a ferromagnetic ground state, Section
.3), the three 4A → 4A transitions would be z-polarized, while
he three 4A → 4E transitions would be x,y-polarized. VTVH

CD show that bands 6, 7, and 9 are purely x,y-polarized, indi-
ating these are the three available 4A → 4E transitions. Band
, on the other hand, also has been determined to be domi-
antly x,y-polarized, but with ∼3% z-polarization. This band is,
n fact, associated with the z-polarized 4A → 4A transition that
erives from excitation of an electron between the bonding and
nti-bonding MO pair that is associated with the weak pseudo-
-bonds of the oxo pz-orbitals and the three Cu dz2 -orbitals.
owever, this transition is a purely z-polarized transition and
CD inactive, in contrast to what is determined from VTVH
CD.
The presence of the band 5 MCD intensity indicates that there

s SOC between the 4A state and an MCD active 4E state. This
ntensity borrowing mechanism is described by:

4AgrMS |m±|4AM ′
S〉

= 〈4EMS |HSOC|4AM ′
S〉〈4AgrMS |m±|4EMS〉

E(4E − 4A)
(19)

here 4Agr is the ground state, HSOC the SOC operator, m± is
he electric dipole operator and E(4E − 4A) is the energy sep-
ration between the 4E and 4A excited states. Before the 4A
o 4E out-of-state SOC, the 4Agr → 4E transition will absorb
oth the left- and right-circularly polarized light that results in
wo oppositely signed C-terms that may or may not be resolved
s a pseudo-A term, depending on the in-state spin–orbit split-
ing of the 4E state. If the in-state spin–orbit splitting is too
mall, the C-terms will not be resolved as the intensities would
ancel. Alternatively, if the out-of-state SOC becomes active,
he 4A and 4E states are coupled via LxSx + LySy allowing the

CD-inactive 4A → 4A to gain intensity that involves only left-
ircularly polarized light.

In the �3O structure, SOC of any two orthogonal
2− → Cu(II) CT transitions would occur at the central oxo-

igand. The in-plane oxo px- and py-orbitals are degenerate and
an rotate into each other by Lz, while the out-of-plane oxo pz-
rbital can rotate into oxo px and py by Ly and Lx, respectively. As
he SOC is oxo-based, the in-state splitting of the 4E excited state
s expected to be small and the intensities of the two oppositely

igned C-terms of the 4A → 4E transition would cancel. How-
ver, if the positive C-term intensity is shifted into the 4A state at
and 5, the negative C-term component of the in-state pseudo-A
erm will no longer be canceled and a pseudo-A term of the two
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lowing the same procedure as for TrisOH (see above). Here, the
oxo-based SOC element LKJz is obtained by the counterclock-
wise rotation of the SOC active orbital at the oxo center of the
two donor MOs shown in Fig. 14: rotation of the oxo px-orbital

Fig. 14. Graphical prediction of the signs of the C0-parameters (=signs of C-
terms) of the � O2− → Cu(II) CT transitions of �3O. The acceptor MO, first
donor MO, and second donor MO represent the ground state |A〉, the excited state
|J〉, and the intermediate excited state |K〉. The counterclockwise rotation of the
SOC active px in the second donor MO to py in the first donor MO yields negative
overlap (−LKJz ). The directions taken from the center of the negative overlap
(white) to that of the positive overlap (black) in the transition densities (the
Scheme 10.

ppositely signed C-terms would result (Scheme 10). The SOC
ould involve rotation between the out-of-plane oxo pz-orbital

nd the in-plane oxo px/py-orbitals in the x- or y-direction (i.e.
xSx + LySy). As indicated by the relative absorption intensities,

ntense bands 7 and 9 are the 4E states that derive from the
xo px/py donor orbitals. Therefore, the 4A state associated with
and 5, which derives from the oxo pz-based donor orbital, can
pin–orbit couple with these 4E states to gain MCD intensity.

ore precisely, as the SOC matrix element LKJw is one-electron
perator, it is non-zero only when the determinants representing
he two states differ by one electron occupation [48,52]. There-
ore, it would be band 7 that effectively spin–orbit couples with
and 5 as these two transitions share the same acceptor MO
the anti-bonding MO associated with the oxo pz-orbital and the
hree Cu dz2 -orbitals) and the resulting CT determinants differ
y just one electron occupation. Band 9, which is associated with
xcitation of the oxo px/py-based donor MO to the oxo px/py-
ased acceptor MO, would not be effective in SOC with band
as the resulting CT determinant would differ by two electron

ccupations.
Finally, recall that a �3-oxo structure can also have an anti-

erromagnetic 2E ground state if the oxo-ligand is close to the
u3 plane (Scheme 7, right). Therefore, we evaluate the elec-

ronic transition properties of an antiferromagnetically coupled
3O, especially for the purpose of extrapolating the experimen-

al quartet �3O model complex to the doublet ground state of the
I. If the oxo-ligand is in the Cu3 plane, contributions from the
ut-of-plane oxo pz-orbital in the Cu O bonds can be neglected.
or the oxo px,y → Cu(II) CT transitions, eight CT excited states,
2A + 42E, are available. Similar to the TrisOH case, all CT tran-
itions from the 2E ground state to these states are x,y-polarized
thus, MCD allowed) that can be coupled via Lz, either by the
ut-of-state SOC (2A–2A and 2E–2E) or the in-state SOC (2E).
ith the oxo-based SOC (between the oxo px- and py-orbitals,

ig. 12(c)), the in-state splitting of a 2E CT state would be small
nd not produce a significant MCD feature. Alternatively, the

−1
T states would be separated by at least ∼1500 cm , as indi-
ated by the broken symmetry DFT calculations [12]. Therefore,
t is possible to have out-of-state SOC of the eight available CT
tates to form four pseudo-A terms.

p
m
(
i
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The signs of the C-terms (=signs of the C0-parameters) of a
3O structure having a ground doublet state can be predicted fol-
roducts of the donor and acceptor MO densities) define the signs of the transition
oments (+DAJx and −DKAy ). Application of these vector components into Eq.

18) yields a pseudo-A term with a positive low-energy C-term component,
rrespective of the energy order of |J〉 and |K〉.
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Fig. 16. (a) The ground and excited state MCD spectra of the native interme-
diate. Gaussian fit of the ground state spectrum is shown in gray. Different
arrows indicate the different Cu centers associated with the CT transitions. (b)
Coupling coefficients of the individual Cu’s of the trinuclear Cu(II) cluster in
the ground state (GS) and excited state (ES) wave functions. Different arrows
indicate the different Cu’s associated with the CT transitions, according to the
three inequivalent exchange coupling constants in the trinuclear Cu cluster of the
n
C
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n the second donor MO (≈|K〉) to the oxo py-orbital of the
rst donor MO (≈|J〉). Overall, we obtain +DAJx , −DKAy , and
LKJz . Substitution of these parameters into Eq. (18) yields (+)
0(A → J) and (−) C0(A → K) if |K〉 is higher in energy then |J〉
ΔKJ > 0), and (−) C0(A → J) and (+) C0(A → K) if |J〉 is higher
n energy then |K〉 (ΔKJ < 0). Thus, the sign of the pseudo-A term
s the same regardless of the relative energies of the two excited
tates |J〉 and |K〉 (Fig. 14), as with TrisOH. However, the sign
f the pseudo-A term with positive lower energy and negative
igher energy C-term components is opposite to that of TrisOH.
otably, the predicted signs of the pseudo-A terms are unique

or each Cu3 structure as specific MO descriptions have been
tilized in these predictions.

.4. Excited states of the native intermediate

The low temperature (5 K) MCD and room temperature
bsorption spectra of the R. vernicifera tree laccase NI, with
imultaneous Gaussian fits, are presented in Fig. 15. The
→ Cu(II) CT transitions are bands 9–12 with strong absorp-
ion and MCD intensities; the intense band 5 is associated with
he Cys S → T1 Cu(II) CT transition that gives the bluish color
or both the resting oxidized and NI forms of the tree laccase.
he characteristic MCD pseudo-A terms formed by bands 9–12

ig. 15. (a) Room temperature absorption and (b) low temperature MCD spectra
f the native intermediate with simultaneous Gaussian fits. The highly intense
ands 9–12 that form pseudo-A terms in the MCD spectrum are the O → Cu(II)
T transitions (the intense band 5 is associated with the S → T1 Cu(II) CT tran-

itions) (reproduced with permission from ref. [4], ©2002 American Chemical
ociety).
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ative intermediate (reproduced with permission from ref. [4], © 2002 American
hemical Society).

ave positive low energy and negative high energy C-term com-
onents, similar to that predicted for the antiferromagnetically
oupled �3O (Fig. 14). Moreover, the ground and excited state
CD spectra, obtained from variable-temperature MCD experi-
ents, have allowed determination of the different contributions

f the individual Cu centers in the ground and excited state wave
unctions (Fig. 16) [4]. As indicated by different arrows con-
ecting the ground and excited state spectra in Fig. 16, band
changes from (+) to (−), band 10 remains (+) to (+), and

ands 11 and 12 change from (−) to (+). These different behav-
ors originate from the inequivalent ligand-field structures of
he Cu centers and different exchange coupling coefficients of
he three Cu pairs in the trinuclear cluster (−2J = 435, 470, and
20 cm−1) [4]. As a result, the spin densities localize on to
ndividual Cu centers in the trinuclear cluster and contribute
ifferently in the ground and the low-lying excited state trimer
ave functions. Thus, the pseudo-A term of the NI corresponds

o CT transitions to the different Cu centers of the trinuclear
luster.

Considering the two distinct SOC mechanisms in the MCD
seudo-A term intensities of TrisOH and �3O, it is now possible
o eliminate TrisOH as a model for NI since its MCD intensity

echanism requires the two C-term components of a pseudo-A
erm to be associated with CT transitions to the same Cu center
Fig. 12(a)). �3O, on the other hand, requires an oxo-based SOC
echanism that couples CT transitions to two different Cu cen-

ers, consistent with NI (Fig. 12(c)). Moreover, the sign of the
seudo-A term of NI is opposite to that experimentally observed
nd theoretically predicted for TrisOH (Figs. 10 and 13), but
s in accordance with that predicted for the antiferromagneti-
ally coupled �3O (Fig. 14), which adds further support for the

-oxo bridged structure.
3
With the proposition that the trinuclear Cu cluster in NI

as a �3-oxo bridging ligand, it is now possible to make a
ore detailed assignment to bands 9–12 in Fig. 15. The T2 site
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ent Cu centers with an oxo-based SOC are required for � O.
Scheme 11.

ould have a four-coordinate square planar site with the �3-oxo
igand, two histidines, and a OH−/H2O ligand, while each of the
3 Cu centers would have the �3-oxo ligand and three histidines

Scheme 11, right). The �3-oxo ligand would now occupy what
as coordinatively unsaturated sites for the three Cu centers

n the resting oxidized form (cf. Scheme 8) [38,39]. Note that
n extra OH− bridge can exist between the T3 Cu centers that
ould be the second oxygen product of the O O bond cleavage.

t is not clear from the current analysis whether this ligand
emains at the trinuclear site or whether it is dissociated, as the
H− → Cu(II) CT transitions would not show up distinctively

n the MCD spectrum (see above, Fig. 12). Depending on
he presence of the OH− ligand, the T3 Cu centers would
e either four-coordinated tetrahedral or five-coordinated
rigonal bipyramidal/square pyramidal sites (Scheme 11,
ight).

The splitting of the C-terms in the pseudo-A features of the
I strongly depends on the relative energies of the singly occu-
ied acceptor d-orbitals at the two Cu sites that are involved
n the oxo → CuII CT transitions. In the context of ligand-field
heory, the T2 Cu site has a square planar ligand field that desta-
ilizes the acceptor orbitals (by ∼4000–5000 cm−1) relative to
he ligand field environment of the T3 Cu sites. Furthermore, it
s possible that the water derived ligand at T2 site is deproto-
ated and the strong donor character of the OH− ligand at the
2 site would destabilize the acceptor d-orbital by an additional
everal thousand cm−1. Overall, it is likely that the acceptor d-
rbital of the T2 Cu is higher in energy than those of the T3
u’s. Therefore, the two higher energy (−) C-terms (bands 11
nd 12, Fig. 15) would correspond to the �3-oxo → T2 Cu(II)
T transitions and the two lower energy (+) C-terms (bands
and 10) would correspond to the �3-oxo → T3 Cu(II) CT

ransitions.
Assignment of the internal �3-oxo bridged structure for the

I now allows us to further deduce a plausible structure for the
recursor peroxy intermediate (PI) and formulate the reaction
oordinate of O O bond cleavage in the second 2e− step of the
e− reduction of O2 (Scheme 11). The PI would have an inter-
ally bridged peroxide that is bonded to the two oxidized T3 Cu
enters, as well as to the reduced T2 Cu center (Scheme 11, left);
QM/MM study also reports such a binding mode in the PI [53].
mportantly, the T2 Cu(I)–peroxide bonding interaction would
llow facile electron transfer from the T2 Cu(I) to the peroxide,
eading to a rapid reductive cleavage of the O O bond (note that

A
f
w
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he second electron required in this second 2e− step comes from
he T1 site). The resulting Cu(II)–O �-bonding interactions and
xchange coupling in the NI would provide a thermodynamic
riving force as these would induce a significant decrease in the
eduction potentials of the Cu centers.

The �3-oxo bridge in NI also implicates efficient electron
ransfer that allows fast reduction of the fully oxidized NI back
o the fully reduced form. Note that the reduction rate of the
esting enzyme is too slow to be catalytically relevant, as the T2
ite is electronically isolated from the T3 centers. Alternatively,
he NI has effective superexchange pathways that facilitate rapid
lectron transfer from the T1 site to all the Cu centers in the trin-
clear cluster via the strong Cu O �-bonds. Thus, the exchange
oupled NI structure is the catalytically relevant fully oxidized
orm of the multicopper oxidases, with the �3-oxo bridge allow-
ng efficient reduction and turnover with O2 in the enzymatic
ycle.

Finally, the internally bound �3-oxo structure in NI is consis-
ent with the slow decay of the NI to the resting enzyme. Previous
tudies, using 18O isotope ratio mass spectrometry [3,54] and
7O EPR [41], have suggested that only one oxygen atom of O2
s present after turnover in the resting enzyme that is bound ter-

inally to the T2 Cu center. This would be the OH− ligand on
he T2 site that lies outside the trinuclear cluster. As this oxygen
tom likely derives from the �3-oxo ligand of the NI, the decay
rocess would require a large structural reorganization of this
tom from inside to outside of the cluster, resulting in a slow
ecay process.

. Conclusions

In this review, we have provided detailed spectroscopic
escriptions of the ground and excited state properties of two
epresentative exchange coupled trinuclear Cu(II) cluster com-
lexes. Single crystal/powder EPR and VTVH MCD have pro-
ided direct experimental probes for the ground state wave
unctions in the antiferromagnetically coupled TrisOH and fer-
omagnetically coupled �3O complexes and lead to the demon-
tration of the ZFS in the ground states via SOC, provided by
he antisymmetric and anisotropic exchange interactions. The
rbital descriptions of the ground-to-ground and the ground-
o-excited state superexchange interactions in these complexes
urther led to important molecular level understanding of the
ature of the spin frustrated ground state of the NI and the ori-
in of the low g-value of its EPR signal.

We have also elucidated the physical origin of the intense
seudo-A term in the MCD spectrum of the NI. A detailed elec-
ronic structural analysis of the two model complexes led to two
istinct SOC mechanisms required for the observed pseudo-A
erms associated with the OH−/O2− → Cu(II) CT transitions:
wo transitions to the same Cu center with a metal-centered
OC are required for TrisOH, while transitions to two differ-
3
ccordingly, we were able to conclude that the spectroscopic

eatures from the trinuclear Cu cluster in NI are consistent only
ith the �3-oxo bridged structure. Thus, MCD has proven to be
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xtremely powerful in revealing a great deal of structural infor-
ation for the determination of this key enzymatic intermediate

nd in providing a general mechanism for the assignment of CT
ransitions.

The fundamental descriptions of the geometric, electronic
tructures and the bonding interactions in the exchange coupled
rinuclear Cu(II) clusters have provided important mechanistic
mplications in the reactivity of the multicopper oxidases. Exten-
ive spectroscopic and DFT studies are underway to elucidate
he energy profile related to the O2 activation in the first and
econd 2e− steps of the O2 reduction in multicopper oxidases,
s well as in the fast re-reduction of the NI in the turnover step
f the catalytic cycle and the slow decay of the NI to the resting
nzyme.
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ppendix A. Summary of symbols used with multiple
eanings

Based on common usage, we have necessarily used symbols
A, B, D, G, J, and Δ) with multiple meanings in this review,
s both the fields of EPR and MCD spectroscopies are covered.
o avoid confusion, refer to the following table that includes the

ocation and description of each symbol:

ymbols Location Description

, A‖, A⊥ Section 2 Metal hyperfine splitting values
A Section 3.1, Eq. (8) Difference in the absorption of the

left- and right-circularly polarized
light (=ALCP − ARCP)

-Term Section 3.1 Field-dependent MCD intensity
with a derivative band shape

A〉 Section 3 Ground state wave function

1 Section 3.1, Eq. (8) First-order component of the
field-dependent MCD A-term that
has a derivative band shape.
Subscript “1” indicates this is a
component of the first-order
moment of the electronic transition

seudo-A term Section 3 A set of field- and
temperature-dependent MCD
C-terms that have nearly equal
intensities and opposite signs. The
nomenclature comes from its
derivative shape similar to that of
the MCD A-term. However, it is not
equivalent to the A-term since the
two bands in a pseudo-A term are
both field- and

temperature-dependent as these are,
in fact, MCD C-terms. The opposite
signs originate from the interaction
of the two transitions via spin–orbit
coupling

δ

Δ

istry Reviews 251 (2007) 379–400

ppendix A. (Continued )

ymbols Location Description

Whole manuscript Applied magnetic field

0 Section 3.1, Eq. (8) First-order component of the
field-dependent MCD B-term that
has an absorption band shape.
Subscript “0” indicates this is a
component of the zeroth-order
moment of the electronic transition

-Term Section 3.1 Field-dependent MCD intensity
with an absorption band shape

-Term Section 3 Field- and temperature-dependent
MCD intensity that has an
absorption band shape

0 Section 3, Eqs.
(8)–(11), (16)–(18)

First-order component of the field-
and temperature-dependent MCD
C-term. Subscript “0” indicates this
is a component of the zeroth-order
moment of the electronic transition.
Its magnitude is estimated from the
field- and temperature-dependent
MCD C-term intensity

0/D0 ratio Section 3.2 Ratio of the MCD C0-parameter
and dipole strength D0 of an
electronic transition.
Experimentally, this ratio is
estimated using: C0/D0 =
(kT/βB)(�ε/ε) ≈ 1.064(�ε/ε) [at
B = 7 T and T = 5 K], where ε is the
molar extinction coefficient
obtained from absorption (i.e.
Beer’s Law) and �ε is the
difference between the molar
extinction coefficients for left- and
right-circularly polarized light. The
latter is obtained from the MCD
intensity and converted using:
�ε = ψ/(32.98 × l× c), where ψ
is the ellipticity (mdeg) (≈the
observed MCD intensity), l the light
path length (cm), and c is the
concentration (mM)

Section 2, Eqs. (2)
and (4)

Spin Hamiltonian parameter for the
anisotropic exchange

A Section 3, Eqs.
(9)–(11)

Electronic degeneracy of the
ground state |A〉

0 Section 3.2 Dipole strength (zeroth-order
moment) of an electronic transition
associated with the absorption
intensity (also see C0/D0 ratio)

KA
u Section 3, Eqs.

(16) and (18)
u-Component of the transition
dipole moment of the |A〉 → |K〉
electronic transition

, g‖, g⊥, gw Whole manuscript g-Factor
, Gz Section 2 Spin Hamiltonian parameter for the

antisymmetric exchange
Whole manuscript Spin Hamiltonian parameter for the

isotropic exchange constant
J〉 Section 3 Excited state wave function used in
, δ′ Section 2, Eqs.
(5)–(7)

Difference in the isotropic
exchange coupling constants of a
trimer, implying a symmetry
lowering effect

Section 2, Eqs. (6)
and (7)

Zero-field splitting of the 2E ground
state of a Cu(II) trimer
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ppendix A. (Continued )

ymbols Location Description

1, Δ2 Section 2.1, Eqs.
(3) and (4)

Energy difference between the
ground and excited states of the
individual metal centers 1 and 2 of
an exchange coupled metal pair

KA Section 3.1, Eqs.
(12) and (13)

Energy difference between
molecular states |K〉 and |A〉
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Vänngård, Biochem. Biophys. Res. Commun. 70 (1976) 1204.

42] V.S. Langford, B.E. Williamson, J. Phys. Chem. A 101 (1997) 3119.
43] B.D. Liboiron, J. Yoon, R. Sarangi, B. Hedman, K.O. Hodgson, E.I.

Solomon, in preparation.
44] E.I. Solomon, M.A. Hanson, in: E.I. Solomon, A.B.P. Lever (Eds.), Inor-

ganic Electronic Structure and Spectroscopy, John Wiley & Sons, New

York, 1999, p. 1.

45] E.I. Solomon, E.G. Pavel, K.E. Loeb, C. Campochiaro, Coord. Chem. Rev.
144 (1995) 369.

46] (a) P.J. Stephens, J. Chem. Phys. 52 (1970) 3489;
(b) G.A. Osborne, P.J. Stephens, J. Chem. Phys. 56 (1972) 609.



4 Chem

[

[
[
[

[

[

00 J. Yoon, E.I. Solomon / Coordination

47] (a) P.J. Stephens, Annu. Rev. Phys. Chem. 25 (1974) 201;
(b) S.B. Piepho, P.N. Schatz, Group Theory in Spectroscopy with Appli-
cations to Magnetic Circular Dichroism, John Wiley & Sons, New York,

1983.

48] F. Neese, E.I. Solomon, Inorg. Chem. 38 (1999) 1847.
49] B.S. Gerstman, A.S. Brill, J. Chem. Phys. 82 (1985) 1212.
50] A.A. Gewirth, E.I. Solomon, J. Am. Chem. Soc. 110 (1988)

3811.

[
[

istry Reviews 251 (2007) 379–400

51] A.B.P. Lever, Inorganic Electronic Spectroscopy, Elsevier, Amsterdam,
1984, p. 553.

52] N. Lehnert, R.Y.N. Ho, L. Que Jr., E.I. Solomon, J. Am. Chem. Soc. 123

(2001) 8271.
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