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Abstract The structures and stabilities of [Cu2(µ-η2:η2-
peroxo)]2+ (A) and [Cu2(µ-oxo)]2+ (B) complexes with three
NH3 ligands per copper are investigated using DFT and high-
level ab initio methods. These are model systems for ac-
tive centers in enzymes like hemocyanine and tyrosinase.
Previous studies have shown that at the DFT/B3LYP level
the peroxo form A is more stable than the µ-oxo form B,
while the opposite was found using CASPT2 (Flock M, Pi-
erloot K (1999) J Phys Chem 103:95). At the two computa-
tional levels, the energy difference of the isomers differed by
more than 30 kcal/mol. In this work this problem is reinves-
tigated using a localized orbital description and multirefer-
ence configuration interaction (MRCI) methods. It is found
that CASPT2 strongly over-corrects the correlation effect and
MRCI predicts structure A to be energetically lower than B,
in qualitative agreement with B3LYP and experiment. How-
ever, B3LYP seems to stabilize the biradicalic structure A too
much, and this effect depends approximately linearly on the
amount of exact exchange in the B3LYP density functional.
Reducing the amount of exact exchange to 10–15% yields
good agreement between MRCI and B3LYP.

Keywords [Cu2(µ-η2:η2-peroxo)]2+ · [Cu2(µ-oxo)]2+
dicopper-oxygen complexes · oxygen activation · ab initio
calculations · DFT · CASPT2 · MRCI

1 Introduction

Dicopper oxygen complexes play an important role in
catalysts and enzymes for O2 activation. They exist in var-
ious structures and oxidation states, and have been charac-
terized in the past both experimentally and theoretically (for
reviews see Refs. [1–3]). It is believed that oxygen activation
is achieved through bonding of the oxygen molecule between
the two copper centers, which facilitates redox processes by
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conversion between different copper oxidation states. One
mechanism of reversible O–O bond cleavage, which may
take place in enzymes such as hemocyanin, catechol oxidase,
and tyrosinase, seems to involve interconversion between
two isomers with [Cu2(µ-η2:η2-peroxo)]2+ (A) and [Cu2(µ-
oxo)]2+ (B) cores. The ligands are derivatives of aromatic
nitrogen compounds (pyrazole, pyridine, imidazole) [1]. In
order to understand the mechanism of these processes in more
detail, several previous theoretical studies have attempted
to predict the structure and relative energies of such com-
plexes [2,4–10]. Most studies used density functional theory
(DFT) with the B3LYP functional [11]. The validity of this
approach has been questioned, however, in an extensive ab
initio study of Flock and Pierloot [8] (in the following denoted
FP). They used a model system with three NH3 molecules as
ligands at each copper center, and in comparative calculations
using B3LYP and CASPT2 (multireference complete active
space second-order perturbation theory) they found a huge
difference of more than 30 kcal/mol between the predictions
of the two methods for the relative stabilities of isomers A
and B. At the B3LYP level they found the peroxo structure
(A) to be more stable than the µ-oxo (B) by 19.9 kcal/mol,
while at the CASPT2 level isomer B was more stable by
12.7 kcal/mol. FP concluded that DFT/B3LYP is not trust-
worthy for such systems, and that higher level methods like
CASPT2 would be needed. However, this contradicts the gen-
eral experience that B3LYP performs quite well for metal
complexes [2], and also that the X-ray structure in hemocy-
anine [12, 13] corresponds to the peroxo structure, in agree-
ment with the B3LYP prediction. Furthermore, the electronic
spectra for hemocyanine and tyrosinase correspond to those
of other compounds with [Cu2(µ-η2:η2-peroxo]2+ core. FP
speculated that – in view of the different CASPT2 predic-
tion – the peroxo structure would probably be stabilized by
steric or solvent effects.

In this situation, it is a challenging problem of quantum
chemistry to find out which of the two methods is actually cor-
rect. Unfortunately, the wave functions of both isomers have
quite a strong multireference character; in particular, in the
peroxo form A, two closed-shell configurations with either
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the bonding or antibonding combinations of copper 3dxy orbi-
tals have almost the same weight, indicating a biradical char-
acter. Thus, single reference methods like CCSD(T) (coupled
cluster with single and double excitations and perturbative
treatment of triple excitations) cannot be used.
Among the variety of multireference methods, CASPT2 is
one of the simplest and computationally very efficient. How-
ever, the results depend on the choice of the zeroth-order
Hamiltonian, and often the CASPT2 method is plagued by
intruder state problems. Much more reliable results can be
expected by using the variational multireference configura-
tion interaction (MRCI) method [14,15] or one of its variants
like MR-ACPF (averaged coupled pair functional) [16, 17].
Unfortunately, such calculations are much more demanding
than CASPT2, and so far MRCI has therefore hardly been
applied to larger transition metal complexes. Another disad-
vantage of MRCI is that it is not size consistent, which leads
to errors that grow with system size. However, these errors
can be avoided to a large extent by applying the Davidson
correction [18–21] or by using the approximately size con-
sistent ACPF method.

In the present work we present large scale MRCI calcu-
lations for the same complexes as studied by FP. For com-
parison, also B3LYP and CASPT2 calculations have been
carried out using the same basis sets, which are much larger
than the ones used in the previous work. We will show that
MRCI predicts that the peroxo structure is lower in energy,
in qualitative agreement with B3LYP and experiment, but in
strong contrast to CASPT2.

2 Computational approach

In this work we employed correlation consistent valence dou-
ble and triple-zeta basis sets, along with an accurate relativis-
tic 10-electron (“small core”) pseudopotential for Cu by Stoll
and co-workers [22]. The smaller basis consisted of the cc-
pVDZ basis sets for Cu [23] and H [24], and the aug-cc-pVDZ
basis sets [25] for O and N. In the following, this basis, which
comprises 350 contracted functions, will be denoted AVDZ.
Single point calculations were also performed with a larger
basis, in which the cc-pVTZ basis [23] was used for Cu (this
includes two f and one g functions on each copper), the aug-
cc-pVTZ basis [25] for N and O, and the cc-pVDZ basis for
H. The diffuse functions oxygen were included to allow for a
proper representation of the peroxo (O2−

2 ) character of the O2
group and of the nitrogen lone pairs of the NH3 ligands. The
larger basis, which included 584 functions, in this paper will
be denoted AVTZ. All calculations were performed using the
MOLPRO package of ab initio programs [26].

The ground state 1Ag structuresA and B were optimized at
the spin restricted and unrestricted Kohn–Sham levels (RKS
and UKS, respectively) using the B3LYP density functional
[11] and the AVDZ basis set. All geometry optimizations
were restricted to C2h symmetry. Partial optimizations were
also performed at the CASPT2/AVDZ level. In these cal-
culations, which had to be done using numerical gradients,

Fig. 1 Optimized CASPT2 structures of the [Cu2(µ-η2:η2-peroxo)]2+
(A) and [Cu2(µ-oxo)]2+ (B) complexes with six NH3 ligands

Table 1 Optimized bond lengths for isomers A and B (in Å)

A B

Bond RKSa UKSa CASPT2 RKSa UKSa CASPT2

O–O 1.404 1.468 1.601 2.309 2.309 2.228
Cu–Cu 3.722 3.684 3.486 2.767 2.767 2.864
Cu–Neq 2.059 2.059 2.035 1.980 1.980 1.975
Cu–Nax 2.252 2.251 2.234 2.578 2.578 2.432

aUsing B3LYP functional [11] and grid target accuracy 10−8.All geom-
etry optimizations were restricted to C2h. The symmetry-broken UKS
calculations were done in Cs-symmetry with the xy symmetry plane
kept

only six parameters were optimized, namely the Cu–Cu and
O–O distances as well as the Cu–N distances and Cu–Cu–N
bond angles. The NH-bond lengths and all dihedral angles
were kept frozen at the UKS/B3LYP values. The resulting
structures A and B are shown in Fig. 1. The optimized bond
lengths are summarized in Table 1. The orientation of the
molecule is the same as in FP. The Cu and O atoms lie on the
x- and y axes, respectively (this is relevant for the discussion
in Sect. 3). Similar to FP, we also determined approximate
reaction paths for isomerization by keeping the O–O distance
fixed at a number of values, and optimizing the remaining
parameters (in the CASPT2 case, the same partial optimiza-
tion as described above was performed).

As FP we found a symmetry-broken (spin-contaminated)
UKS solution for isomer A, while UKS and RKS converged
to the same solution for B. If symmetry adapted RKS orbi-
tals were used as a starting guess in the UKS calculation,
the symmetry-broken solution was not reached for structure
A. In order to obtain symmetry-broken orbitals, we first per-
formed an RKS calculation for the 3Bu state, and then rotated
the two singly occupied orbitals, which correspond to bond-
ing and anti-bonding combinations of the copper dxy-orbi-
tals, by 45◦ into each other so that localized d-orbitals were
obtained (Cs symmetry was used in the UKS calculations,
keeping the xy symmetry plane). Various similar attempts
(performed in C1-symmetry) to obtain a symmetry-broken
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solution for structure B were not successful. All calculations
converged to the spin-adapted solution.

In the CASPT2 geometry optimizations we used the same
active space as FP, namely eight electrons in ten orbitals (2ag ,
3au, 2bu, 3bg). This active space includes the valence MOs
resulting from the O(2px) [O2(πu, πg)], O(2py) [O2(σg , σu)]
and Cu(3dxy) orbitals, as well as correlating orbitals which
have mainly O(3p) character. The four orbitals resulting from
the O(2s, 2pz)AOs are in the inactive space.As demonstrated
by FP and confirmed in the present work, correlation of these
orbitals has little effect on the relative stabilities of the two
isomers, and they are not needed in the active space to obtain
qualitatively correct ground-state singlet wavefunctions (they
are important, however, for some excited triplet states [8]).
Unless otherwise noted, a level shift of 0.3 was used in all
CASPT2 calculation to avoid intruder state problems. The
standard non-diagonal zeroth-order Hamiltonian was used,
and the CASPT2 equations were solved iteratively [27, 28],
yielding an orbital-invariant solution. The CASSCF refer-
ence functions were optimized using methods as described
in Refs. [29, 30].

In order to check the accuracy of the approximations
made in the CASPT2 approach, internally contracted MRCI
calculations [14, 15] were carried out. Unfortunately, since
the MRCI program is limited to treat a maximum of 32
correlated orbitals, full MRCI calculations were not possi-
ble for the entire complex. In order to compare MRCI and
CASPT2 correlation effects we have therefore performed
MRCI and CASPT2 calculations in which only certain orbi-
tal subspaces were correlated. In addition, we applied the
CIPT2 hybrid method recently developed in our group [31].
In this method the correlated orbital space is divided into
two groups, denoted A and C, and the wavefunction is writ-
ten as � = �A +�C. Configurations which have exclusively
holes in the A-orbital subspace are treated by MRCI, while
all remaining excitations are treated by CASPT2. The con-
figuration coefficients are optimized by minimization of the
energy functional [31]

ECIPT2 = ECI
A + EPT2

A⊕C − EPT2
A

= ECI
A + EPT2

C + 2〈�C|Ĥ (0)|�A〉 , (1)

subject to the normalization condition 〈�(0)|�(0)〉 = 1, where
�(0) is the reference function which is contained in �A, and
Ĥ (0) is the CASPT2 zeroth-order Hamiltonian. The first term,
ECI

A , is the MRCI energy expectation value of �A, while EPT2
C

is the CASPT2 Hylleraas functional evaluated with �C.
In the present work, the A-space included all active orbi-

tals as well as various subsets of inactive orbitals (see below).
If no electrons in the C-space are correlated, the method re-
duces to MRCI. In order to reduce size consistency errors, the
Davidson correction was applied to the MRCI energies and to
the MRCI contribution in the CIPT2 as described in Ref. [31].
In the CIPT2 method intruder state problems are absent and
no level shift was applied. For comparison, some calculations
were also performed with the MR-ACPF method [16, 17].

Normally, the optimized inactive CASSCF orbitals are
transformed to pseudo-canonical form by block-

diagonalizing an effective Fock operator. In the present case,
this leads to delocalized orbitals which are strongly mixed
with contributions from all atoms. These orbitals are
unsuitable for a meaningful definition of independent orbital
subspaces. A nice separation is possible, however, using Pip-
ek–Mezey localization [32], as implemented inMOLPRO.The
Cu 3s, 3p and O, N 1s orbitals were not correlated and left in
the canonical form. IfC2h symmetry is used in the calculation,
the procedure yields symmetry adapted linear combinations
of five different groups of localized orbitals: O(2s), O(2pz),
Cu(3d), nitrogen lone pairs, and N–H bonding orbitals. This
makes it possible to keep certain well defined orbital subsets
either entirely uncorrelated or to select them as C-space in
the CIPT2 approach.

In order to reduce the computational effort of the MRCI
and CIPT2 calculations, the active space was reduced in the
reference functions by one weakly occupied orbital in each
symmetry, yielding a CAS(8,6) reference space. The orbitals
were always taken from the CASSCF(8,10) (natural orbitals
were used in the active space, and the orbitals with the lowest
occupation numbers were omitted in the CAS(8,6) reference
functions). Test calculations show that such reductions of
the reference space have a rather small effect on the rela-
tive energies (see Table 3). The CASPT2 energy differences
change by about 1.5 kcal/mol. Surprisingly, it was found that
the effect is somewhat larger if the NH bond electrons are
not correlated. Some calculations were therefore also per-
formed using CAS(8,7) reference functions, in which the
weakly occupied ag orbital was included. Unfortunately, this
strongly increases the cost of the MRCI, and using this larger
space was therefore not possible in all calculations.

3 Results and discussion

Figure 2 shows typical symmetry-adapted localized inactive
orbitals. One can clearly distinguish copper d-orbitals, nitro-
gen lone pairs, and N–H bond orbitals. The oxygen 2s, 2pz

orbitals are similarly well localized and not shown. Only the
totally symmetric combinations are plotted, but the functions
for other symmetries look very similar, apart from the signs.
The form of the active orbitals has already been discussed by
FP and other authors, and therefore they are not reproduced
here again.

Table 2 defines the orbital subspaces which are distin-
guished in the subsequent calculations. The results of calcula-
tions using various differentA- and C-subspaces are presented
in Table 3 for the AVDZ basis sets. Even though this basis is
too small to obtain fully quantitative results, we believe that
the qualitative observations would be the same for larger basis
sets. The calculations have been performed at the optimized
CASPT2 structures.

The first two columns of Table 3 show CASPT2 and
MRCI calculations in which only the electrons in theA-space
were correlated. This allows for a direct comparison of the
two methods using exactly the same configuration spaces.
The results of CIPT2 calculations are listed in the last col-
umn of Table 3. In this case, the excitations arising solely
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Fig. 2 Symmetry-adapted localized inactive orbitals

Table 2 Localized orbital subspaces

Space Orbitals

Core O(1s), N(1s), Cu(3s, 3p)
act O(2px, 2py, 3px, 3py), Cu(3dxy)
NH N–H bond orbitals
N N(lone pairs)
O O(2s, 2pz)
Cu Cu(3dz2 , 3dx2−y2 , 3dxz, 3dyz)

from A-space orbitals are treated by MRCI, similar to the
calculations in the second column. In addition, all remain-
ing configurations involving excitations from the C-space are
also included and treated by CASPT2, as described in Sect. 2.

In the first calculation, in which the A-space is denoted
act, only the eight active electrons were correlated in the
CASPT2 and MRCI. The effect is very small and the en-
ergy differences �EAB = E(B) − E(A) remain close to the
CASSCF(8,10) value, which amounts to 23.90 kcal/mol. The
result of the CIPT2 calculation is close to the full CASPT2
result. Consistent with the MRCI result, the variational treat-
ment of excitations from the active space leads to a slightly
less negative energy difference.

Table 3 Energy differences �EAB = E(B)−E(A) (in kcal/mol) com-
puted with different methods and orbital subspacesa

Ref. A-Space CASPT2b MRCI+Qa,b CIPT2+Qc

(8,10) Reference 23.90
(8,6) Reference 25.11
(8,10) act 23.45 24.16 −7.53
(8,6) act 21.67 24.24 −7.29
(8,6) act,Cu 5.75 15.32 0.10
(8,6) act,Cu,O 3.70 16.97 4.11
(8,6) act,Cu,N 0.34 12.00 2.57
(8,6) act,Cu,N,O −3.83 12.42 7.45
(8,6) act,Cu,N,O,Cu(3p)d −5.54 12.48
(8,6) act,Cu,N,O,NH(ag) −4.86 12.27
(8,6) act,Cu,N,O,NH(au) −5.17 11.85
(8,6) act,Cu,N,O,NH(bu) −6.10 11.04
(8,6) act,Cu,N,O,NH(bg) −5.24 11.76
(8,6) fullf −8.85 (10.0)e

(8,10) fullf −7.37

a Basis AVDZ; the O(1s), N(1s), and Cu(3s, 3p) electrons were not
correlated
b C-space treated as core (not correlated)
c C-space treated by CASPT2, see text
d Including Cu(3p) correlation, using the cc-pCVDZ basis set [23] for
Cu
e Estimated value using increments for NH correlation
f Without correlation of the Cu(3s,3p) electrons
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The situation changes drastically if the eight additional
copper d-orbitals are included in the correlation treatment.
At the CASPT2 level, this stabilizes structure B by as much
as 16 kcal/mol relative to A. On first sight this is surpris-
ing, since in structure B, where copper is in oxidation state
Cu(III), there are formally less electrons in the d-shell than in
structure A, which corresponds to Cu(II). Nevertheless, the
correlation energy is larger in B than in A. A more detailed
analysis shows that the correlation energy contribution of the
double excitations into the external space, which describe
dynamical correlation effects, is indeed smaller in B than in
A. However, the opposite is true for the semi-internal exci-
tations which describe polarization and relaxation effects,
and these are more important in B than in A. It appears that
these subtle effects are rather strongly overestimated in the
CASPT2 method. The MRCI+Q lowers structure B only by
about 9 kcal/mol, i.e., 7 kcal/mol less than CASPT2. This
trend continues as more orbitals are included in the A-space,
and the difference between CASPT2 and MRCI+Q increases
in each step. If only the NH bond orbitals are treated as core,
CASPT2 over-stabilizes B by more than 16 kcal/mol relative
to MRCI+Q. The CIPT2 results in the last column of Table
2 are consistent with these results. In each case, the differ-
ence between MRCI and CIPT2 corresponds approximately
to the difference between the CASPT2 results for the cor-
responding orbital space and the full space. For example, in
the calculation with orbital groups Cu,O,N in theA-space, the
CASPT2 in the first column does not include the correlation
effect of the NH bonds. Comparison with the full CASPT2
shows that this amounts to about 5 kcal/mol. Correspond-
ingly, the difference between MRCI+Q and CIPT2+Q is also
5 kcal/mol. Due to the coupling of MRCI and CASPT2 in the
CIPT2 method, the MRCI and CASPT2 contributions are not
exactly additive, however.

Unfortunately, we were not able to perform MRCI cal-
culations for the whole system, since our program is re-
stricted to a maximum of 32 correlated orbitals. In order to
investigate the effect of correlating the NH bonds, it was
only possible to include the symmetry-adapted NH orbi-
tals for one irreducible representation at a time, and to use
an incremental scheme [33–36] to estimate the total effect.
The sum of the CASPT2 contributions for all NH-bonds
amounts to −6.05 kcal/mol, which can be compared to the
value of −5.02 kcal/mol obtained from the full calculation.
The difference arises from the neglect of correlations between
the groups of NH orbitals. At the MRCI+Q level, correlation
of the NH bond electrons has a smaller effect. In this case the
sum of the contributions amounts to −2.75 kcal/mol. Taking
into account that this value probably slightly overestimates
the contribution, we arrive at a final estimate of 10 kcal/mol
for the MRCI+Q energy difference. This value lies between
the UKS/B3LYP and RKS/B3LYP results (16.69 kcal/mol
and 6.14 kcal/mol, respectively), while the corresponding
CASPT2(8,7) (−8.85 kcal/mol) gives qualitatively a wrong
prediction of the relative stabilities of the two isomers.

The effect of correlating the copper 3p electrons has been
tested using a recently developed cc-pCVDZ basis set [23].

Table 4 Dependence of the energy difference �EAB (in kcal/mol) on
the basis set

Method AVDZ AVTZ FP [8]

UKS/B-LYPa 2.71 0.91
RKS/B-LYPa 2.81 0.80

UKS/B3LYPa 16.69 15.29 19.9d

RKS/B3LYPa 6.14 4.08 14.4d

UKS/BH-LYPa 54.89 53.25
RKS/BH-LYPa 6.58 3.81

CASSCF(8,10)b 23.90 23.44 23.2e

MRCI+Q(8,6)b,c 12.42 11.61
MR-ACPF(8,6)b,c 10.62 9.35

CASPT2(8,6)b −8.85 −12.21
CASPT2(8,10)b −7.37 −10.24 −11.5e

aComputed at the optimized structures of the corresponding method and
the AVDZ basis set. All DFT values were obtained with the MOLPRO
default grid (target accuracy 10−6)
bComputed at the optimized CASPT2(8,10)/AVDZ structures
cNH bond electrons were not correlated in MRCI and ACPF
d6-31G* basis for H,N,O; double ζ basis, augmented by diffuse p, d
and f -functions for Cu, see Ref. [8]
eAll-electron calculations using the ANO-S DZP basis and including a
first-order relativistic correction

This basis cannot be expected to give quantitative results, but
it can at least indicate whether a significant effect occurs.
At the MRCI+Q level (without the NH bond electrons being
correlated) the effect is found to be negligible, while at the
corresponding CASPT2 level structure B is further stabilized
by 1.7 kcal/mol.

In order to check that the overshooting of CASPT2 is not
due to a hidden intruder state problem, we tested the depen-
dency of the CASPT2 results on the level shift, which was
0.3 hartree in all calculations discussed above. The depen-
dence of the energy difference on the level shift is shown in
Fig. 3. Using the AVDZ basis set and the CAS(8,6) refer-
ence functions no convergence problems were encountered
even with zero shift. As expected, the correlation effect gets
smoothly smaller with increasing level shift. Thus, the over-
shooting of the CASPT2 correlation contribution is even
larger without a shift, but there is no singularity. We also
tested the g1 zeroth-order Hamiltonian of Andersson [37],
but in this case intruder problems occured even with a level
shift of 0.4 hartree.

The effect of increasing the basis set on the predicted
energy differences is shown in Table 4 for DFT, CASPT2
and MRCI, and MR-ACPF. For comparison, the results of
FP are listed in the last column. It is found that the basis set
effect is rather small at the DFT and CASSCF levels, i.e.,
the AVDZ basis appears to be flexible enough to describe
well the occupied orbital space. The effect is significantly
larger at the CASPT2(8,10) level; using the AVTZ basis the
energy difference becomes about 3 kcal/mol more negative;
for CASPT2(8,6) the effect is even somewhat larger. How-
ever, at the MRCI+Q and MR-ACPF levels (without corre-
lation of the NH bond electrons), the basis set effect is less
than 1 kcal/mol. This indicates that the overshooting of the
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Fig. 3 Dependence of the CASPT2(8,10) energy difference E(B)−E(A) (in kcal/mol) on the level shift using the (8,6) reference space

CASPT2 method increases with increasing basis set size, as
it is rather typical for perturbational approaches. It is found
that MR-ACPF leads to a somewhat smaller energy differ-
ence than MRCI+Q. Since the effect of the size consistency
correction is negative, ACPF gives a larger size consistency
correction, but presently it cannot be decided which method
is more accurate. The disadvantage of MR-ACPF is that con-
vergence is much slower than in MRCI, and therefore the
computational cost is significantly higher.

Our CASSCF and CASPT2 results are in good agree-
ment with those of FP, who performed all-electron calcula-
tions using basis sets of double ζ quality. In their CASPT2
results a relativistic correction was included, which was com-
puted by first-order perturbation theory using the Darwin and
mass-velocity terms. In our calculations, relativistic effects
are accounted for in the pseudopotential. Significant differ-
ences are found, however, at the RKS and UKS/B3LYP lev-
els. Partly, these are due to relativistic effects, which were not
taken into account in the DFT calculations of FP, and which
reduce the energy difference by about 4 kcal/mol. If this is
taken into account, the UKS/B3LYP results are in reason-
able agreement. However, in our calculations the difference
between RKS and UKS is much bigger than in the work of
FP. Possibly, this is due to the rather small basis set used in
the latter work.

Table 4 also demonstrates the effect of the chosen density
functional on the computed energy differences. Apart from
B3LYP, we have tested two different functionals, namely
B-LYP without exact exchange, and BH-LYP with 50% exact
exchange included. It is found that the amount of exact
exchange has a drastic effect on the results: while with B-
LYP the energy difference of both isomers is small, struc-
ture A is dramatically over-stabilized using BH-LYP, which
includes 50% exact exchange and 50% of the Becke ex-
change functional [38]. It appears that B3LYP (20% exact

exchange) is a reasonable compromise, but this seems to be
rather fortuitous.

Recently, Reiher et al. [39] have reported that low-spin/
high-spin splittings in Fe(II) transition-metal complexes are
also heavily influenced by the amount of exact exchange in
the density functional used. They found that the computed
energy splittings depend almost linearly on the amount of
exact exchange. In order to improve agreement with experi-
ment, they suggested to reduce the amount of exact exchange
from 20% in B3LYP to 15%. This value was considered as an
upper bound and chosen to change the B3LYP functional as
little as possible; the optimum region was found between 8
and 16%. Inspired by this work, and in view of the above find-
ings, we have computed the energy difference as a function
of the c3 coefficient in the B3LYP functional, which deter-
mines the amount of exact exchange. The calculations were
performed at the UKS/B3LYP geometries without reoptim-
ization, since by comparison of B-LYP, B3LYP, and BH-LYP
results it was found that the functional does not have a big
effect on the structures, and that the energy differences are not
sensitive to the reoptimization. Amazingly, we also find an
almost linear dependence of the energy difference on c3 (see
Fig. 4), and using values between 0.1 and 0.15 yields results
which are close to the MRCI+Q value. At the same time,
when the fraction of exact exchange is reduced, the expec-
tation value of Ŝ2 also decreases, i.e., the amount of triplet
contamination reduces (the expectation values of Ŝ2 are 0.96,
0.73, and 0.03 for BH-LYP, B3LYP, and B-LYP at the corre-
sponding optimized structures A). This is consistent with the
fact that exact exchange stabilizes the high-spin states relative
to the singlet ground state. Thus, by an appropriate choice of
c3, the functional can be tuned to better reproduce high level
calculations, and this might be useful for future calculations
with larger and more realistic ligands. However, more expe-
rience is certainly needed to decide if the reduction of exact
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Fig. 4 Effect of the amount of exact exchange in the B3LYP functional on the computed UKS/AVDZ energy difference

Fig. 5 Isomerization energy profiles using different methods (see text)

exchange leads in general to better results for transition metal
complexes.

Finally, in Fig. 5 the energy profiles along the isomeri-
zation reaction coordinate are presented. These calculations
have been done with the AVDZ basis, and the minimum ener-
gies at structure B have been taken as zero points. Low barri-
ers are found at all levels of calculation. In the UKS/B3LYP
case, the barrier is near the place where symmetry breaking
occurs. On the side towards B, the UKS wavefunction is spin-
and symmetry-adapted, while on the side towards A the sym-
metry-broken solution is obtained. Consequently, between
the barrier and B the RKS and UKS potentials are identical.

As in the calculations of FP, the CASPT2 barrier is shifted
to a shorter O–O distance as compared to the UKS and RKS
ones. The CASPT2 minimum for structure A is somewhat
more pronounced than in FP, which could be due to the larger
basis set used in the present calculations. Also, in our work
the CASPT2 geometries were more extensively optimized (in
the work of FP, only the Cu–Cu distance was re-optimized
for each O–O distance, while in the present work the Cu–
N bond lengths and bond angles were also optimized). The
MRCI calculations have been performed with CAS(8,7) ref-
erence space, in which the orbital 19ag has been included. It
was found that this has a non-negligible effect on the relative
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energies, and inclusion of this orbital in the reference stabi-
lizes B relative to A by about 3 kcal/mol. Nevertheless, the
MRCI+Q curve does not look as smooth as the others, which
can be attributed to the fact that the geometry was taken from
the CASPT2(8,10) calculation. Due to high expense, we were
not able to reoptimize the geometries for MRCI. However, we
have compared the MRCI+Q energies at the optimized RKS,
UKS, and CASPT2 minima and found for both A and B that
the MRCI+Q energy is lowest at the CASPT2 structures, and
highest at the RKS ones. Thus, the CASPT2 structures seem
closest to the MRCI+Q ones. The MRCI+Q potential along
the optimized CASPT2 reaction path has a very low barrier.
The minimum for structure A is at about the same position
as in CASPT2, while the minimum for B is rather shallow
and shifted to a shorter O–O distance. In these MRCI calcu-
lations, the NH bond electrons were not correlated; as shown
earlier, inclusion of all electrons would stabilize structure B
relative to A by about 2 kcal/mol. A further stabilization of
about 2 kcal/mol would result if MR-ACPF was used instead
of MRCI+Q. And finally improvements of the basis set also
stabilize B by 1–2 kcal/mol. Taking all effects together, one
arrives at an estimate of 6–8 kcal/mol for the energy differ-
ence between structures B and A.

It should be noted that the CASPT2 and MRCI+Q O–
O distances of about 1.6Å for the peroxo form A are sig-
nificantly longer than the O–O distances in enzymes (about
1.41Å). Furthermore, the Cu–Cu distance seems to be too
short in A and too long in B. The reason for these deviations
is still unknown. Possibly, correlation of the 3p electrons in
Cu, which has neither been taken into account in the present
work nor by FP, would have an effect on the structures. Pre-
vious work for the Cr2-dimer has demonstrated that the 3p-
correlation shortens the bond distance by about 0.1Å. [31].
Unfortunately, this effect was also not correctly described by
CASPT2 [31], and therefore very extensive MRCI calcula-
tions, would be necessary to clarify this question.

4 Conclusions

MRCI+Q and MR-ACPF calculations with large basis sets
show that for the model complex studied in this work, the
[Cu2(µ-η2:η2-peroxo)]2+ form is more stable by 6–8 kcal/mol
than the [Cu2(µ-oxo)]2+ form. This is in qualitative agree-
ment with the experimental finding that the peroxo form oc-
curs in enzymes, and also with the predictions of UKS/B3LYP
calculations. However, the latter method seems to overstabi-
lize the peroxo form by almost a factor of two. It has been
found that the predicted B3LYP energy difference depends
approximately linearly on the amount of exact exchange in
the functional, and reducing this from 20% to 10–15%, as
recently proposed by Reiher et al. [39], gives much bet-
ter agreement between MRCI+Q and B3LYP. In contrast to
B3LYP, MRCI, and MR-ACPF, CASPT2 favors the µ-oxo
form by more than 12 kcal/mol. Since there is no theoretical
or experimental reason to trust CASPT2 more than MRCI or
MR-ACPF, it must be concluded that the CASPT2 method

is not useful for predicting energy differences of transition
metal complexes in which the metals are in different oxida-
tion states. Another similar dramatic failure of CASPT2 was
recently reported in a study of various isomers of S3O, which
have a different amount of biradical character [40]. As in the
present case, CASPT2 predicted the relative energies in the
wrong order. Compared to MRCI+Q and CCSD(T) calcula-
tions, the CASPT2 energy differences were in error by more
than 40 kcal/mol.

The current work does not resolve the discrepancy be-
tween the computed CASPT2/MRCI+Q and experimental
O–O and Cu–Cu bond distances in the complexes. Even
though a direct comparison of experimental data with the
current very simplified model system is questionable, fur-
ther work is desirable to investigate whether core correlation,
larger basis sets, and geometry optimization at the MRCI+Q
level have an effect on the structures. Preliminary results indi-
cate that the inclusion of Cu(3p) correlation has a small effect
on the relative energy computed at the CASPT2 structures,
but no geometry optimization including the 3p correlation
has been carried out so far. The main conclusion of this work,
namely that CASPT2 predicts quantitatively and qualitatively
wrong energetics for this system, is unaffected by these ques-
tions.
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