FULL PAPER

A Novel Density Functional Study of the Ground State Properties of a
Localized Trinuclear Copper(11,111) Mixed-Valence System

Claude Daul,* Sergio Fernandez-Ceballos, Ilaria Ciofini, Cedrick Rauzy, and

Carl-Wilhelm Schlipfer!?!

Abstract: Herein we report the analysis
of a mixed-valence localized trinuclear
copper(iLiLin) cluster by density func-
tional theory. We focused on two pecu-
liar aspects of this system. First we

full potential energy surface (the so
called Mexican hat), by a fitting proce-
dure. Next, we analyzed the magneto-
optical properties of the minimum en-
ergy structures. In particular, we applied

the single determinant method to com-
pute the full manifold of states arising
from the highest occupied molecular
orbitals (magnetic orbitals). This proce-
dure yielded results in agreement with

investigated the triplet ground state
potential energy surface on a model
system. To this end we computed, on the
[E ® e] adiabatic potential energy sur-
face, the potential energy profile along
the e mode and constructed ab initio the

lations -

compounds -

Introduction

Mixed-valence systems are polynuclear metal complexes that
formally contain metals in different oxidation states. By using
the historical classification of Robin and Day,[!! they can be
sorted into three classes that are dependent on the degree of
localization of the electrons between the different metallic
sites. Apart from very well known synthetic examples of
mixed-valence systems (such as the Creutz-Taube ion),”
nature extensively uses these kind of systems whenever
electron-transfer reactions (such as in ferridoxins)P® or oxo-
reductive reactions are carried out in biological systems. Many
mixed-valence systems form the active sites of metallopro-
teins or enzymes.

One of the main aims of biochemical synthetic research is to
understand, mimic, and reproduce the selectivity and com-
plexity of reactions carried out in nature. Biomimetic com-
pounds, that is compounds that have a topology and a
reactivity similar to the natural ones, are interesting owing to
the possibility of studying within these simplified systems the
reactions that normally take place in more complex environ-
ments.
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previous calculations and with the avail-
able experimental data when using a
model closer to the X-ray structure or
when directly dealing with the complete
structure of the system.

mixed-valent

Recently, Cole et al.!! synthesized and characterized a
trinuclear mixed-valence copper complex, [Cu;O,L;]>* L= N-
permethylated (1R,2R)-cyclohexanediamine (Figure 1), which

Figure 1.  Schematic structure of [Cu;O,L;]**, L= N-permethylated
(1R,2R)-cyclohexanediamine (2).

exhibits O, bond scission as well as reduction of O,. This
compound is particularly interesting because it is the first
metal - O, complex that leads to full reduction of O, in one
step with a 3:1 metal:O, stoichiometry. In fact, the selective
reduction of O, by one, two, or four electronsP-#! is known to
happen in the presence of enzymes that contain a copper
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active site. Generally, each of the Cu' centers supplies only
one electron, therefore one-, two-, or four-electron reductions
of O, have a 1:2, 1:3, or 1:4 (O,:metal) stoichiometry,
respectively.’"!l A large variety of enzymes (such as H,O -
lactase, ceruloplasmin, or ascorbate oxidase)!'>'®! responsible
for four-electron reductions contain a trinuclear Cu active site
and a “blue” copper atom at ~12 A.[3 On the other hand the
reduction of O, to peroxide is performed in the presence of
binuclear Cu active sites (such as in hemocyanin and
tyrosinase).'*'"l In the case of the complex discovered by
Cole et al.l¥! the four electrons are supplied by three copper
ions, which leads to a copper(iLiLi) localized system.

From all the available experimental datal 'l as well as from
subsequent calculations,!'® I it has been possible to determine
the electronic ground state of this system. X-ray structure
analysis data, UV/Vis spectra, NMR susceptibility data,
SQUID and MCD data are all consistent with a description
of a polynuclear complex, built up from two paramagnetic
(§=1/2) Cu! centers, ferromagnetically coupled to give an
S=1 ground state, and one diamagnetic (d®) Cu'" center. A
previous study!'®! has shown that the combination of a large
Jahn-Teller distortion and weak electronic coupling is the
driving force for the localization of the electrons, while the
work of Berces provided a detailed investigation of the
thermochemistry of the self-assembly process and the effect of
solvation.!"”]

Herein we focus on two aspects of the system: its ground
state potential energy surface and its magnetic properties, that
is the spin manifold at the minimum energy geometry. First we
explored the ground state S=1 potential energy surface at a
DFT level of a reduced model system along the normal mode
responsible for the localization and, by employing a fitting
procedure, we extracted the three Jahn-Teller parameters
that fully define the [E ® e] vibronic coupling problem and
the vibrational frequency associated with this localization.
Next, both on the minimum energy structure for the model
system [Cu;O,(NH;)s** (1) and of the full [Cu;O,L;]** (2),
optimized at a QM/MM level, we computed the full spin
manifold, at a full QM level. The paper is organized as
follows: after the explanation the technical details, the results
of the computations for the S=1 ground state of the model
systems are reported and discussed. Subsequently, the UV/Vis
spectra and the singlet—triplet manifold computed for the
localized model structure are reported. These latter results are
compared both to the available experimental data, to the
results of previous calculations' based on a different
computational method.?”! Finally, the structural parameters
and the spin manifold computed for the complete structure of
the system 2 are reported and discussed. In this case, the
structural optimization was performed at a QM/MM level,
while the spin manifold was computed at a full QM (DFT)
level.

Computational Methods

All open-shell calculations were performed in a spin-unrestricted formal-
ism. All the calculations on the model system 1 have been performed by
using the Amsterdam density functional (ADF) program package.?'! Both
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the local density approximation (LDA) and the generalized gradient
approximation (GGA) for exchange-correlation functionals were used.
The LDA was applied with the Xa functional for exchange (a =0.7)?? and
the Vosko, Wilk, and Nusair functional for correlation.®! The GGA was
applied by using the Becke88?* exchange and the Perdew86/>! correlation
(BP), and the Perdew-Wang91P (PW91) exchange-correlation func-
tionals. Several calculations were performed including scalar relativistic
corrections (Pauli relativistic) as implemented in the ADF.?" The frozen-
core approximation for the inner core electrons was used for all non-
hydrogen atoms. The orbitals up to 3p for Cu and 1s for N and O were kept
frozen. The valence shells of H, N, and O were described by a double-§ STO
set plus one polarization function. In the case of Cu atoms, a valence triple-
¢ plus one polarization function STO basis was used.

Geometry optimizations were performed by using the Broyden —Fletcher -
Goldfarb - Shanno algorithm to update the Hessian matrix.?®l The energy
convergence criteria for ADF99 used was 10-¢ au and the default numerical
integration was increased (accint=38.0). If not otherwise specified the
calculations were performed for the model system 1, in which each of the
ligands L of [Cu;O,(L;)]** (L = N-permethylated(1R,2R)-cyclohexanedi-
amine) was substituted by two NH; molecules. A schematic representation
of the model system 1 and of the reference systems used for D5, and for C,,
calculations is given in Figure 2. This modeling, although preserving the
donor properties of the ligand L, eliminates the chiral centers. Although
commonly performed, this kind of modeling can influence the absolute
value of the singlet—triplet splitting significantly.’”! To check this point,
supplementary structural optimizations were performed for the real system
[Cu;0,(L3)J** (2) at the QM/MM level.

a)

Figure 2. Schematic view of the model system [Cu;O,(NH;)¢]** (1). The
reference system used in the calculations in D3, and C,, symmetry are
depicted in a) and b) respectively.

The calculations were performed by using the QM/MM implementation in
ADF2000.021%* 311 with the basis set previously described for 1 for the QM
part. The QM core was constituted by the [Cu;O,N4] moiety where the link
bonds have been capped by hydrogen atoms. The Becke88?* exchange and
the Perdew86/%! correlation (BP) functionals were used for the QM part.
The MM part was modeled by using the AMBER force field parameters
provided with the program package, and then adding the missing van der
Waals parameters for Cu, which were set to values of E,;, =0.0500, E,,, =
12000, and y=12. Geometry optimization of 2 was performed in C,
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symmetry. Supplementary single-point calculations on the QM/MM
optimized structures were performed at the full QM (BP) level. To reach
accurate convergence the threshold for ignoring fit integrals (epsfit
parameter) was set to 10-° (default value 10-4).

Results and Discussion

Model system: delocalized symmetric structure

The X-ray structure of [Cu;O,L;]** shows two crystallograph-
ically nonequivalent clusters in the unit cell, each of which
contains two equivalent and one nonequivalent copper sites.[
The cores of the two crystallographic units are relatively
similar (rms = 0.093 A). The largest difference is found for the
O—0 bond length (2.37 versus 2.26 A). Hereafter we compare
the experimental geometry of both of the two crystallo-
graphically independent moieties (labeled as Exp.? and Exp.)
with the results of the calculations. In each moiety, the
nonequivalent copper center has very short Cu—O and Cu—N
bond lengths (1.83/1.84 and 1.95/1.97 A, respectively) in
agreement with the distances observed for a highly oxidized
Cu' complex. The O—O bond is almost cleaved (2.26/2.37 A
), while a typical pseudo-square-planar coordination is found
for copper atoms that are coordinated to two nitrogen amine
atoms and to the u;-oxo bridge.

Geometry optimizations of the model compound 1 were
performed for the S=1 state in Dj, symmetry at different
levels of theory. The D5, symmetry is the highest possible for
the model system: in this case all three copper centers are
symmetry-equivalent. This corresponds to a fully delocalized
mixed-valence system. The main geometrical parameters ob-
tained are given in Table 1 and compared to the X-ray data.[*
Regardless of the functional used, the Cu—Cu distance is
overestimated (by up to 0.15 A) even when relativistic effects
are included. On the other hand, the Cu—O and the Cu—N
bonds are very similar to the average experimental values.
Regarding the Cu coordination sphere, the O-Cu-O angle is
always underestimated and, as a consequence, the O—O bond
length is underestimated by about 0.1 A if we consider the
crystallographic moieties with longer O—O length. On the
other hand, the N-Cu-N angle is systematically overestimated.
This error is most probably due to the modeling performed. In
fact, while in the real system the two amines are held together
through a rigid bridge, in the model the two ammonia
molecules are let free to relax and the steric repulsion leads to
a larger N-Cu-N angle. Subsequent QM/MM calculations

Table 1. Structural parameters computed for [Cu;O,(NH;)¢]** in Dy,-symmetric structures.?

where the ligands were explicitly taken into account allowed
us to further validate this point (see below).

Looking at the MO energy diagram (Figure 3) and at the
plot of the highest occupied MOs 8e,, 5a,”, and 6a,”
(Figure 4), we notice that they show mainly a d metal and a
p O character. However, a significant contribution of the o
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Figure 3. Molecular orbital energy diagram of [Cu;O,(NH;)s** in Dy,
symmetry.

donor NH; orbital is present. As expected, and in agreement
with the results of previous studies,'® ! the highest occupied
MOs (6a,” and 7e,”) correspond to the linear combination of
the highest occupied orbitals on each CuO,(NHj;), moiety, and
therefore they show mainly a d,._,. metal character (the local
coordinate systems on each square-planar moiety pointing
towards the ligand are denoted by x’ and y’). Qualitatively, we
can rationalize the complex as a linear combination of three
square-planar subunits carrying one electron for each of the
two Cu"! centers and no electrons in the highest corresponding
d,»,» MO in the case of the Cu™ center. The symmetry
adapted linear combination of these three orbitals leads to the
following three frontier MOs in the MO diagram of
[Cu;0,(NH;)4]**: 6a,” and 7e,”. The large gap between these
three orbitals and the doubly occupied ones deduced from the
three d_ splitting is related to the strong ligand field due to the
square-planar environment, which strongly destabilizes the
d,»_,» orbital (pointing towards the ligands) with respect to the
other d orbitals. The first unoccupied orbital (8a,) lies very
high in energy (=4eV above the SOMO; not shown in
Figure 3) and it is localized mainly on the NH; molecules.

Owing to the large gap both between the SOMOs and the
doubly occupied orbitals as well as between the SOMOs and
the LUMO, the active orbitals approximation, that is taking
explicitly into account only three orbitals and two electrons,
seems to be fully justified for the calculation of the spin
manifold. In fact, the energies of excitations originating from
the doubly occupied orbital to one of these three orbitals and
from the singly occupied orbital to unoccupied orbitals, are
high and, therefore, their con-
tributions to the first triplet—
singlet gap is negligible.

LDA  BP PW91 LDA,, BP, PW9l,,  Exp.? Exp.’
d(Cu—Cu) 2722 2834 2824 2712 2804 2795 206522719  2.641/2.704 Model system: Jahn-Teller
d(Cu—0) 1.939 1991 1989  1.934 1.981 1.979 1.84/1.94 1.83/2.01 distortion
d(Cu—N) 1998 2069 2065  1.99 2056 2052 1.97/2.01 1.95/2.04
d(0-0) 2270 2270 2280 2272 2285 2293 226 2.37 The Jahn-Teller effect is the
a(0-Cu-0) 717 69.5 69.9 71.9 70.4 70.8 75.8/70.7 72.6(6)/80.4(8) intrinsic instability of an elec-
a(N-Cu-N) 986 98.9 98.7 98.4 98.7 98.6 84.5/89.7 84.5/89.7

tronically degenerate complex

[a] Rel. = Pauli relativistic. Bond lengths in A; angles in degrees. Exp.* and Exp." see text.
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towards distortions that remove
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Figure 4. Isovalue representation of the frontier orbitals computed for [Cu;O,(NH;)4]** in D3, symmetry. The surfaces have been drawn for ¢ = 0.05(ea,~3)'?.

the degeneracy. It was predicted in 1937 by Jahn and Teller*?
but only confirmed experimentally in 1952.% Since then
Jahn —Teller distortions in transition metal complexes, which
is in fact a problem of vibronic interaction, has been studied
extensively.?**] The Dy, MO scheme of [Cu;O,(NH;)**
shows a typical Jahn-Teller active electronic ground state
(’E3). The consequence of first-order Jahn-Teller interac-
tions is a nuclear displacement which leads to the removal of
orbital degeneracy. Therefore, a distortion along the Jahn -

Chem. Eur. J. 2002, 8, No. 19
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Teller active mode has been performed, which leads to a
decrease from Dy, to C,, symmetry, to fully characterize the
system. Although the exact Jahn —Teller mode can be derived
by symmetry arguments only in the case of small molecules,
the method proposed by Daul et al.* 4! has been followed to
reproduce the Jahn - Teller—PES as a function of the Jahn—
Teller normal mode (Qyr). In this method, the corresponding
adiabatic PES can be reconstructed starting from three
parameters Ejr, A, and Ryr, or, equivalently, Kg, Fg, and Gg
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only. Kg, Fg, and Gy are the force constant and the first- and
the second-order vibronic coupling constants, respectively,
while Eyr, A, and R;pare the Jahn —Teller stabilization energy,
the minimal barrier height between the minima and the
normal coordinate of the Jahn-Teller distorted geometry.
This latter set of parameters can be computed by using the
computational procedure explained in reference [40] and
summarized for this specific case in Figure 5. The first
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Figure 5. Schematic drawing of the computational method.

calculation (A) corresponds to a Dy, geometry optimization,
while (B) and (C) are geometry optimizations computed in
Ds;, nuclear symmetry using the C,, electronic symmetry and
occupations specified in Figure 5. The lowering of the
molecular symmetry from D5, to C,, removes the degeneracy
of the e orbitals and leads to a pair of equivalent copper atoms
as well as to one nonequivalent copper atom (hereafter Cu,)
as observed in the experimental structure. The three Jahn-—
Teller parameters, E;r, A, and Ry, can be obtained, supposing
that E has the lowest energy [Expressions (1) —(3)].

Eyr=E(C) - E(E) (€]
A=[E(C) - E(E)] - [E(B) — E(D)] = E(D) — E(E) @
Ryr= Q(E) (3)

Generally when using DFT, E(C) # E(B).[*! This problem
has been solved by imposing the Expression (2).

Rjrwas evaluated by using Expression (4), where Ad,=d; —
dy, for which d; are all the metal-to-ligand distances in the
Jahn —Teller distorted geometry and d, are the corresponding
D, ones.[*]

Rjr =X(Ad))* “)

4396 ——
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The optimized geometry corresponding to E and to D
(respectively denoted hereafter as C,,,, °B;, and C,,,, 3A,) is
obtained and is reported in Table 2, and the Jahn—Teller
parameters corresponding to the C,,, distortion are reported
in Table 3. The experimentally observed static localization is
in agreement with the computed Jahn-Teller stabilization
energy (E;;; Table 3). The energy difference between the
optimized C,, geometries with different occupations (A
parameter), C,,; and C,, (E(D) and E(E), respectively, in
Figure 5), is practically negligible: about 10 cm~'. Thus, it
cannot be used as a criterion to determine the nature of the
localized structure. On the contrary, the corresponding
optimized geometries and Mulliken charges are substantially
different. In fact, while the C,,, distortion physically corre-
sponds to an expansion of the coordination sphere of the
nonequivalent copper atom (Cu,), the C,,, distortion corre-
sponds to a contraction, which leads to the experimentally
observed distortion. The difference of the Cu—O and Cu—N
bond lengths computed in D5, symmetry (nuclear and
electronic symmetry) and the one computed for the optimized
C,,; and G,,, occupations are reported in Table 4. In the case
of C,,,, except for the anomalous LDA behavior, we note a
significant contraction of the Cu;—O bonds and the corre-
sponding elongation of the Cu—O (~ —0.06 A and +0.04 A,
respectively), whereas the Cu—N bonds remain almost
unchanged. The distortion to C,,, induces a transfer of charge
from the two equivalent copper atoms to the inequivalent
copper atom Cu,, in agreement with a “1Cu-2Cu™
description of the system. On the other hand the C,,
distortion yields always to an expansion of the coordination
sphere of the non equivalent Cu, and a contraction of the one
of the equivalent copper atoms.

Finally, we followed the procedure explained in reference
[41] to construct the full adiabatic potential energy surface
corresponding to the E® e coupling. Therefore, we con-
structed a series of intermediate geometries between the ones
corresponding to D and E and the ones corresponding to B
and C with the following criterion. Let a be the Cu—Cu
distance in Dy, symmetry (B or C), and let b and ¢ be the
Cu—Cu distances in C,, (D or E): three intermediate geo-
metries were constructed by a constrained geometry optimi-
zation in which all the geometrical parameters were relaxed
except the Cu—Cu distances (b’, ¢’) defined according to
Expression (5), with n =32,1.

b'=b + n((a—b)/4)
' =c+ n((a—c)l4) (%)

A least-squares fit of the PES surface computed by using a
BP,., approach, following the procedure explained in refer-
ence [41], leads to the determination of the three Jahn — Teller
parameters, Ki, Fi, and Gg and to the Mexican hat plot of
Figure 6. In our case the normal mode (Q6,0Q¢) has been
simulated by the interpolation between the D5, and C,,
geometries, and each of the points has been expressed as
mass-weighted coordinates of the structure. The computed
K, Fg, and Gg, values are 421 cm'amu 2, 1368 cm 'amu~',
and 1368 cm~'amu~2, respectively. Nevertheless, the overall
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Table 2. Structural parameters computed for [Cu;O,(NH;)¢]** in the two C,, symmetry variations.?!

expansion for Cu;, and a con-

LDA  BP PW91 LDA,, BP,, PW91,, Exp.? Exp.® traction for Cu; that is, a
o breathing of the coordination
d(Cu—Cu,) 2677 2800 2791 2658 2773 2765 2652 2.641 sphere of the nonequivalent
d(Cu—Cu) 2791 2.905 2896 2770 2873 2866 2719 2704 copper atom. If we concentrate
d(Cuer) 2.018 2.088 2.084 2.006 2.075 2.070 1.972 1.95 on the Structural parameters
d(Cu;~0) 2005 2.063 2060 1999 2054 2053  1.839 1.83 computed for the Cy,, occupa-
d(Cu—N) 1979 2,052 2047 1968 2039 2035 199203  201/2.04 .
d(Cu—0) 1908 1958 1956 1901 1948 194 193196 201198  ton, we noteagood agreement
d(0-0) 2275 2261 2270 2282 2277 228 226 237 between the experimental val-
d(N,-N)) 3001 3.098 3092 2982 3752 3067 278 273 ues and the computed ones.
d(N-N) 3064 31724 3163 3047 3151 3146 271 2.86 Nevertheless, the O—O distance
a(0-Cu,-0) 69.1 66.4 66.9 69.6 67.3 67.6 75.8 80.4(8) is underestimated. whereas the
a(Cu-Cu,-Cu) 62.8 62.8 62.5 62.8 62.4 622 61.7 61.7 -
a(N,-Cu,-N)) 98.8 98.8 98.7 98.8 98.7 98.9 89.7 88.6 O-Cu-O angle is well repro-
a(N-Cu-N) 98.5 98.0 98.0 98.5 97.9 97.8 84.5 90.1 duced with respect to the ex-
a(O—Cu—O) 73.2 70.5 70.9 73.7 71.5 72.0 70.7 726(6) perimental values.
a(Cu-O-Cu) 94.0 96.8 95.5 93.5 95.0 945 88.3 85.5 As already pointed out from
a(Cu-O-Cu;) 86.3 88.2 88.0 85.9 87.6 87.4 88.3 87.4 X .
dihedral(N-Cu-N-Cu) 1465 1460 1461 1465 1460 1462 1383 1357 previous calculations of Root et
Coy al.,® the O-Cu-O angle, the
d(Cu—Cu,) 2.762 2.878 2.866 2.743 2.845 2.837 2.652 2.641 O—O0 distance, and the Cu—Cu
d(Cu—Cu) 2614 2762 2752 2594 2735 2727 2719 2704 distance can strongly influence
d(Cu;—N,) 2975 2.043 2039 1964 2030 2026 1972 1.95 the computed triplet-to-singlet
d(Cu,-0) 2895  1.924 1923 1888 1912 1913 1839 1.83 e
d(Cu—N) 2001 2074 2070 1990 2062 2057 199203 201204 splitting, due to the fact that
d(Cu—0) 1961  2.028 2005 1954 2020 2017 193196  201/1.98 both the direct and super-ex-
d(0-0) 2277 2258 2267 2283 2275 2283 226 237 change pathways are directly
d(N,-N)) 3017 3126 3119 3006 3104 3100 278 273 influenced by these structural
d(N-N) 3030 3117 3109 3008 3092 3082 271 2.86 .
a(0-Cu,-0) 738 718 723 744 73.0 733 758 80.4(8) parameters. In particular an
a(Cu-Cu,-Cu) 56.5 573 57.4 56.4 57.4 574 61.7 61.7 elongation of the Cu—Cu bond
a(N;-Cu;-N,) 100.1 99.4 99.3 100.0 99.2 99.0 89.7 88.6 can lead to a stabilization of the
a(N-Cu-N) 97.8 97.7 97.7 97.8 97.6 97.8 84.5 90.1 triplet due to a weaker direct
a(0-Cu-0) 70.9 67.6 68.1 715 68.5 68.9 707 72.6(6) interaction. while an increase of
a(Cu-0O-Cu) 83.6 85.8 85.6 83.2 852 85.0 88.3 85.5 g
a(Cu-0-Cu,) 915 934 930 911 026 924 88.3 87.4 the O-Cu-O angle favors a
dihedral(N-Cu-N-Cu) 1388  139.0 139.0 1388 1389 1386 138.3 135.7 superexchange pathway and it

[a] Rel. =Pauli relativistic. Bond length in A; angles in degrees. Exp.* and Exp." are the structures of the two

nonequivalent crystallographic units.

Table 3. Computed Jahn - Teller parameters for the C,,, distortion.[?]

LDA  BP PW91  LDA,,  BP, PWI1,,
E; 0192 0185  0.183 0.203 0.188  0.190
A 9.54 —8.01 3.84 11.00 —3.94 5.16
Ry 193 0.13 0.15 0.11 0.30 0.12

[a] E;x (ineV), A (incm™!), and Ry (in A). Rel.=Pauli relativistic
calculations.

shape of the Mexican hat is invariant under transformation of
the coordinate system.

Model system: localized structure

Structural parameters: Hereafter, and in Table 2, Cu, denotes
the nonequivalent copper atom (formally a Cu'!), while the
two equivalent copper atoms (formally Cu) are simply
labeled as Cu. As previously discussed the optimized C,,
structures for the two different occupations correspond to
the two minima along the two orthogonal components of the
Jahn-Teller active e vibration. While the C,,, occupation
yields the observed distortion, one observes for C,, an

Chem. Eur. J. 2002, 8, No. 19

stabilizes the singlet state.
Because of the discrepancy
obtained between the opti-
mized and the crystallographic
structures, and because of the

well-known sensitivity of the spin manifold splitting with
respect to structural parameters, we computed the triplet—
singlet splitting both for the optimized and for the two
crystallographic nonequivalent model structures (vide infra).

As already noted for the fully symmetric D5, structure, the
modeling with NH; leads to an overestimation of the N—N
distance and, as a consequence, of the N-Cu-N angle.

Table 4. Computed difference in bond length (in A) between: I) the optimized
Dj, geometry (A) and the corresponding C,,; ones (D); II) the optimized D;,
geometry (A) and the corresponding C,,, ones (E). Negative values correspond
to a contraction, positive values to an elongation.

LDA BP PW91  LDA, BP, PWO9L,,,
I

A(Cu—0) +0.066 +0.072 +0071 +0.065 +0.073 +0.074
A(Cu~N,) +0.020 +0019 +0019 +0010 +0.019 +0.018
A(Cu-0) —0031 —0033 —0033 —0033 —0033 —0039
A(Cu-N) —0019 —0014 —0018 —0028 —0017 —0017

Il

A(Cu—0) +0956 —0.067 —0066 —0046 —0069 —0.066
A(Cu~N,) +0977 —0.026 —0026 —0032 —0026 —0.026
A(Cu-0) 0022 +0.041 +0036 +0.020 +0.039 +0.036
A(Cu—N) +3x107 +5%x107 +5x103 —6x107° +6x 107 +5x 1073
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Figure 6. Computed adiabatic PES corresponding to the £ ® e coupling
for [Cu;O,(NH;),)*"

Furthermore, as a general trend, although copper is only a 3d
metal, significant effects on geometry are noted when
relativistic effects are included within the Pauli approxima-
tion.

Calculation of UV/Vis spectra: The experimental spectrum of
[Cu;O,L;5], recorded in CH,Cl, at —80°C, shows four main
bands at 290 (4.27), 355 (3.49), 480 (2.58), and 620 nm
(1.99 eV).Fl The two more intense, high-energy transitions,
have been experimentally attributed to ligand-to-metal
charge transfer (LMCT), whereas the other two bands are
of lower intensity.

The UV/Vis spectrum of the complex of the optimized C,,,
geometry has been computed by using the Slater transition
state (STS) method.?? Only symmetry and spin (i.e. triplet —
triplet) allowed transitions were computed. In this method
only one electron excitation is taken into account and no
estimation of the intensity of transitions can be given. The
MO energy diagram computed at a LDA,, level, correspond-
ing to a C,,, occupation, is reported in Figure 7.

The first optical transition, in a harmonic approximation, is
related to the Jahn — Teller stabilization energy (E;;) following
Sturge’s development (see Expression (6)).[*]

AE~4E, ©6)

If we compute 4 E;; from the value for E;; reported in
Table 3, we obtain a AE value that is less than half of the
experimental value of the first transition and is out of the
range of UV/Vis spectroscopy. The first optical transition is
therefore not attributed to the transition between the split
levels stemming from the 3E; state but to a transition from the
first doubly occupied orbitals to the SOMOs (d—d tran-
sition).

Looking at the MO diagram in Figure 7, we see that the
11b4 —12b4 and the 10f —12b4 one-electron excitations

4398
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Figure 7. Schematic representation of the nine non-redundant single
determinants.

contribute to the first UV/Vis transition, and the 11b5 — 9af
to the second UV/Vis transition. The LMCT transitions were
identified as 9bf — 12bf and 6a’ — 12b%. The assignment of
the LMCT is straightforward because the O-centered MOs
are easy to identify.

The computed electronic transitions are collected in
Table 5. Generally, the energy of the transitions is under-
estimated by using the STS method. An exception is the first

Table 5. Computed UV/Vis transition (in €V) of [Cu;O,(NH;)s]** in the
optimized C,,, geometries.

LDA,, PWO1,, BP,, Exp. Assignment
11b8 — 12b4 1.97 1.58 1.70 1.99 d-d
10b% — 12b4 2.05 1.83 1.95 1.99 d-d
11b8 — 9af 2.38 2.02 2.03 2.58 d-d
9bs — 12bf 4.15 3.70 3.79 3.49 LMCT
6al — 12bf 4.40 3.95 4.14 4.27 LMCT

LMCT, which is always overestimated. As a matter of fact the
STS method does not give very accurate results, but, due to
the system size, we could not afford to use more sophisticated
techniques. In any case the underestimation of the transition
energy is somehow expected due to the lack of full relaxation,
which isintrinsic to the method.

Magnetic properties: J: To compute the low-energy spin
states of the complex, the single determinant (SD) method
was used.*l This method exploits the full multideterminant
nature of an open-shell state as a linear combination of Slater
determinants.* This yields first-order expressions for the
multiplet energies which are linear combinations of SD
energies. To calculate these quantities, both spatial and spin
symmetry are fully exploited. This method was first developed
for the calculation of optical transitions,*! and has been
recently applied to the calculation of exchange-coupling
constants in a number of different systems.*>41 Some
approximations and limitations in the practical implementa-
tion of the method are:

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0819-4398 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 19
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o The method does not consider the two-electron second-
order terms, which are neither exchange nor Coulomb, and
which can, in general, not be expressed in terms of energies
of single determinants.

@ The method is usually applied within the active electrons
approximation. In this case it is possible to include second-
order electrostatic interactions precisely. Hence, frequent-
ly, only the microstates arising from the different occupa-
tions of the active orbitals are taken into account.

Owing to the large splitting between the doubly occupied
orbitals and the SOMOs and between the LUMO and the
LUMO + 1, only the SOMO and the LUMO were considered
as active orbitals, leading to a problem of two electrons in
three orbitals.

Referring to the MO scheme of Figure 7, these orbitals
belong to the irrep. 12b,, 9a,, and 13b,. From their occupation
with two electrons, nine states can be generated: four 'A;, two
IB,, two *By, and one 3A,.

Neglecting the electrostatic matrix elements which are
neither exchange nor Coulomb, the energy of these spin states
can be expressed in terms of the energy of the nine non-
redundant single determinants (NRSD) depicted in Figure 8
and Expression (7).

Table 6. Computed energy of the different spin states at LDA and GGA
level relative to the B, ground state energy of [Cu;O,(NH;)s]** in the
optimized C,,, geometries. Energy in eV.

LDA,, PW9L,, BP,,
1B, 0 0 0

2B, 0.4974 0.5148 0.5293
134, 0.3348 0.9848 0.3629
1'A, 0.2015 0.3710 0.1026
21A, 0.8803 0.8509 0.8853
314, 0.5960 2.5405 1.9353
41A, 27188 2.7046 2.9830
1'B, 0.6696 0.4559 0.4634
21B, 0.8807 0.8077 0.8131

The difference in energy between the triplet ground state
and the first singlet state is relatively large (0.20 eV for LDA,
0.10 eV for BP, and 0.37 eV for PW91). Although in agree-
ment with the results of a previous calculation by Root
et al. '8! the computation largely overestimates the exper-
imental gap (14 cm™'). Root et al.l'®l attributed this discrep-
ancy to the peculiar method they were using, that is the
broken symmetry technique.?”! Unfortunately, this seems not
to be the case. In fact, even if the single determinant method
takes into account the complete three-orbital-two-electron
manifold, and corrections are made for some of the assump-
tions of the broken symmetry method our results are not
significantly better than the ones of Root et al.l'®]

To better elucidate this point, we decided to analyze the
effect of nuclear geometry on the computed splitting of the
spin manifold. For this, we computed the triplet—singlet
energy gap (first-order) for the two nonequivalent crystallo-
graphic clusters where, as previously, the ligand L was
substituted by two NH; molecules, and the nitrogen center

was maintained at the position
it adopts in the crystal structure.
* At the LDA level, the com-

puted triplet-to-singlet energy

gap is 25 cm™! for the crystallo-

E()  —E)+ E(7) —E() + E(6) 0
| TEOFEDEQ) EE)+ER) 0
| LEG) + E6) B+ BB B 0
0 0 0 _E(8) + 2E(3)
5, | EO+250) 0 o
0 _E(5) + 2E(6)
g, _ | O 0
| 0 E0)
SA, = B(8)
| | A
13b.
on ¥ Y ¥ |
A 4| T

12b ' |

(0) (1) (2) (3) (4) (5)

Figure 8. Molecular orbital energy diagram of [Cu;O,(NH;)s]** in C,, symmetry using occupation C,,,.

Diagonalization of the 'A; matrix leads to the energy of the
four 'A,; states.

The spin manifold computed both at the LDA and GGA
Pauli relativistic level for the corresponding C,,,-optimized
structures is reported in Table 6. As expected, the gound state
is the 3B, (C,,, state). The 1°B, to 1A, splitting corresponds to
the transition between the split levels of the 3E; state. The
computed values are far from to the ones expected by using
the harmonic approximation of Sturge etal.®! and the
computed E;r value given in Table 3, being 0.33 eV, 0.98 eV,
and 0.36 eV versus 0.81 eV, 0.76 eV, and 0.75 eV for LDA,,,
PWO91,,,, and BP,, respectively. This result suggests a strong
anharmonicity of the potential energy surface. This is
confirmed by the relatively large value of Fy which is the
linear vibronic term in the [E ® e] coupling.!

Chem. Eur. J. 2002, 8, No. 19

(6) (7)
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graphic units with an O—O dis-
8) tance of 2.26 A (Exp.* in Ta-
ble 2) and 550 cm™! for the one
with an O—O distance of 2.37 A
(Exp.® in Table 2).
The agreement with the experimental data is significantly
improved, thus confirming the strong effect of structure on the
computed magnetic properties.

I
|
(

Complete structure of the system: structural and magnetic
properties

To test the influence of the ligand L = N-permethylated
(1R,2R)-cyclohexanediamine both on the geometric and
electronic structure, we performed supplementary calcula-
tions on the complete structure of the system 2. Structural
optimizations were performed at the QM/MM level for the
localized structures (symmetry C,) for the two occupations
corresponding to the C,, and C,,, occupations previously
discussed for the model system 1. In the case of the C,

0947-6539/02/0819-4399 $ 20.00+.50/0 4399
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calculations, this yields A and 3B states, respectively. The

optimized structures are reported in Table 7, and compared

with the corresponding model structures and experimental
one.

While a general better agreement of the *B, structure with
the experimental data can be remarked, actually only small
changes of the Cu;O,Ng core are apparent. The Cu—O and
Cu—N distances are practically unchanged on comparing the
model system 1 and the real complexes 2. This is not surprising
since the direct effect of the ligand on the core is presumably
small and since the ligand has been considered only at the MM
level. Nevertheless one substantial change is clearly evident
when the complete structure of the system is compared with
the model one: the N-Cu-N angle which was overestimated
for the model is now reduced by approximately 10° towards
the experimental value. As already emphasized this is due to
the fact that in the model no steric constrain was applied to
hold the NH; molecules together.

Both direct and indirect (geometrical) effects of the
modeling on the computed spin manifold can now be
evaluated. The triplet—singlet energy gap was computed
(with the single determinant techinique) for the QM/MM-
optimized structure at a full QM level in the case of the B
geometry. The triplet—singlet gap is computed to be 72 cm™!
at the BP level; thus, substantially improving the results
obtained for the model systems (800 cm~! at the BP,, level).
When the complete X-ray structure of the two crystallo-
graphic moieties is used, the triplet—singlet gap at a first
approximation is computed to be 157 cm™' for Exp.* and
340 cm™! for Exp.’. From all these results, the following
conclusions can be drawn:

e Neglecting the full ligand has mainly structural effects (i.e.
the change of the N-Cu-N angle) that indireclty affect the
computed spin manifold.

o The direct effect of the ligand on the electronic structure
of the core is negligible since the results obtained for
model X-ray structures (25 cm™' and 550 cm™') and the
full X-ray structure (157 cm™! and 340 cm™!) are prac-

Table 7. Structural parameters computed at the BP level for [Cu;O,(NH;)]*" in C,, symmetry (1) and for

[Cu;0,L:* in C, symmetry (2) with different occupations.[?

tically equivalent within the error range of the method-

ology.

e The modeling retains all the electronic features of the
system in terms of exchange and super-exchange pathways,
but allows a structural flexibility that the complete
structure of the system does not possess.

In conclusion, the modeling we performed influences the
triplet—singlet energy gap only with respect to structural
effects, while from an electronic point of view it reproduces
correctly the core of the system. It also worthwhile to recall
that discrepancies between the experimental and the com-
puted values are also due in part to the approximations
implicit in the methodology we apply and better agreement is
not expected if not fortuitous.

Finally, we can conclude that, when dealing with a complex
molecular system, a QM/MM approach for structural opti-
mization combined with DFT calculations for the spin
manifold yield a quantitative description of the magnetic
properties of the system.

Conclusion

An analysis of the ground state properties of a trinuclear
copper system of biochemical interest has been performed on
a model cluster by using density functional theory. The
electronic structure of the experimentally observed distorted
cluster has been identified and analyzed through a computa-
tion of the potential energy surface of the ground state.

A localized system with 2 Cu'! and 1 Cu!" centers has been
found to be more stable than the delocalized structure with
three equivalent Cu atoms. For this localized structure, UV/
Vis transitions and spin manifold splitting have been com-
puted. From these results two major conclusions can be
drawn: First, it has been demonstrated that DFT is a powerful
technique for the study of mixed-valence systems; it is capable
of reproducing the PES along the localization/delocalization
vibrational mode. This is true also in case of localized systems.
Second, while calculations
based on the truncated struc-
ture, neglecting the crystal en-

vironment, do not strongly per-

A1 SAQ B,(1 B2 Exp.® Exp.® .

@ @ @ @ ® P turb the qualitative shape of the
d(Cu—Cuy) 2800 2783 2878 2821 2.652 2.641 PES, they are of substantial
d(Cu—Cu) 2.905 2.833 2.762 2.783 2.719 2.704 importance whenever a direct
d(Cu;—N,) 2.088 2.015 2.043 2.053 1.972 1.95 porta
d(Cu;~0) 2.063 2.017 1.924 1.903 1.839 1.83 comparison between the com-
d(Cu—N) 2.052 2.059/2.016 2.074 2.078/2.081 1.99/2.03 2.01/2.04 puted and experimental mag-
d(Cu—0) 1.958 1.946/1.936 2.028 2.001/2.006 1.93/1.96 201198 netic properties is sought.
d(0-0) 2.261 2.235 2.258 2.232 2.26 2.37 Therefore, QM calculations
d(N,—N)) 3.098 2.856 3.126 2.839 2.78 2.73 " d h
d(N-N) 3172 2.845 3117 2.858 271 2.86 were performed fo ftest the
a(0-Cu,-0) 66.4 673 71.8 72.0 75.8 80.4(8) effect of the ligand both on
a(Cu-Cu,-Cu) 62.5 61.2 573 59.1 61.7 61.7 the structure and on the com-
a(N;-Cuy-Ny) 98.8 85.9 99.4 87.5 89.7 88.6 puted spin manifold. The im-
(N-Cu-N) 98.0 87.3 977 866 84.5 901 roved agreement between the
a(0-Cu-0) 70.5 70.3 67.6 67.7 70.7 72.6(6) proved ag
a(Cu-O-Cu) 96.8 937 85.8 88.0 88.3 85.5 experimental data and that
a(Cu-O-Cu,) 88.2 89.5 93.4 92.5 88.3 87.4 computed provides further sup-
dihedral(N—Cu—N—Cu) 146.0 139.6 139.0 137.2 138.3 135.7 port for the Strong inﬂuence

[a] Bond length in A; angles in degrees. Exp.® and Exp. are the structures of the two nonequivalent

crystallographic units.

4400
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small structural changes have
on the observed magnetic be-
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havior. This further emphasizes the necessity of correctly
treating the complete structure of a system (including solvent
or crystal environment) in quantum-chemical calculations.
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