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The mechanisms of the magnetic coupling interactions for two trigonal—bipyramid trinuclear Cu(II) complexes
Cus(us-X)2(u-pz)3 X5 (X = Cl and Br, respectively) and three trigonal trinuclear Cu(Il) complexes Cus(us-X)-
(u-pz);Cl; (X = Cl, Br, and O) are investigated by the calculations based on density functional theory combined
with broken-symmetry approach (DFT-BS). The research on the magneto-structural correlation reveals
that the magnetic coupling interaction is sensitive to the Cu-(u3-X)-Cu angle. With the Cu-(u3-X)-Cu
angle changing from 76 to 120°, the magnetic coupling interaction is switched from ferromagnetic to
antiferromagnetic. According to the analysis of the molecular orbitals and the variation of the spin-state
energies versus the ratio of the magnetic coupling constants, it is found that there exists spin frustration

phenomenon in these complexes.

1. Introduction

In the metal-containing proteins, the active sites are often
polynuclear transition-metal complexes, and the biological
mechanisms in the organisms are always controlled by these
active sites.!”” Therefore, to explain the complicated biological
phenomena, it is essential to investigate the properties of the
polynuclear transition-metal complexes. Compared with the
extensive theoretical studies on the binuclear transition-metal
complexes,®!! research of the polynuclear systems has been
limited.'>'® This is because the coupling interaction mechanisms
in the polynuclear systems are much more complicated.'*"'® For
example, experimentally, it is found that in the noncollinear
polynuclear transition-metal complexes there exists spin frustra-
tion phenomenon that results in many interesting magnetic
properties.'’~!° Therefore, recently, more and more researchers
have paid attention to the noncollinear polynuclear transition-
metal complexes. However, the theoretical elucidation on the
magnetic coupling mechanism, especially on the spin frustration
phenomenon in the metal-containing proteins, is scanty.

As one simple kind of the polynuclear metal complex, the
triagonal trinuclear Cu(Il) complexes are attracting much
attention for their special phenomena such as spin frustration
and their simple structures, which makes the investigation of
the mechanism of the magnetic coupling interaction very
convenient.’%?! Recently, Mezei et al.”?>?3 reported several new
Cu;s(us-X)2(u-pz); complexes and Cus(us-X)(u-pz); complexes,
which are expected to be models of particulate methane
monooxygenase (PMMO). It is found that the magnetic interac-
tion of the u3-X (X = CI and Br, respectively) doubly bridged
trigonal Cu(Il) complexes Cus(us-X),(u-pz); is weak ferromag-
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netic coupling, whereas that of the u3-X singly bridged trigonal
Cu(II) complexes Cuj(us-X)(u-pz); (X = O and OH, respec-
tively) is strong antiferromagnetic coupling.?®?® From the
geometry of these two kinds of compounds, it can be seen that
the essential difference is their Cu-(u3-X)-Cu angles, which are
about 80° in the u3-X doubly bridged complexes and about 120°
in the u3-X singly bridged complexes. This suggests that the
Cu-(u3-X)-Cu angles may be the dominant parameters that
controlled the magnetic properties of the trigonal trinuclear
Cu(II) complexes. Therefore, to elucidate the mechanism of the
magnetic coupling interaction and magneto-structure relationship
for these systems, we investigate two kinds of compounds
mentioned above by density functional theory combined with
broken-symmetry approach (DFT-BS) method.

2. Calculated Models

The calculated models A [Cu;(us-Cl),(u-pz);Cl;] and B
[Cus(us-Br)a(u-pz);Brs] (Figure 1) are predigested from the
X-ray crystal geometries.”> For models A and B, the structures
of the Cus(u-pz); moiety are equilateral trigonal shape, and the
us-X are in the two capping positions of the trigonal—bipyramid.
The five-coordinate Cu(Il) atoms are in the distorted trigonal—
bipyramidal environment. Experimentally, the u;-halogen singly
bridged Cus(us-X)(u-pz);Cl; (X = CI and Br) complexes have
not been synthesized. However, to investigate the significant
influence of the Cu-(u3-X)-Cu angles on the magnetic properties
of the triagonal trinuclear Cu(II) complexes, we theoretically
built the us-halogen singly bridged models C (Figure 2, left)
and D (Figure 2, middle) according to the Cus(u3-O)(u-pz);Cls
X-ray crystal structure.”® The Cus(us-O)(u-pz);Cls complex is
named model E (Figure 2, right).

To explore the mechanism of the magnetic coupling interac-
tion for the trinuclear Cu(Il) complexes conveniently, we build
three dynamic models [Cus(us-X)(u-pz);Cls] (X = Cl, Br, and
O for models C, D, and E) (Scheme 1) by pulling the u3-X
bridge away from the center of the Cuj; triangle plane. This
technique has been used successfully to explain the coupling

© 2009 American Chemical Society

Published on Web 09/08/2009



Triagonal Symmetry Copper Trimers

Figure 2. Primary structures for models C (left), D (middle), and E

SCHEME 1: Dynamic Models of the u3-X Singly
Bridged Trinuclear Cu(Il) Complexes (X = CI, Br, and
O for Models C, D, and E, Respectively; Pz = Pyrazolato
Anion)

CI3

SCHEME 2: Primary Structure for Trigonal Symmetric
Cu(II) Trimer

Cul
Ci2———Cu3

mechanism and magneto-structural correlation for the dinuclear
transition-metal complexes.?**® According to the experimental
studies, the values of the Cu-(u3-X)-Cu angle for the trinuclear
Cu(II) complexes change in the range of 120—75°. Therefore,
in these dynamic models, the Cu-(u3-X)-Cu angles are changed
from 120 to 76° by a step of 4° with the u3-X ligands being
pulled away from the Cuj; plane, which is shown in Scheme 1.

3. Computational Details

For trigonal symmetric Cu(Il) trimers, the primary structure
is shown in Scheme 2. The spin Hamiltonian describing the
low-lying states in zero field can be written as
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(right).

H = —2J(8, Sy + 8, Sp) — 275, S, (1)

where J and J” denote the exchange coupling constants between
adjacent copper ions (Scheme 1). Here the DFT-BS method
proposed by Noodleman et al.?*~2% is used to calculate the
magnetic coupling constants.

Equation 1 can also be written as follows

H=-J& -8 -8, -5 -
U -NE* -85 -8 @

where § = SAI + SAZ,S’ = § + S5. The relative energy of
different spin states is

ES,S)=—JSS+ 1) — T —DSS+1D  @3)

For these systems, Sa, = Sa, = Sg = '/», the level E('/,,0) is
taken as the energy origin. The relative energies of the states
are

Egsy = Eggy = —J +J (5)

In this trigonal symmetry copper trimers system, we define
three spin configurations with the following spin distributions:
Cul(h)-Cu2(h-Cu3(H(HS), Cul()-Cu2(Hh-Cu3(H)(BS1), and
Cul(h)-Cu2(¥)-Cu3(h)(BS2). HS is the highest spin quartet state,
which is an eigenstate of the spin operator $2. BS1 and BS2
are broken symmetry states, which are the mixed state of
eigenstates of the total spin operator $2 but not the pure
eigenstates. As a result, we obtain the expression for J and J’
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E(% 1) =—J-2r

E(% 1) =2/ —2J

E(%,O) =0

Eys — Egg) = _%J 4

J and J' values are calculated using the broken symmetry
approach under DFT framework. In our systems, J” is equal to
J.

The calculations of magnetic constants are performed using
the B3LYP, as implemented in Gaussian 03 code.?® The initial
guess for Gaussian is generated by the Jaguar 7.5,° which was
successfully used to calculate the J of polynuclear transition-
metal complexes by Ruiz et al.3!32 A basis set of TZV quality
is used. The convergence criterion of SCF is 1078,

4. Results and Discussion

4.1. Elucidation on Magnetic Coupling Interaction Mech-
anism. As a significant factor to judge the magnetic properties
of the molecular magnet, the magnetic coupling constant J is
the bridge between the experimental and theoretical researches.
Experimentally, the J values are obtained from the fitting of
the experimental data. Theoretically, the J values can be
calculated by the configuration interaction (CI) methodologies
and the DFT-based methods.'>'* The CI methodologies can
generate relatively accurate J values and effectively manipulate
symmetry and spin-adapted eigenstates of the exact Hamiltonian,
but their computational cost limits their application to large
model systems.!* Moreover, DFT-based calculations are proven
to be very reliable and convenient for the correlated materials
from magnetic molecules to magnetic solids.®3373¢ Therefore,
the DFT-BS method is used here to calculate the J values to
elucidate the coupling interaction.

The calculated J values of the two u3;-X doubly bridged
models A and B along with the experimental J values®* are
summarized in Table 1. The calculated J values of models A
and B are both positive (J/ = 69.6 cm™! for model A and J =
43.4 cm™' for model B), which is very consistent with the
experimental results that there exists ferromagnetic interaction
in models A and B and that the magnetic interaction in model
A is stronger than that in model B.* The calculated J for model
E with Cu-(u3-0)-Cu = 120° is —989.8 cm™!. This indicates
that the magnetic interaction in the primary compounds is strong
antiferromagnetic coupling, which is also in agreement with the
experimental result (J = —500 cm™").?3 The calculated J values
are greater than the experimental results, and this maybe due
to the modeling of the structures. Also, from Table 1, it is
obvious that the magnetic properties of the models with different
Cu-(us-X)-Cu angles are greatly different. To explain this
significant difference, the magnetic mechanisms of the dynamic
models C, D, and E are discussed in detail in the next sections.

TABLE 1: Calculated J Values of Models A and B

Jlem™! model A model B
Jsxpl] 28.6¢ 3.1¢
Jca]cd 69.6 434

@ Reference.?
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Figure 3. Plot of the J values versus the increasing Cu-(u3-X)-Cu
angles for the dynamic models C, D, and E (X = Cl, Br, and O for
models C, D, and E, respectively).

4.2. Dependence of the Magnetic Coupling on the Cu-
(#3-X)-Cu Angles. To investigate the magneto-structural cor-
relation, we also calculated the magnetic coupling constants J
for the three dynamic models C, D, and E. The plots of J values
versus the Cu-(u3-X)-Cu angles are shown in Figure 3. Obvi-
ously, with the Cu-(u3-X)-Cu angle changing from 76 to 120°,
namely, the geometry of Cus(us-X) moiety changing from
tetrahedron to equilateral triangle, the magnetic coupling
constants J of the three models are decreasing from positive to
negative. This indicates that the magnetic interactions of the
three models are changed from ferromagnetic coupling to
antiferromagnetic coupling. This variation trend is meaningful
for designing the trinuclear Cu(II) complexes with the corre-
sponding coupling interaction by changing the Cu-(u;3-X)-Cu
angle.

According to Figure 3, the variation trends of curves C and
D are very similar. With the Cu-(u3-X)-Cu angles increasing
from 76 to 100°, the J values of models C and D have a slight
increase, and the J values begin to decrease with the Cu-
(u3-X)-Cu angles increasing from 100 to 120°. Significantly, at
the point of Cu-(u3-X)-Cu = 108°, the J values of models C
and D change from positive to negative. In other words, the
magnetic interactions of both models C and D are changed from
ferromagnetic coupling to antiferromagnetic coupling at this
point. It can be concluded that the halogen us-X bridging ligands
in the trinuclear Cu(II) complexes have similar behavior and
influence on the magnetic coupling. However, the variation trend
of the curve for model E is much different from that of models
C and D. The J values of model E decrease in the whole range
of the Cu-(u3-0)-Cu angle (from 76 to 120°). Moreover, in the
range of 76 to 108°, the variation value AJ as the Cu-(u3-X)-
Cu angle changing 4° for model E is about 180 cm™!, which is
much larger than the AJ (the maximum value is 70 cm™!) for
models C and D. This indicates that the magnetic properties of
the trigonal trinuclear Cu(Il) systems are much more sensitive
to the oxygen bridging ligand than the halogen bridging ligand,
which is in agreement with the results of the dinuclear Cu(II)
complexes.® At the point of Cu-(uz-0)-Cu = 112°, the J value
of model E changes from positive to negative. This suggests
that the magnetic interaction of the u«3-O bridged systems can
be effectively controlled with changing the Cu-(u3-O)-Cu angle.

4.3. Spin Distribution Analysis. To explain further the
magnetic coupling mechanisms of the trigonal trinuclear sys-
tems, we analyze the spin density distribution. The calculated
spin densities for quartet state on the Cu(Il) centers and the
ligand atoms versus the Cu-(u3-X)-Cu angles are given in Figure
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Figure 4. Plot of the spin population on the selected atoms versus the
Cu-(u3-X)-Cu angles for the high spin states of models C, D, and E.

4. For all of the models, the Cu(II) centers have the largest spin
densities, and the spin densities on the terminal ligand atoms
have the same sign (a spin) with the Cu(Il) centers, which
indicates that the spin delocalization has taken place from the
Cu(II) centers to the coordinated ligand atoms. In general, the
spin delocalization always results in the antiferromagnetic
interaction, whereas the spin polarization leads to the ferro-
magnetic interaction. However, according to our research, in
the trinuclear Cu(Il) systems, the spin delocalization between
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u3-X bridging ligand and the Cu(Il) centers contributes to both
ferromagnetic and antiferromagnetic coupling interactions.

With the increase in the Cu-(u3-X)-Cu angles, the spin
densities on the three Cu(Il) centers decrease gradually in models
C and D, whereas in model E, the spin densities on the Cu(II)
centers increase smoothly. For the bridge u;-X atoms, the
variation trend of spin densities on them is opposite to that on
the Cu(Il) centers. Moreover, the spin distribution variation on
the terminal ligands is small. This result indicates that the
unpaired electron is mainly transferred from the Cu(Il) centers
to the bridge ligand atoms.

In the Cu-(u3-X)-Cu range of 76—100°, the spin densities
on the Cu(II) centers for models C and D are mildly decreasing,
which indicates that the spin delocalization becomes stronger,
corresponding to the slightly increasing J values (Figure 3). For
model E, the marked increasing spin densities on the Cu(Il)
centers correspond to the weak spin delocalization, and it may
result in the greatly decreasing J value. Moreover, at the same
angle, the spin densities on the Cu(Il) centers of model E are
much smaller than that of models C and D. For example, in the
ground state, the spin density on Cul of model E is 0.3561 for
Cu-(u3-X)-Cu = 76°, whereas it is 0.5694 for model C and
0.5799 for model D. This suggests that the spin delocalization
of the u3-O singly bridged model E is much greater than that
of the us-halogen singly (X = CI or Br) bridged models C and
D. According to the calculated J values, the coupling interaction
of model E is stronger than that of models C and D for 76 <
Cu-(u3-X)-Cu < 100°. This suggests that the spin delocalization
favors the ferromagnetic coupling interaction. From the above
discussion, it can be concluded that the spin delocalization in
the trigonal trinuclear Cu(Il) complexes is not the criterion to
judge the antiferromagnetic or ferromagnetic magnetic interaction.

4.4. Spin Frustration. Spin frustration could be easily
pictured by a trigonal system connected by antiferromagnetic
interaction. It could cause neighboring spin moments to prefer
an antiparallel “up—down” spin arrangement. In this situation,
any two spin moments could align antiparallel, but the third
moment could not be antiparallel to its neighbors. Geometrically
spin frustrated magnets usually consist of a macroscopic array
of such trigonal units. Figure 5 shows the plots of the E/IJ'|
versus the ratio J/J* for trigonal symmetric system, where E
denotes the energy of different spin states (J and J', see Scheme
2). The exact nature of the ground states depends on the ratio
JIJ'. 1t is obvious that for the ferromagnetic coupling system
(Figure 5, top), the ground state is high spin state E(/5,1).
Therefore, despite the variation of the ratio J/J’, there is no spin
frustration in these systems. In the antiferromagnetic coupling
systems, J and J” are negative, and the ground state varies with
the changing ratio J/J’ (Figure 5, bottom). For 0 < J/J' < 1, the
ground state is E('/,,0), and for J/J > 1, the ground state is
E('/5,1). When J/J' is equal to 1, the ground state is accidentally
degenerate, and the spins are unable to decide which state to
stand in. Therefore, the system is shown to be frustrated. For
the models we investigated, the J values are equal to the J’
values. Therefore, there exists spin frustration phenomena when
the coupling interaction is antiferromagnetic.

4.5. Molecular Orbital Analysis. Experimentally, each of
the three Cu(Il) centers exhibits a square-planar four-coordinate
geometry. Therefore, it is obvious that the unpaired electrons
of Cu(II) centers occupy the d,2—,» orbitals of models C, D, and
E, which is in agreement with the calculated molecular orbital.
For these molecular magnetisms, the orbitals located on the
Cu(II) centers are defined as the local magnetic orbitals, whereas
the singly occupied molecular orbitals in the high spin state
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Figure 5. Variation of E/IJ'| versus the ratio J/J'. (The top is the plot
for the ferromagnetic system, and the bottom is the plot for the
antiferromagnetic system.)

are regarded as molecular magnetic orbitals. Figure 6 gives the
three singly occupied molecular magnetic orbitals (HOMO,
HOMO-1, and HOMO-2) of each compound.

For models C, D, and E, the corresponding magnetic orbitals
are much similar. Seen from the HOMO, the p orbitals of the
u3-X bridging ligands interact with the d-,» orbitals of Cul
and Cu3 by the o pathway, which is the most effective pathway
to get the largest overlap of the orbitals. However, there is almost
no interaction between the p orbitals of the #3-X and the d2
orbitals of Cu2. This interesting phenomenon is due to the spin
frustration, which is resulted from the trigonal geometry of the
compounds.

In addition, it is found that the larger the overlap between
the p orbitals of the ligands and the d,>_,» orbitals of Cu(II), the
stronger the antiferromagnetic coupling of the compounds. With
the increase in the Cu-(u3-X)-Cu angle, the overlap between
the p orbitals of u3-X and the d2-,» orbitals of Cu(Il) also
increases. Therefore the ferromagnetic couplings for the models
become weaker and weaker and are finally changed to be
antiferromagnetic coupling. This result is consistent with the
magneto-structural relationship analysis above. Therefore, the
analysis of the molecular magnetic orbitals gives us a clear
picture for the magnetic exchange characteristics and spin
frustration phenomena in the studied molecules.

Wang et al.

HOMO HOMO-1 HOMO-2

HOMO HOMO-1 HOMO-2

Figure 6. Diagrams of the magnetic orbitals of models C (top), D
(middle), and E (bottom).

5. Conclusions

According to the DFT investigation, the magnetic interactions
of trigonal trinuclear Cu(II) complexes are sensitive to the Cu-
(u3-X)-Cu angles. The magnetic coupling interaction is switched
from ferromagnetic to antiferromagnetic as the Cu-(u3-X)-Cu
angle changing from 76 to 120°. The spin delocalization
mechanism is reasonably used to explain the magnetic coupling
for the trigonal trinuclear Cu(Il) complexes. The variation of
the J/J' ratio significantly affects the magnetic properties of the
studied systems, which may adjust the magnetic properties of
the system to synthesis novel molecule-based magnetic materials
with desired magnetic function. The analysis of the molecular
magnetic orbitals makes the magnetic exchange characteristic
and spin frustration phenomena in the trigonal trinuclear Cu(II)
complexes very visual.
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