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ABSTRACT: The synthesis and structural analysis (single crystal X-ray data) of two mononuclear - = :°: »
([Cu(L! )(CN) BE, and [Cu(L*)(CN)](BF,)) and three related, cyanide- bridged homodinuclear complexes &%= [ o7

([{Cu(L)}2(CN)](BE,);+ 135 Hy0, [{Cu(L*)}o(CN)](BE,); and [{Ni(L*)}(CN)](BE,)5) with a tetra- ___A hi3

dentate (L") and two isomeric pentadentate bispidine ligands (L?, L% bispidines are 3,7-diazabicyclo-

[3.3.1]nonane derivatives) are reported, together with experimental magnetic, electron paramagnetic

resonance (EPR), and electronic spectroscopic data and a ligand-field-theory-based analysis. The temperature
dependence of the magnetic susceptibilities and EPR transitions of the dicopper(1l) complexes, together with
the simulation of the EPR spectra of the mono- and dinuclear complexes leads to an anisotropic set of g- and A-
values, zero-field splitting (ZFS) and magnetic exchange parameters (Cul: g, = 2.055, g, = 2.096, g, = 2.260, A, = Wi

!, Cu2: g and A as for Cu, but rotated by the Euler angles a. = —6°, f=100°, ~—
Eexc/DeXC = 0205 for [{Cu(L' )}2(CN)](BE,)5+ 135 Hy0; Cul,2: g, = 2025, g, = 2.09,

8, A, =8 A, —195><10
Dy = 007cm

g = 2240, A, = 8, A, = 8 A, = 190 X 10 *em |, Dy = —0.159 cm ™!
{Cu(L )},(CN)](BE,);). Thorough ligand-field-theory-based analyses, 1nvolv1ng all micro states and all

) Eexe/Dexc = 0.080 for i & & & =

relevant interactions (Jahn—Teller and spin—orbit coupling) and DFT calculations of the magnetic exchange leads to good
agreement between the experimental observations and theoretical predictions. The direction of the symmetric magnetic anisotropy

tensor D, in [{Cu(L*)},(CN)](BE,); is close to the Cu- -

- Cu vector (22°), that is, nearly perpendicular to the Jahn—Teller axis

of each of the two Cu'' centers, and this reflects the crystallographically observed geometry. Antisymmetric exchange in
[{Cu(L")},(CN)](BF,);- 1.35 H,O causes a mixing between the singlet ground state and the triplet excited state, and this also

reflects the observed geometry with a rotation of the two Cu"' sites around the Cu- -

+ Cu axis.

B INTRODUCTION

A wide range of dicopper(II) complexes have been investi-
gated since the discovery and extenswe study of the dinuclear
Cu" carboxylates in the 1950s.' > Among the large group of
dicopper(II) complexes, there are only few with cyanide bridges,
and this is partially due to the propensity of cyanide to reduce
Cu" with the oxidation of cyanide to cyanogens.* A model for the
magnetic exchange through cyanide bridges has been developed
and used to analyze spin delocalization and s IIl)ln polanzatlon across
the CN~ bridge of cyanometalates with Cu -NC-M"" fragments,’
and a hgand -field-theory-based quantum-chemical model has been
developed® and used to analyze a series of trinuclear cyanometalates
Recent work on Cu"-X-Cu" systems (X = halogenide,® CN?),
supported by a DFT-based analysis, has demonstrated the important
role of the type of bonding involving the Cu" centers, the variation of
the Cu'"-X-Cu" geometry, and the nature of the terminal h%and
Therefore, a simple homodinuclear system with coupled tzg -eg Cu"
sites is an interesting target to thoroughly study the exchange
interaction based on spectroscopy (electron paramagnetic resonance
(EPR) and electronic spectroscopies) and magnetism, combined
with experimental and computational structural studies.

v ACS Publications ©2011 American chemical Society

A detailed analysis of the coupling of the electronic states of a
simple homodinuclear system is also of interest in the field of
single-molecule magnetism (SMM), a phenomenon discovered
at the beginning of the 1990s.'>'" A large number of these
fascinating types of molecules has been reported, but only little
progress has been made to increase the energy barrier to
magnetization relaxation [U,g 0t S° D; spin S, zero-field splitting
(ZFS) D], and so far there are only very few molecular
compounds which are magnets at significantly higher than liquid
He temperatures. In recent years, there has been much progress
in understanding and in the computation of isotropic and aniso-
tropic exchange coupling parameters,"”>'* but for large oligo-
nuclear metal complexes, it is still difficult to extract a unique set of
exchange coupling constants from experimental data, and compu-
tational studies are hampered by the large number of possible
solutions. However, the major problem in developing higher
temperature SMMs is a limited understanding of the local single
ion and the total magnetic anisotropies D and their dependence on
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Chart 1. Structure and Numbering of the Ligands Used

L3
L' and L2 C-Y = C(OH),
L3 C-Y = G(OH)(OMe)

the local and global geometries.">~'” The fundamental relation
between the ZFS D and the total spin $*>*" as well as the recent
discovery of relatively small oligonuclear and of mononuclear
complexes with SMM behavior*>** are good reasons for a detailed
analysis of the electronics of simple exchange-coupled systems.

Herein, we therefore report the electronic properties of two
cyanide-bridged homodinuclear Cu" complexes, coordinated
to thoroughly studied bispidine ligand systems,”* that is, the
tetradentate bispidine L' ** and a pentadentate bispidine L*
(bispidines are 3,7-diazabicyclo[3.3.1]nonane, see Chart 1 for
the structures of L', L? and L3),26 which enforce a rigid cu"
coordination geometry, with the cyanide bridge aligned perpen-
dicular to the pseudo-Jahn—Teller axes for the two Cu'
ions.***”7* A cyanide-bridged homodinuclear Ni" complex
with the pentadentate bispidine L’, an isomer of L7 and the
corresponding mononuclear Cu'" complexes are also reported.
The isotropic and anisotropic exchange coupling pathways and
parameters are analyzed on the basis of the experimental and
computed structures, as well as the experimental spectroscopic
(EPR and electronic spectra) and magnetic data.

Magnetic anisotropy in dicopper(II) complexes has been
studied extensively by EPR spectroscopy, and the interplay
between ligand fields, superexchange, and spin—orbit coupling
was generally analyzed by perturbation theory.”® >’ Universal
theoretical approaches to extract anisotropic spin-Hamiltonian
parameters based on DFT®*** and correlated ab initio
calculations*® ** have been described. However, because of
the size of the dinuclear systems considered here, these approaches
are prohibitive. Therefore, a microscopic ligand field approach is
used to obtain its parameters from spectroscopic and magnetic data
to analyze the origin of the magnetic anisotropy in these systems.

B RESULTS AND DISCUSSION

Syntheses and Structural Properties. The reaction of
[Cu(L")(CN)]BF, with [Cu(L")](BF,), or of [Cu(L*)](BF,),

a)

b)

c)

d)

€)

Figure 1. Plots of the molecular cations of the X-ray structures of
(2) [CuLN(CN)]Y, (b) [Cu(L)(CN)]', (¢) [{Cu(L)}2(CN)I*,
(d) [{Cu(L?)}2(CN)T**, and (e) [{Ni(L®)}>(CN)]*" showing 30%
probability ellipsoids and the atom labeling. Hydrogen atoms have been
omitted for clarity.

with NaCN, produced the two homodinuclear cyanide-bridged
Cu" complexes [{Cu(L")},(CN)](BFE,)5-1.35H,0 and [{Cu-
(L*)},(CN)](BE,)3. The homodinuclear Ni" complex [ {Ni(L?)} -
(CN)](BF,); was also prepared in moderate yield. From the
reaction of [Cu(L*)](BF,), with tetracthylammonium cyanide,
only the mononuclear complex [Cu(L?*)(CN)]BE, was isolated.
Single crystals of the L'-based mononuclear cyanide complex
were also analyzed. ORTEP plots of all experimentally deter-
mined structures appear in Figure 1, and selected structural data
are listed in Table 1.

The characteristic structural data of the mono- and dinuclear
bispidine complexes are all in the expected range (specifically
also the N3- - -N7 distances (2.86 A—2.92 A) and the M—N
bond lengths).***”* With the exception of the mononuclear
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Table 1. Selected Structural Data® of [{Cu(L")},(CN)](BE,);-1.35H,0, [{Cu(L*)},(CN)](BF,);, [Cu(L"')(CN)]BE,,

[Cu(L*)(CN)]BF,, and [{Ni(L?®)},(CN)](BF,),

[{Cu(L")},(CN)](BE,);-1.35H,0

M ‘—N(3) 2.013(4) 2.037(3)
M—N(7) 2.295(4) 2.385(3)
M-N,,, 2.007(4) 2.023(3)
M—N,,» 1.998(4) 1.993(3)
M—N,,; (2.99)¢ 2.598(3)
M—C/N ¢ 1.948(4) 1.971(4)
C—N 1.162(9) 1.148(7)
Ml. .. M2 5.053(1) 5.091(1)
M—C—N/N-C 176.6(2) 178.8(5)
N(3)-M—C/N 171.6(2) 176.6(1)
N(7)-M—C/N 103.9(2) 101.2(1)
N,y —M—C/N 97.3(2) 97.2(1)

Ny, —M—C/N 98.1(2) 97.7(1)

Npy3—M—C/N 97.6(1)

[{Cu(L*)}2(CN)](BF4)3

[Ca(L')(CN)IBE,  [Cu(L’)(CN)IBE,  [{Ni(L%)}2(CN)](BF,);"
Distances [A]
2.026(3) 2.133(2) 2.098(4), 2.097(4)
2.250(3) 2.083(2) 2.170(3), 2.179(3)
1.997(3) 2.381(2) 2.062(4), 2.062(4)
2.006(3) 2.383(2) 2.132(4), 2.117(4)
2.020(2) 2.052(4), 2.071(4)
1.933(4) 1.983(2) 2.047(4), 2.062(4)
1.137(5) 1.150(3) 1.171(7), 1.118(7)
5.265(3), 5.240(3)
Angles [deg]
178.8(4) 176.2(2) 178.7(3), 177.9(3)
167.7(1) 98.15(7) 98.5(1), 99.0(2)
107.4(1) 175.29(7) 176.1(2), 175.0(2)
97.4(1) 87.74(7) 89.4(2), 89.0(2)
97.2(1) 89.34(7) 87.4(1), 88.1(2)
93.82(7) 93.9(2), 93.8(2)

? Distances in A, angles in deg, with estimated standard deviations in parentheses. ¥ Since there are two crystallographic independent structures in
the unit cell, two values are given for each bond and angle. “M = Cu or Ni. dWeaklybonded to a fluorine atom of the counterion tetrafluoroborate. ° Since
the cyanide is disordered, only an average distance is given.” The copper(II) is C-bonded to the cyanide ligand.

Cu" complex of L?, all Cu" complexes have an elongation along
the N7—Cu bond, perpendicular to the CN™ bridge. The change
of direction of the pseudo-Jahn—Teller axis in the Cu'' complex
of L? (elongation along the py1-Cu-py2 axis) is the result of the
strong ligand field induced by the CN™ ligand, which leads to a
destabilization of the geometry with a pseudo-Jahn—Teller axis
along N7—Cu—CN.” All three possible tetragonally elongated
isomeric structures have been observed with bispidine-Cu"
complexes,zs’zg, namely, a switch between various distortional
isomers is not unexpected.

[Cu(L')(CN)IBF,. The Cu" complex with the tetradentate
bispidine has a square-based pyramidal structure, with CN™
coordinated in the xy plane (trans to N3) and a long bond to the
apical N7 donor.

[Cu(l®)( CN)JBF,. There are two remarkable but not unex-
pected differences between this structure with a pentadentate
bispidine and the structure above with the tetradentate bispidine
L': the pseudo-Jahn—Teller axis is along the pyl-Cu-py2 axis
(i, it is perpendicular to the strong CN~ ligand), and the
Cu—CN bond (1.983 A) is significantly longer and therefore
weaker than in [Cu(L"')(CN)]BF, (1.933 A). We have not been
able to trap and isolate a CN~ bridged dicopper(II) complex
with L%, and the observed structural characteristics suggest that
this might be for thermodynamic reasons.

[{Cu(L")} o(CN)I(BF4)5+1.35 H;0 and [{Cu(L?)}2(CN)I(BF )s.
The structural parameters of specific interest for magnetic
exchange between the two Cu" centers are (i) the linearity of
the CN™ bridge (Cul—C—N, C—N—Cu2),’ (ii) the Cu- - -Cu
distance, and (iii) the orthogonality of the magnetic orbitals,
which depends on the relative orientation of the two Cu"' sites.**
In our dinuclear complexes, the two Cu'' centers are nearly
linearly bridged (Cu—C—N/N—C angles of 176.6° and 178.8°).
Interestingly, the two Cu" subunits in [{Cu(L")},(CN)]-
(BF,)3+1.35 H,O are twisted about the Cu-CN/NC-Cu axis
with a torsion angle N7—Cu- - - Cu—N7 of 87.2°, whereas the

corresponding torsion angle in [{Cu(L*)},(CN)](BE,), is 180°,
and this is the most significant structural difference between the
two dicopper(1l) structures (see Figure 1). In both complexes
the pseudo-Jahn—Teller axis is, as expected, perpendicular to the
CN bridge, that is, along the Cu—N7 bond (on the same axis
there is a weak interaction to a BF,~ ion (2.99 A) in the L"-based
complex and to a pyridine group (2.60 A) in the L>-based
complex). There are significant differences in the Cu—C/N,
the C—N, and, therefore, the Cu- - - Cu distances, between the
two complexes. The two major structural differences, that is, the
distances and torsion angles along the cyanide bridge, are
expected to lead to significant differences in the electronic and
magnetic behavior. The nearest intermolecular Cu, - - - Cu, distances
are 8.804 and 8.914 A for [{Cu(L")},(CN)](BE,);-1.35 H,0
and [{Cu(L*)},(CN)](BE,)s, respectively, and this is found to
perturb the EPR spectra (vide infra).

[{Ni( L3)} 2(CN)J(BF4)s. This complex crystallizes with two
essentially identical half-molecules in the asymmetric unit. The
Ni" centers are nearly linearly bridged with a Ni—C—N/N—C
angle of 178.7° (177.9°). Only a few stable bispidine-Ni"
complexes are known,”**>*® and the Ni—N distances of the
CN' bridged dinickel(II) complex are in the expected range.**¢
There is a twist around the Ni-CN/NC-Ni axis with an N3—
Ni- - -Ni—N3 torsion angle of 106.2°/108.7°. The Ni-CN/NC
bond distances are comparable to other known CN™ bridged
dinickel(IT) complexes.”

Spectroscopy and Magnetism. The IR spectra of the three
dinuclear complexes have the characteristic CN stretching bands
of cyanide-bridges.*’” For [{Cu(L")},(CN)](BE,); the »(CN)
band appears at 2182 cm '; as is typical for CN ™ bridged
dinuclear complexes,9 it is shifted by 30 cm ' to higher energy
with respect to the corresponding mononuclear complex [Cu(L")-
(CN)IBE, (v(CN) = 2152 ecm™'). For [{Cu(L?)},(CN)]-
(BF,); the ¥(CN) peak is at slightly lower energy (2165 em™Y),
although a slightly shorter CN bond (0.038 A) is apparent from
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Figure 2. Magnetic susceptibility versus T for (a) [{Cu(L")},(CN)](BF4)3-1.35H,0 and (b) [{Cu(L?)},(CN)](BE,); from experiment (black
squares) and calculated from the Bleaney—Bowers fit, eq 1 (red line, see text).

the structural data (see Table 1). This is not unexpected since
the C—N distance in cyanides is not significantly affected by
geometric and/or electronic variations, for example, termmal or
bridg 1n§ CN ™ anions generally have similar C—N distances.* For

[{Ni(L’)},(CN)](BF,); a broad band appears at 2150 cm ',
and this is as expected from other cyanide-bridged dinickel(II)
complexes.”

Magnetic susceptibility measurements were performed on
powdered crystals of [{Cu(L")},(CN)](BF,); (n = 1,2) at
500 G in the temperature range of 2—300 K.** Plots of yy
versus T have a maximum at around 80 and 65 K for [{Cu(L")},-
(CN)](BE,); and [{Cu(L*)},(CN)](BE,),, respectively, and
the yn values slowly decrease at higher temperatures (see Figure 2);
at temperatures below 15 K, there is a sharp increase of ¥y in
both compounds, and this is due to a small impurity by the mono-
nuclear complexes.*”*° The general behavior of the susceptibility
data is con51stent with antiferromagnetic coupling between the
two Cu'" ions with a local spin of S = 1/2. The room temperature
% T values in both compounds are in the expected range for two
uncoupled S = 1/2 spins (spin-only value of 0.75) with a g-value
slightly larger than the gactor of the free electron (ie, ¥ T (300 K) =
0.891 emu Kmol ™ for [{Cu(L")},(CN)](BE,);and T (300K) =
0.885 emu K mol  for [{Cu(L?)},(CN)](BF,)). The suscepti-
bility data were reproduced with a fit using the Bleaney—Bowers
approach (eq 1),

B
L= et |

Ng*f?
2kT

—p)+ P+ Xt (1)
based on the isotropic exchange spin Hamiltonian H= —] §;+S,
(Sy =S, =1/2), where pis the fraction of the Cu®" impurity. The
best fit of the experimental data is obtained with ] = —104.3 cm ™/,
g =217, p = 0.0674 w1th R? = 0.967 for [{Cu(L' )}Z(CN)]
(BE,)3 and J=—76.5cm ', g=2.15,0=0. 0446w1thR =0. 992
for [{Cu(L*)},(CN)])(BE,); (% = 120 X 10 ° cm® mol * for
both systems; see Figure 2).

The X-band solid state EPR spectrum of powdered crystals of
[Cu(L')(CN)]BF, at 35 K (see Figure 3a) is the one expected
from spectroscoplcally charactenzed tetragonally distorted mono-
nuclear Cu" bispidine complexes.”"** Close examination of the
perpendicular region reveals additional ligand hyperfine coupling.
Numerical differentiation of the experimental spectrum in Figure 3a
produces the second derivative spectrum (Figure 3b), which has
significantly higher resolution in both the parallel and the perpen-
dicular regions. Computer simulation (XSophe—Sophe-XeprView
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Figure 3. EPR-spectra of [Cu(L")(CN)]BF,, (a) first derivative of the
experimental spectrum measured at 35 K (v = 9.352823 GHz), (b)
second derivative of the experimental spectrum, (c) second derivative of
the simulated spectrum.

computer simulation software suite®®) of the first and second
derivative EPR spectra (Figure 3 and Table 2) enabled the identi-
fication of nitrogen superhyperfine coupling not only from the
pyridine nitrogens (pyl, py2) and N3 but also from the CN ligand.
The magnitude of AN(CN) (Table 2) is consistent with carbon
coordinated to the Cu" ion as observed crystallographically
(Figure 1). The solid state EPR spectrum of [Cu(L*)(CN)]BF,
(results not shown) revealed a single isotropic resonance around
g~2, arising from intermolecular dipole—dipole interactions,
and this was not characterized further.

Variable temperature X-band solid state EPR spectra were
measured from powdered crystals of the homodinuclear Cu"
complexes [{Cu(L")},(CN)](BF,)3 (n = 1, 2), that is, of samples
identical to those used for the SQUID measurements. The spectra
were recorded in the temperature ranges of 6 to 78.5 K for

[{Cu(L")},(CN)](BE,)s and 5 to 72.5 K for [{Cu(L?)},(CN)]-
(BF,)s3, respectively (see Supporting Information, Figures S1 and
S2), and reveal the presence of multiple species. The spectra at
the lowest temperatures (see Supporting Information, Figures
S3a and S4a), where the triplet excited states are not populated,
clearly show the presence of a large resonance attributable to a mono-
nuclear Cu"" (S = 1/2) species, which is also present at higher
temperatures (Supporting Information, Figures S1, S2). This is
consistent with the magnetic susceptibility data described above.
Since the Cu"" centers in the dinuclear species are antiferromagnetically
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Table 2. Anisotropic Spin Hamiltonian Parameters for the
Mononuclear Complex [Cu(L")(CN)]BE, and the Homodi-
nuclear Cu"" Complexes [{Cu(L")},(CN)](BF,); and
[{Cu(L?)},(CN)](BF,); from Simulations of the EPR
Spectra®

[Cu(L')- ({CuL D} [{CuL?)}-
(CN)]BE, (CN)](BE4); (CN)](BE4)s
Cu" Sites 1 and 2 Are Structurally
and Electronically Identical’
g- 2.049 2.08S 2.028
2 2.052 2.096 2.096
& 2.204 2.260 2240
A€ 18, 14, 8, 3¢ 8 8
A€ 19, 12, 12, 4¢ 8 8
A,c 179, 11, 13, 10% 195 190
Interaction Hamiltonian Parameters®
T —104.3 —76.5
Dee —0.070 —0.159
Eexo/Dexe 0.205 0.080
G, —0.01176
G, —0.00376
G. 0.0675

# Crystallographic coordinates (site 1: x = —9.1114,y = —0.1099, z = 7.68560;
site 2: x = —8.99790, y = —5.11430, z = 8.37530) for [{Cu(L )},(CN)]-
(BF,); and (site 1: x = 3.28980, y = —0.084800, z = 542030; site 2: x =
—1.67180, y = —1.14730, z = 5.83000) for [{Cu(L?)},(CN)](BFE,); were
used to calculate the dipole—dipole interactions. ” The g and A values for the
second Cu site of [{Cu(L")},(CN)](BE,); are rotated into the coordinate
system defined by Figure 1 using the Euler angles 0. = —6° and 5 = 100°. “In
10 *em L dHyperﬁne interaction with Cu, Npy1 /5,2, N3, N axis system
defined as usual with the z-axis along the elongation (Cu—N7), that is, the

labels are inverted with respect to the spectra of the homodinuclear systems
1

(z7=x% x>y, y—z) “Incm™ .

coupled (see magnetic data above), allowed and forbidden reso-
nances from AMg= =+ 1 and =2 transitions within the excited triplet
state (S =1) only appear at higher temperatures (thermal population,
Boltzmann distribution, Supporting Information, Figures S1, S2),
and this depends on the singlet—triplet energy gap —J. At the best
resolution of the triplet spectra (37.5 and 29 K for [{Cu(L")},-
(CN)](BE,); and [{Cu(L?)},(CN)](BE,)s, respectively; see Sup-
porting Information, Figures S3 and S4), we Fourier filtered the
signal-averaged spectra to remove high frequency noise and then
subtracted the EPR spectra of the mononuclear species at 6K to
obtain the spectra of the dinuclear complexes shown in Figure 4
(see also Supporting Information). These spectra reveal the
presence of allowed AM, = £ 1 transitions around 200—450
mT and relatively intense and well resolved formally forbidden
AM, = £ 2 transitions around 150 mT. Computer simulation of
the EPR spectra, also shown in Figure 4, employed a spin
Hamiltonian (Hroy, eq 2) consisting of the sum of the individual
spin Hamiltonians (fI » i =1,2) for the isolated Cu" centers and
the interaction Hamiltonian (H ), which accounts for the isotropic
(J), anisotropic (D;,) and antisymmetric (G,,) exchange inter-
actions between the two Cu'" centers.*”>*>°

2
Hrora = 2 H; + Hiy (21)
i=1

ﬁi = fs; ‘g B+s; 'A(Cu)i'l(cu)i - gnﬂnB'I(Cu)i (2'2)

I:IInt = —]Sl'Sz+Sl'D12.S2+G12'SI X 8 (23)

In eq 2, S; and I; are the electron and nuclear spin vector
operators, respectively, g; and A; are the electron Zeeman and
hyperfine coupling matrices, respectively, g, is the nuclear
gyromagnetic ratio, # and f, are the Bohr and nuclear
magnetons, respectively, and B is the applied magnetic field.
When the Cu---Cu internuclear distances are large, the
anisotropic exchange contribution (S;:D;,*S,) to I:IIm is
negligible and, therefore, I:IInt can be expressed by the
dipole—dipole interaction between the Cu"' centers (see next
section). However, when the positional coordinates from
X-ray crystallography were incorporated into the Molecular
Sophe (MoSophe) computer simulation suite,*® the simu-
lated ZFS arising from a purely dipole—dipole interaction was
smaller than that observed experimentally. Consequently, we
have modified MoSophe (v 2.1.6, see Experimental Section) to
allow for additional anisotropic ZFS terms (added to the
isotropic and dipole—dipole terms), which occur through a third
order contribution from isotropic exchange to the anisotropic
exchange interaction, that is proportional to (Ag/g)>*” In our
simulation of the EPR spectra of the two dinuclear complexes, we
adopt the coordinate system (reference axes x, y, z, see Figure 1)
in which the g-matrices of Cul and Cu2 are diagonal. We further
assume that there are axial (D) and orthorhombic (E.) ZFS
contributions to the exchange tensor Dy, and for [ { Cu(L") },(CN) -
(BF,); an antisymmetric term (Gj,).

MoSophe computer simulation of the experimental spectra for
[{Cu(L")},(CN)](BF,);and [ {Cu(L?)},(CN)](BE,); (Figure 4a,
processed as described in the Supporting Information), with the
spin Hamiltonian given in eq 2, the parameters in Table 2, and
the atomic coordinates of the two Cu'" centers, yield the spectra
shown in Figure 4b. Not unexpectedly, it was also found necessary
to include intermolecular dipole—dipole interactions between Cu
ions in different molecules, as the closest [{Cu™},]- - - [{Cu"},]
distance between two molecular units is only about 8 A. To avoid
an overparameterization, this perturbation was treated as purely
isotropic with g, = 2.137, Aj, = 70.3 X 10 *em™ ! andan isotropic
line width 0B, , = 40 x 10~ *cm™ " for [{Cu(L")},(CN)](BE,),,
and with g, = 2.12, A, = 68.7 X 10" cm ™', and 0B = 40 x
10~ em™ " for [{Cu(L*)}2(CN)(BF4)3 (giso = 1/3(ge + gy + &2)
and Ajo = 1/3(A, + A, + A,)). While there is excellent agreement
between the simulated (Figure 4c) and experimental spectrum
(Figure 4a) for [{Cu(L*)},(CN)](BE,); (B), the agreement
between the simulated (Figure 4c) and experimental spectrum
(Figure 4a) for [{Cu(L")},(CN)](BF,); (A) is not as good. This is
a consequence of the lower symmetry of the complex and the resulting
antisymmetric exchange (see ligand field analysis below). The spin
Hamiltonian and structural parameters (internuclear Cu- - - Cu
distance and orientation, Table 2) are in agreement with the observed
structural data and the EPR parameters of the mononuclear complex.
The g and A matrices are quite similar for [{Cu(L")},(CN)]-
(BF,); and [{Cu(L*)},(CN)](BF,); (see Table 2), but the
axial ZFS parameters D;, (Do) and specifically the rhombi-
city Eoyo/Deyc strongly differ for the two complexes. While
inclusion of antisymmetric exchange (albeit smaller than
predicted by ligand field theory) improved the quality of the
simulation, the large number of parameters (3 g-, 3 A-, J, 2 Dy,
3 Gy, their distributions (12) and 3 residual line width -parameters)
precludes a unique solution without examination of the parameter
surface in conjunction with measuring multifrequency EPR
spectra.

The electronic absorption spectra consist of two transitions
each with maxima at approximately 17,500 and 9,500 cm ™" for
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Figure 4. EPR-spectra of (A) [{Cu(L")},(CN)](BE,);-1.35H,0 and (B) [{Cu(L*)},(CN)](BE,)s. The arrows point to the resonances associated
with the AMg = -1 and -2 transitions of the dmuclear Cu complex. (a) Measured spectra at 37.5 K (v =9.40637 GHz) and 29 K (v = 9.40372 GHz) for
AandB, respectlvely Resonances due to the Cu' impurity have been subtracted from the experlmental spectrum (see text and Supporting Information).
(b) Simulated*® spectra, taking only intramolecular interactions into account. (c) Simulation®® with an additional isotropic intermolecular interaction,

see text.

E)
—

arbitrary units

wavenumber [kK]

arbitrary units
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Figure 5. Ambient temperature diffuse reflectance absorption spectra of the d-d transitions of (a) [{Cu(L')},(CN)](BE,);-1.35H,0 and
(b) [{Cu(L?)},(CN)](BF,)s, and their simulation with two Gaussian envelopes each (F = by exp{—[(x — b;)/b,]*}+ bs exp{—[(x — b4)/bs]*});

(@) by=9712cm ™', by =2476 cm ™

1394 cm ™

1 b3=2.539;b,=17011cm ™', bs=3531cm
! by =0.804; by = 15758 em™ !, bs = 3994 cm ™, bg = 6.453 and a standard deviation of 0.197.

! bs =4.391 and a standard deviation 0f 0.170; (b) b, = 8466 cm™ ', b, =

[{Cu(L")},(CN)]*" (Figure 5a), and a maximum and a shoulder
at 15,800 cm™ ' and 8,500 cm ™" for [ { Cu(L*) },(CN)]*", respectively
(Figure Sb). These are assigned to electronic transitions from
eg (d.») and tag (d,y, d., d,.) orbitals to the singly occupied d,=
orbital (eg, allin Oy,). The set of tyg orbitals, which are diagonal in
O}, can split in low-symmetry ligand fields but, because of the weak
s-overlap, these splittings are small (see Supportmg Information,
Table S1) and are, as usual for this type of Cu"" complexes, not
resolved, leading to broad absorption bands with maxima at 17,500
and 15,800 cm ™' for the two complexes. A simulation of the d-d
transitions with two Gaussian- type functions leads to transition
energies of 9,712 and 17,011 cm ! for [{Cu(L")},(CN)]**, and
8,466 and 15,758 cm for [ {Cu(L )},(CN)] 3* (Figure 5).%
There is a shift of over 1,000 cm ™' to higher energies of the d-d
transitions of [ { Cu(L") },( CN) 1% compared to those of [ { Cu(L?)},-
(CN)]**. The lower coordination number of the L'-based complex
(S versus 6) leads to a lower symmetry and therefore to a larger
splitting of the e,- and t,4-derived orbitals, and, because of larger
off-centric distortions, also to an increased intensity of the
9,500 cm ™! band.

Theory and Data Analysis. /sotropic Exchange Coupling
Parameters J. The exchange coupling parameters J of [ {Cu(L")},-

(CN)](BE,); and [{Cu(L*)},(CN)](BE,); were calculated with
awell- estabhshed and validated broken-symmetry-based DFT
approach,® using the B3LYP functional and a combination of TZVP
and 6-31G* basis sets."” Single point DFT calculations for the high-
spin and broken symmetry states were performed on the experi-
mentally determined coordinates (Table 1), and the computation
of the exchange coupling constants was based on a Heisenberg—
Dirac—van Vleck spin Hamiltonian.>> The computed exchange
coupling constants J for [{Cu(L' )}Z(CN)](BF4)3 (—643 cm )
and [{Cu(L*)},(CN)](BF,); (—51.7 cm™ ") are in acceptable
agreement with those emerging from the Bleaney—Bowers fit of the
magnetic susceptibility data (see above).

Analysis of the Magnetic Anisotropy. A thorough ligand-field-
theory-based analysis, which explicitly takes all micro states
and all important interactions (Jahn—Teller and spin—orbit
coupling) into account, is mandatory to thoroughly analyze
the electronic interactions in exchan§e coupled oligonuclear
transition metal ion complexes.'®'**®3 Therefore, the ex-
perimentally determined magnetic susceptibilities and spectro-
scopic data (EPR, UV—vis—NIR) of [{Cu(L')},(CN)](BF,),
and [{Cu(LZ)}z(CN)](BF4) 3 were analyzed with a ligand-field-
theory-based approach.%”%°~ %
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The energy levels of a pair of exchange coupled Cu" ions are
described by the Hamiltonian of eq 3,
H = ViF +ViF + Cl(sl ‘11) + CZ(Sz'lz) +H 12

exch

1 2
+H, + Hj

(3.1)

N S
Hcla:ch - Z Z jﬂvs,ul'svz (3.2)
ul=1v2=1

where Vi g and Vi are the operators of the ligand field of the Cul
and Cu2 centers; §1(s;*1;) and &,(s,+1,) are the corresponding
spin—orbit coupling operators (the effectlve spin—orbit coupling
constants {; and {, for the two d’ Cu" ions are defined as
negative, see Supporting Information, Table S1); Hj, and H are
the Zeeman operators, that is, ug(2s; + ki1;) and up(2s, + kol,)
with the spin angular momentum operator s; (s;, Siyy Sigy 1 = 1,2)
and the orbital angular momentum operator l; (I, Ly, i, i=1,2),
acting on each Cu" site, and with the usual covalent reduction
factor k; (i = 1,2); H** is the exchange coupling operator, which
describes the exchange interaction between Cul and Cu2; the
Heisenberg exchange integrals j,,, describe the effective coupling
of two spins in the magnetic orbitals 1 of Cul and v2 of Cu2.
In the following, we approximate the matrix j,, with two
parameters (the exchange coupling energy j, between the
unpaired splns of each Cu", residing in d_. orbitals parallel to
the Cu- - -Cu vector, and the exchange coupling energy jo
between the spins on d.>(Cul) and d, ;,(Cu2) or vice versa).

The Hamiltonian of eq 3 operates within the basis of the 100
micro states of the pair of Cu' ions, which result from the
combination of each of the 10 spin orbitals of Cul with those of
Cu2. The dicopper(II) complexes discussed here are significantly
distorted (Figure 1 and Table 1), and this leads to an orbitally
nondegenerate ground state for each Cu"' site. The Hamiltonian
of eq 3, combined with experimental data from optical and EPR
spectra and magnetic measurements, was used to derive the spin
Hamiltonian parameters and compare them with those obtained
by simulation of the EPR spectra.

Ligand Fields and g- Tensor Values. The angular overlap
model (AOM), with a 1/¢° dependence of the e, and e,
parameters (r is the metal—ligand distance) 6364 and the energies
of the d-d transitions from the observed absorption bands,
was used to deduce the matrices of the ligand field at the
Cul and Cu?2 sites, geometrically defined by the X-ray struc-
tural data. From these matrices, combined with spin—orbit
coupling, the ground state g-tensor Values were deduced
following a well-documented procedure.®® This tensor g is
real, off-diagonal and nonsymmetric, and is brought to a
diagonal form by diagonalization of g*-g, where g' is the
transpose of g, and the eigenvectors yield the direction in
which g becomes diagonal. The corresponding axes were
chosen to reorient the molecule (see Figure 1), and were used
for the analysis of the spin-Hamiltonian and the magnetic
parameters: the z-axis is parallel to the Cu- - - Cu vector, and
the x- and y-axes, are nearly perpendicular and paralle] to the
long (Jahn—Teller) axis, respectively (the ligand field ma-
trices for this choice of axes are listed in the Supporting
Information, Table S1).

ZFS Tensor. The ZFS tensor D, for a pair of coupled S = 1/2
ions consists of dipolar and exchange parts (eq 3.3). The dipolar
part is approximated on the basis of the expression for two
interacting dipoles and the known geometry (see the Supporting

Information, eqs S8—$10).%

D13 = Dexc + Ddip (33)

In the approximation that the tensors g, Dey., and Geyc can be
reduced to a diagonal form simultaneously, the ZFS tensor is
simplified to its conventional form given by

~D
H = DyuS1xS2x + Dyysly *Say t D812 82,

exc
= gDexc(zslz'slz — Six"Sax — S1y°Szy)

Sty * Say) (3.4)

with Dy, D,,, and D, expressed in terms of the axial Dy and
orthorhombic E,, parameters given by eq 3.5. D, and E,, were
calculated from the three lowest eigenvalues E; < E, < E; of
eq 3.1 (without the Zeeman terms eq 3.6).

+ Eexc(slx “Sox —

2
Dy = Eexe — gDexc
2
Dyy == 7Eexc - gDexc (35)
4
D, = gDexc
Dexe = E;y — (Ey +E3) /2
1~ (Bt Bu)/ (3.6)
Eexc = (EZ - E3)/2

The exchange parameters j, and j,, were adjusted to
reproduce the values of ], deduced from a fit of the magnetic
susceptibility data (eq 1, Figure 2), and values of D and E.,,
obtained from simulation of the EPR spectra (Table 2,
Figure 4). A list of all model parameters is given in Table 3.
To account for the off-diagonal elements of the symmetric
D,y and antisymmetric Gy tensors, the terms of eq 3.7 are
introduced in eq 3.4, and the six D;; and three G; parameters
are determined.

ny(slx *Syy t+ 81y Szx) + sz(slx *S2, 812" Szz)
+ Dyz(sly *8S2;, +812° SZy) + Gx(sly *S2; — S12° SZy)

+ Gy(slz-s;_x — slx'SZZ) + Gz(slx 'SZY - sly 'Szx) (37)

With the known set of parameters (Table 2) the matrix of
eq 3.1 (without the Zeeman terms) is diagonalized in two steps.
In the first step the matrix of the ligand field and exchange
coupling (eq 3.2) is diagonalized without spin—orbit coupling to
yield pure spin triplet and singlet eigenvectors. Then, the
spin—orbit coupling matrix §;(s; *1;) + §>(s5 1) is transformed
into this basis. The lowest four eigenvalues and eigenfunctions of
this matrix account for the effect of spin—orbit coupling on the
ground state singlet and triplet states. The diagonal matrix with
the eigenvalues ¢, i = 1,4 and the corresponding truncated
eigenvectors C(1:4, i) are denoted A and U, respectively. The
matrix U is neither orthogonal nor normalized; however, by a
procedure described previously, it can be brought to such a
form C.*” With A and C, we calculate the ZFS matrix Hyks,
derived from egs 3.1 and 3.2:

HLE = C-A-C' (3.8)
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Table 3. Calculated g-Tensor Parameters, with the Corre-
sponding Spin-Orbit Coupling (), Obital Reduction (k), and
Exchange Parameters (j,, joz), and the Cu- - - Cu Distances
(From the Experimental Structures, Table 1), Adopted for the
Calculation of the ZFS Parameters, Given in Table 4

[{Cu(L")},CN)J** © [{Cu(L?)},CN)**

Qi 2.073 2.066
&1y 2.265 2.290
g1z 2.041 2.052
Sox 2.265 2.066
& 2.073 2290
&2 2.041 2.052

¢ 622 622

k 0.866 0.866
jo —169.8 —128.1
Jor 46.9 78.0
Reui--.ca2 5.053 5.091

“ Calculated by the ligand field matrix elements from the Supporting
Information, Table S1; £ and k are given in the table, and the coordinate
system is defined in Figure 1.

Table 4. Exchange Contributions to the Parameters of the
Spin Hamiltonian (in cm ") for the [{Cu(L")},CN)]*" and
[{Cu(L?)},CN)]*" Dinuclear Complexes*

[{Cu(L")},CN) P [{Cu(L*)},CN)**

] —104.3 —~76.5
Dy 0.135 0.109
D,, 0.022 0.062
D., —0.158 —0.171
D, 0.028 0.002
D.. —0.037 —0.007
D, —0.003 —0.109
G, —6.032 0

G, —0.797 0

G, 1.016 0

“ Calculations were done with model parameters from Table 3 and
Supporting Information, Table S1.

Note that the matrices Hygg(eq 3.8) and Hoy (egs 3.4, 3.7)
are represented with different basis functions: the spin-coupled
singlet (S =0) and triplet (S =1, My = —1,0,1) in HyEs, and,
in HY,,, spin-uncoupled product functions 0,0, 3104, @3, and
BB, for the S = 1/2 spins on centers Cul and Cu2. However, a
transformation of H2, from the latter to the former basis ﬁg; is
possible (see Sllljpporting Information, eq SS). The comparison
of Hyyg with Ho, yields the values for the parameters Djand G;
listed in Table 4 and explicitily derived in the Supporting
Information, eqs §7.1—S7.10.

[{Cu(L?)},(CN)P*. The ground state of the Cu'" centers is
dp_e=(/3/2)d. — (1/2) d,o—», and the computed local g-matrix
values have one large (g1, = g, = 2.29) and two small components
(812 = £ =2.052, g1, = g2, = 2.066), that is, the calculated g-matrix
is typical for tetragonally elongated hexacoordinate Cu"" complexes
with a small but significant orthorhombic splitting. These values
are in reasonable agreement with those derived from the simula-
tion of the EPR spectrum (Table 2). In agreement with the
simulations, the results show important contributions from both

dipolar and exchange coupling with a clear dominance of the
latter. With the disorder of the CN™ bridging ligand and the
resulting effective center of inversion in our treatment, the para-
meters of the antisymmetric exchange (G, eq 2.3, Table 4) are
zero. It is remarkable that, because of the orthogonality between
the singly occupied d,» > = (4/3/2)d.» — (1/2)d,— 2 orbital of
Cul and the doubly occupied d,, and d,,, orbitals of Cu2 (or vice
versa) the value of j,, is positive (Table 3), that is, it leads to
ferromagnetic coupling between the spin of Cul in its ground
state with the spin of Cu2 in its s7-excited state (or vice versa). A
positive value has also been calculated by DFT for a Cu"-NC-
Fe™ pair (jgr = 20 cm™").% The positive j leads to the calcu-
lated negative sign of D. A qualitatively similar result, based on
high-field, high-frequency EPR measurements was recently re-
ported for the classical copper(Il) acetate monohydrate complex,3
for which a reversed sign has been reported in the classical paper
by Bleaney and Bowers.” It is interesting to deduce by diagona-
lization of the symmetric tensor D, that the ease axis of magne-
tization of the excited spin triplet state makes the smallest angle
(21.6°) with the Cu- - - Cu vector (z axis), and it is approximately
perpendicular to the pseudo-Jahn—Teller axes (y axes), which
also yields the largest value of g (see Figure 1, Tables 1, 2).

[{Cu(L)} ,(CN)P’*. As in the previous section on [{Cu(L?)},-
(CN)7J**, the coordination geometry of Cul is such that the
y- and x-axes are nearly parallel and perpendicular to the long
bond, respectively, but for Cu2 the two axes are interchanged
(the two Cu' sites are rotated with respect to each other around
the z-axis by approximately 90°, see Figure 1). Therefore, the ground
states of Cul and Cu?2 differ: for Cul itis d,._ .2 = (4/3/2)d,. —
(1/2)de—,> and for Cu2 it is do o = (4/3/2)de + (1/2)da .
With one large g1, = g, = 2.265 and two small g, = g, = 2.073,
812 = . = 2.041 components (Table 3), the g-matrix is typical for
tetragonal hexacoordinate complexes of Cu", largely axial but
with a significant orthorhombic splitting, and this is in agreement
with the values deduced from the experimental spectrum (see
Tables 2). As for complex [{Cu(L*)},(CN)]*", the ease axis of
magnetization of the excited spin triplet state nearly coincides
with the Cu- + - Cu vector (here with an angle of only 7.1° to the
z-axis). That is, the ease axis is again approximately perpendicular
to the pseudo-Jahn—Teller axes of the Cu' centers but here,
these are rotated toward each other, that is, for Cul it is the y- and
for Cu2 the x-axis with a maximum g-tensor parameter.

The rather large value of the antisymmetric exchange tensor
parameter G, (see Table 4), related to the lack of a center of
inversion, leads to a pronounced mixing between the S = 0
ground and S = 1 excited spin states (see Supporting Informa-
tion, eq. S5). Antisymmetric exchange G; and off-diagonal D;;
parameters have been considered in the simulation of the EPR
spectrum (Figure 4 and Table 2; see Supporting Information
for more details). However, as noted above, because of the large
number of parameters and the fact that the EPR spectra are
mixtures with some mononuclear impurity, these simulations
should not be overinterpreted.

B CONCLUSIONS

The Cu" complexes of the bispidines L', L?, and L* have, in
terms of the pseudo-Jahn—Teller axes strikingly different geome-
tries, and with L' and L?, where the monodentate coligand has a
strong in-plane bond, stable homodinuclear complexes were
obtained. In contrast, with L*, where the CN ™~ coligand is on
the pseudo-Jahn—Teller axis, no homodinuclear complexes were
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isolated because of the weak bond to the bridging ligand. While
the L'-based system has five-coordinate Cu"" centers, those of the
L*-based dimer are six-coordinate. Because of the differing steric
demand of the two ligand systems, there are important structural
differences of the two dicopper(Il) complexes, primarily with
respect to the relative orientation of the two local coordinate
systems. This leads to subtle differences in the electronic and
magnetic properties, in particular with respect to the rhombicity
of the ZFS and the resulting antisymmetric exchange in
[{Cu(L)}ha(CN)T",

With a ligand-field-theory-based model and exploiting as
much as possible magnetic, EPR, and optical spectroscopy to
deduce its parameters, a deep understanding of the origin of the
magnetic anisotropy of the excited spin-triplet state was achieved.
A very large and positive exchange coupling between the o-type
ground state of one Cu" center and the 77(dyd,.) excited state of
the neighboring Cu"" center (and vice versa) is found to be
responsible for the negative ZFS of the excited spin-triplet state
of the Cu, pair. In the case of [{Cu(L")},(CN)]** antisymmetric
exchange contributes to the EPR resonances, and, with a single
data set, this is difficult to accurately simulate because of the
number of spin Hamiltonian and line width parameters involved.

B EXPERIMENTAL SECTION

Measurements. Infrared spectra (KBr pellets) were recorded with a
Spectrum 100 FT-IR-Spectrometer (Perkin-Elmer).

EPR (Powder X-band, 9.5 GHz) spectra were recorded on a Bruker
Biospin Elexsys ESO0 spectrometer with a rectangular TE;q, cavity
mode. The system is equipped with an Oxford Instruments ESR 900
continuous liquid helium flow cryostat in conjunction with an ITC 4
temperature controller. The microwave frequency and magnetic field
were calibrated with a Hewlett-Packard frequency counter and DPPH
(g=2.0036) as a field marker. The EPR spectra (Figure 4a) were Fourier
filtered to remove the high frequency noise (Hamming function), and
the EPR signal attributable to the mononuclear species was subtracted.
Computer simulations were performed with the Molecular Sophe
computer simulation software suite (v2.1.6) running on a Linux platform
with either Mandriva 2010 or openSuSE 11.1 as an operating system.56
Version 2.1.6 of Molecular Sophe now has seven exchange representa-
tions, including isotropic, anisotropic-axial, anisotropic-axial diagonal,
anisotropic-orthorhombic, anisotropic-orthorhombic diagonal, antisym-
metric, general, general-diagonal. The diagonal and general representa-
tions are new. The general-diagonal exchange representation utilizes the
Hamiltonian given in eq 2 and the parameters, i, J, Je/p, &, 3, ¥ and
Vo Vi Vo, Vi, Vg, Vo5 where Jp = Dexe; Ji/p = Eexe/Dexc and V = G in
eq 2. The computational program, Sophe, a component of the Molecular
Sophe computer simulation software suite™ employs matrix diagonalization,
and consequently for the general-diagonal representation we employed
all three exchange terms given in eq 2 in conjunction with eq 1 for both
Cu(II) centers to create the energy matrix for the dinuculear Cu(II) center.

Magnetic measurements were carried out on a MPMS-XL ST (Quantum
Design) SQUID-Magnetometer. Samples were powdered and pressed
in PTFE tape to avoid field-induced orientation. The data were corrected
for diamagnetism of the sample holder, and Pascal’s constants were used
for diamagnetic corrections of the sample.*®

Elemental analyses were obtained from the microanalytical laboratory
of the Chemical Institutes of the University of Heidelberg.

X-ray Crystal Structure Determinations. Crystal data and
details of the structure determinations are listed in Table 5. Intensity
data were collected at low temperature with a STOE IPDS1 image plate
([Cu(LY)(CN)]BE,) and a Bruker AXS Smart 1000 CCD diffract-
ometer (all others) (Mo—K, radiation, graphite monochromator,

A =0.71073 A). Data from the Smart 1000 were corrected for air and
detector absorption, Lorentz and polarization effects.” Absorption by
the crystal was treated with a semiempirical multiscan method.”*”*
Absorption correction of the data from the IPDS was done numerically.

The structures were solved by conventional direct methods’>”?
([{Cu(L")},(CN)](BE,);- 1.35H,0 and [Cu(L")(CN)]BE,) or by the
heavy atom method combined with structure expansion by direct methods
applied to difference structure factors’>”> (all others), and refined by
full-matrix least-squares methods based on F* against all unique reflec-
tions.”>7¢ All non-hydrogen atoms were given anisotropic displacement
parameters. In the mononuclear complexes both possible coordination
modes of the cyanide ligand (C- or N-bound) were considered, with
refinement indicating strong preference for the C-bound coordination
mode in both complexes. Most hydrogen atoms (except those of the
located solvent water molecules, where suitable positions could not be
geometrically derived) were input at calculated positions and refined
with a riding model. Appropriate distance and bond angle constraints were
applied to the [BE,]™ anions. In the structure of [{Cu(L?)},(CN)]-
(BF,) the occupancy of the [BF,] ™ anions was constrained to add up to
1.5 (3 [BF,] ™ per complex cation). Invariably, the dimetallic complexes
had a crystallographic center of symmetry, which resulted in a 1:1 disorder
of the bridging cyanide ligand. The structures frequently contained
disordered and/or partially occupied solvent molecules (water, methanol,
nitromethane). Whenever possible, these were included in the refined
model. In some cases (complexes [ Cu(L')(CN)]BFE,, [{Cu(L")},(CN)]-
(BF4)3-1.35H,0, [{Cu(L?)},(CN)](BE,)s, and [{Ni(L*)},(CN)]-
(BF,)3) all or parts of the electron density attributed to solvent of
crystallization was removed from the structures (and the corresponding
Fops) with the BYPASS procedure,”” as implemented in PLATON
(SQUEEZE).”®”® CIF files giving crystallographic data for compounds
[Cu(L")(CN)]BF,, [Cu(L*)(CN)]BF,, [{Cu(L")},(CN)](BE,);:-
13SH,0, [{Cu(L?)}2(CN)](BE4)s, and [{Ni(L*)}o(CN)](BF,)s are
available as Supporting Information.

Computational Procedures. The exchange coupling constants
were calculated with the program package ORCA versions 2.6.04 and
2.6.35,% using the hybrid density functional B3LYP.*'~®? Either a mixed
basis set approach, that is, the TZVP basis***® for the metal centers and
the atoms of the first coordination sphere and the 6-31G* basis set™*™°
for the remaining atoms, or the singly polarized double-{ quality basis
def-SV(P))** were used. Single point calculations for the high-spin
and broken symmetry state were performed on the geometries defined
by the X-ray structures and converged to an energy threshold of 10~
hartree.

Angular overlap model calculations of the d-d spectra of the two
dicopper(II) complexes and their ligand field matrices (Supporting
Information, Table S1) were performed with the AOMX program
package;96 spin multiplet, spin-Hamiltonian parameters, and magnetic
susceptibilities were calculated with programs written in MatLab.””

Syntheses. General Procedures and Ligands. Chemicals were
used as supplied. Technical grade solvents were distilled prior to use.
The ligands L', L? and L? were prepared as described previously.*7%%°

Caution! Cyanide salts are very toxic and should be handled in a
well ventilated fume hood

Bispidine Complexes. The copper(Il) complexes of L', L, and L* were
synthesized according to published methods®"'****" with copper(II)
tetrafluoroborate hydrate as copper(II) salt. As well as the copper(II)
complexes, [Ni(L*)](BE,), was synthesized according to published
methods, using nickel(II) tetrafluoroborate hydrate as nickel(II) salt.

[Cu(L')(CN)IBF,. To [Cu(L')](BE,),+2H,0 (730 mg, 1 mmol) in
nitromethane (10 mL) was added a solution of tetraethylammonium-
cyanide (156 mg, 1 mmol) in nitromethane (S mL). The solution was stirred
at room temperature for a short time, and the solvent removed by rotary
evaporation. The resulting crude product was suspended in a small
amount of MeOH|, filtered and washed again with MeOH. Single crystals
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were obtained after a few days by slow evaporation of the mother liquor.
The blue-violet product was vacuum-dried. Yield: 132 mg (21%). Anal.
(%) Calcd for [Cu(L")(CN)]BE,: C, 45.55; H, 4.46; N, 11.07. Found:
C, 45.44; H, 441; N, 11.27. IR »(C=N)/em ™ ": 2152 (m), 2125 (b).

[CU(L’)(CN)IBF ;. To [Cu(L*)](BE,),-H,O (789 mg, 1 mmol) in
nitromethane (S mL) was added a solution of tetraethylammonium-
cyanide (188 mg, 1.2 mmol) in nitromethane (S mL). The solution was
stirred for 2 days at room temperature, and the solvent removed by
rotary evaporation. The resulting crude product was suspended in a
small amount of MeOH, filtered and washed again. Single crystals were
obtained after a few days by slow evaporation of the mother liquor. The
blue product was vacuum-dried. Yield: 452 mg (62%). Anal. (%) Calcd
for [Cu(L3)(CN)]BF4: C,49.77; H,4.59; N, 11.61. Found: C,49.31; H,
4.75; N, 11.59. IR ¥(C=N)/cm " ": 2140 (m).

[{Cu(L")} ,(CN)I(BF )3+ 1.35H,0. To [Cu(L') ] (BF,), - 2H,0 (371 mg,
0.51 mmol) in hot methanol (20 mL) was added a hot solution of
[Cu(L")(CN)]BE, (316 mg, 0.5 mmol) in nitromethane (10 mL). The
solution was stirred for a short time, and after cooling, the solvent was
removed by rotary evaporation. The resulting crude product was
suspended in a small amount of MeOH, filtered and washed again.
Single crystals were obtained after a few days by slow evaporation of the
mother liquor. The blue-violet product was vacuum-dried. Yield: 123 mg
(18%). Anal. (%) Caled for [{Cu(L")},(CN)](BE,);-2MeOH: C, 42.32;
H, 4.64; N, 9.07. Found: C, 42.49; H, 4.88; N, 8.97. IR (C=N)/cm
2182 (b).

[{Cu(L?)} ,(CN)I(BF )3. To [Cu(L*)](BE,), - H,O (394 mg, 0.5 mmol)
in nitromethane (10 mL) was added NaCN (40 mg, 0.82 mmol) in H,0
(10 mL). The solution was stirred at room temperature for 2 days, and
the solvent removed by rotary evaporation. The resulting crude product
was suspended in a small amount of MeOH, filtered, and washed again.
Single crystals were obtained after a few days by slow evaporation of the
mother liquor. The blue product was vacuum-dried. Yield 82 mg (27%).
Anal. (%) Calcd for [{Cu(L?)},(CN)](BEy)s: C, 46.24; H, 422; N,
10.41. Found: C, 46.21; H, 4.25; N, 10.44. IR v(C=N) /em*: 2165 (b).

[{NI(L)}o(CN)I(BE.)s- 2H,0. To [Ni(L?)](BE,),-2H,0 (401 mg,
0.5 mmol) in methanol (10 mL) was added tetrabutylammonium
cyanide (67 mg, 0.25 mmol) in methanol (S mL). The solution was
stirred at room temperature for a short period. Single crystals were
obtained after 1 day by slow evaporation of the solvent. The pink
product was vacuum-dried. Yield 185 mg (48%). Anal. (%) Calcd for
[{Ni(L*)},(CN)](BE,);-2H,0: C, 46.16; H, 4.60; N, 10.04. Found: C,
45.99; H, 4.54; N, 10.09. IR »(C=N)/em ™" 2150 (b).
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