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Magnetic anisotropy in cyanide-bridged single-molecule magnets (SMMs) with Fe'"—CN—M" (M = Cu, Ni) exchange-
coupled pairs was analyzed using a density functional theory (DFT)-based ligand field model. A pronounced magnetic
anisotropy due to exchange was found for linear Fe""—CN—M" units with fourfold symmetry. This results from
spin-orbit coupling of the [Fe'(CN)¢]*~ unit and was found to be enhanced by a tetragonal field, leading to a 2E
ground state for Fe"l. In contrast, a trigonal field (e.g., due to 7o4 Jahn-Teller angular distortions) led to a reduction
of the magnetic anisotropy. A large enhancement of the anisotropy was found for the Fe'""—CN—Ni" exchange pair
if anisotropic exchange combined with a negative zero-field splitting energy of the S = 1 ground state of Ni" in
tetragonally compressed octahedra, while cancellation of the two anisotropic contributions was predicted for tetragonal
elongations. A recently developed DFT approach to Jahn-Teller activity in low-spin hexacyanometalates was used
to address the influence of dynamic Jahn-Teller coupling on the magnetic anisotropy. Spin Hamiltonian parameters
derived for linear Fe—M subunits were combined using a vector-coupling scheme to yield the spin Hamiltonian for
the entire spin cluster. The magnetic properties of published oligonuclear transition-metal complexes with ferromagnetic
ground states are discussed qualitatively, and predictive concepts for a systematic search of cyanide-based SMM
materials are presented.

plexes with low-spin Fe™ or Mn™ cyanides coupled to Cul,
Ni", or Mn""'"?! (see ref 18 for a recent review). Ferromag-
netic or uncompensated antiferromagnetic spin coupling takes
place in these complexes and leads to ground states having
large values of the spin quantum number, S. These states
are split in zero field because the symmetry is lower than
spherical. If the zero-field splitting parameter D is negative,
sublevels with the highest spin momenta (Mg = +£5) are

1. Introduction

The search for single-molecule magnets (SMMs), which
are spin clusters with low-temperature blocking of the
magnetization, has led to the synthesis and characterization
of a large number of oligonuclear, cyanide-bridged com-
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stabilized relative to the other sublevels. The result is a
bistability having an energy barrier U for reversal of the
magnetization, where U is proportional to S?DI or (S?> —
1/)IDI for molecules with integer or half-integer values of
S, respectively. A thorough understanding of the factors
which affect this splitting is crucial for the design of SMM
materials.
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In this work, we studied the magnetic anisotropy in
magnetic clusters of singly bridged Fe™™-CN—M" (M = Cu,
Ni) pairs having a low-spin ground state for the [Fe(CN)s]*~
site. Previous density functional theory (DFT) calculations
showed that a strictly linear Fe™—CN—Cu" bridge with an
octahedral [Fe(CN)]3~ site induces strong anisotropy in the
S = 1 ground state of the Cu—Fe pair.?* This anisotropy
emerges from unquenched orbital momenta in the Ty,
ground state of Fe" and their mixing with the spin via first-
order spin—orbit coupling. Therefore, the total spin of the
cluster is an ill-defined quantity, and the isotropic exchange
—J8; -8, breaks down. Jahn-Teller coupling within the 2T,
ground state of [Fe(CN)s]*~ is significant and governed by
the activity of the 7, vibrational modes, which distort the
octahedral geometry toward a trigonally compressed Dsq
structure.”>** This distortion is large enough to induce
anisotropy in the magnetic susceptibility and the g tensor,
which leads to a consistent description of the experimental
magnetic and spectroscopic data of [Fe(CN)¢]*~ and
[Mn(CN)s]>~.>* We have now extended these studies to
Fe™—CN—Cu'" and Fe™—CN—Ni'" exchange-coupled pairs
and larger spin clusters built from these pairs.

Theoretical models for anisotropic exchange coupling have
been an area of focus since the early days of magnetochem-
istry. The seminal work by Dirac*® considered exchange
contributions from different orbital pairs. Their importance
for magnetic anisotropy was recognized by Van Vleck and
Huang,’*?® and the theory was further developed by
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Levy,?>* Lines,’! Kahn,* and Drillon and Georges;*
group-theoretical arguments for anisotropic exchange cou-
pling were pioneered by Tsukerblat and co-workers.>*°
Applications to various systems, such as Ti,Cly*~,**** oxo-
bridged triangular Fe,Co',*® cyano-bridged Cr!'Fe!*
carboxylato-bridged dinuclear Co™,>*>! trigonal bipyramidal
cyano-bridged Mn",Mn"; 37 dinuclear Yb,Cly*~,>®
Yb,Bro*~,*® and YbCrBre®~,%%%° a Cu'—Fe™ pair with a low-

spin porphyrin Fe'' center,’'** and spin—spin coupling in
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LFDFT Study of Magnetic Anisotropy in Oligonuclear Complexes

molecular magnets based on the [Mo(CN);7]*~ complexés*69

have been reported. Orbital degeneracy and strong spin—orbit
coupling of Mo™ in the last of these led to an extremely
anisotropic ground-state Kramers doublet of the Ising type.®’
Ideas concerning ways to control the magnetic anisotropy
in oligonuclear complexes, based on simple angular overlap
model®®’® and extended Hiickel’' calculations, have been
published. Anisotropic exchange has usually been described
using perturbation theory with a modified version of the
kinetic exchange model,”*”* which involves metal-to-metal
electron transfer processes mediated by the bridging ligands.
However, ferromagnetic coupling described by potential
exchange terms has usually been ignored by the kinetic
exchange model, following a suggestion by Anderson.”? Ab
initio studies of magnetic anisotropy have been confined to
single paramagnetic centers’* or organic radicals’> and, due
to size constraints, only scarcely applied to oligonuclear
transition-metal complexes.*>*®7%"7 Current DFT methods
and perturbation theory for the computation of zero-field
splitting in oligonuclear paramagnetic molecules’®®!' have
restricted applicability in the case of orbital degeneracy or
near-degeneracy, such as that encountered in the Fe™—Cu"
and Fe™—Ni" exchange pairs discussed here.

We have developed a DFT-based ligand field theory
(LEDFT)®27® that allows one to deduce in a parametric form
all of the terms (i.e., the ligand field matrix,®* Coulomb
repulsion,®® and spin—orbit coupling®® terms) in the model
Hamiltonian. LFDFT has been used to calculate optical
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M=Cu, Ni

Figure 1. Model dinuclear complex of C4, symmetry used for the
calculation of the anisotropic exchange coupling. Atom labels used in the
notation for the selected bond distances given in Table 2 are shown.

spectra,®** EPR g and hyperfine-coupling parameters,®’-%

both static and dynamic Jahn-Teller coupling®*-*%>%9 of
mononuclear complexes, and isotropic magnetic exchange
coupling in dinuclear transition-metal complexes.”'”> We
now describe an extension of this model to the anisotropic
g and D tensors in dinuclear transition-metal complexes and
show how coupling of the local g; and single- (D;) and two-
center (D;) anisotropy tensors in oligonuclear cyanometalates
can be used to discuss their anisotropic magnetic properties
from first principles. The effect of spin—orbit coupling and
static as well as dynamic Jahn-Teller coupling on the
magnetic anisotropy of Fe"™-Cul and Fe"—Ni'l exchange-
coupled pairs is studied in detail. The new approach
described in this work was used to qualitatively analyze
published magnetic properties of spin clusters based on
Fe—Cu" and Fe—Ni" exchange-coupled pairs with fer-
romagnetic ground states. On the basis of these results,
predictive concepts for a systematic search of cyanide-based
SMM materials are presented.

2. Theory

Here, we consider Fe'—=CN—M" exchange pairs having
the geometry shown in Figure 1. The octahedral low-spin
[Fe(CN)g]*~ site has a triply degenerate ground state (*To,
in Griffith’s notation,”® with ty orbitals &, 77, and &). When
combined with the spins (o and f), this gives rise to six
degenerate microstates, which are split by spin—orbit and
Jahn-Teller coupling. In square planar complexes and
tetragonally elongated or compressed octahedral complexes,
there is a weak exchange coupling of these microstates,
involving the 2By (d,22) or 2A;4(d;2) ground state of Cu'l in
an Fe"—Cu"! pair or the 3A,4(d,22, d;2) ground state of Ni'
in an Fe—Ni'" pair. We consider the ground states of Cu"!
and Ni" to be well-defined and include all of the orbital
effects on their spin ground states in the effective g-tensor
values (g,), with positive deviations from the spin-only value
(go = 2), and in the zero-field splitting tensor D, for Ni'.
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Table 1. Symmetries of the Irreducible Tensor Operators J$;$;, §;*D-8,, and §;+A+$, Spanned by the Direct Product of the Spin Operators §; and §,
of Two Exchange-Coupled Ions in Oy and Its Subgroups, Consistent with a Linear Fe—CN—M Bridge with Fourfold Symmetry*

Oy Cyy Co[Cy, 0] G Cloxz)]  Clo(y2)]l  CulCy, adl G Clo(x2)]  Cilo(y2)]
J Al Ay Ay A A’ A’ Ay A A’ A’
D (symmetric) E, (diagonal) Ay Ay A A’ A’ Ay A A’ A’
B Aq A A’ A’ As A A” A"
T, (off-diagonal) B, Ay A A” A" Aq A A’ A’
E B, + B; B+ B A"+ A” A" + A B, + B; B+ B A"+ A” A” + A
A (antisymmetric) T, A, A, A A” A” A, A A” A”
E B, + B; B+ B A"+ A" A” + A B, + B; B+ B A"+ A" A” + A

“ Totally symmetric representations which can yield nonzero matrix elements are rendered in bold text.

Table 2. Fe—C and M—N Bond Distances (in A) from DFT Geometry
Optimizations of the Model [(CN)sFe—CN—M"(CN)(NH3)4]>~
Complexes in Comparison with Experimental Structural Data (in
Parentheses) for the M—NC—Fe Bridging Geometry in Closely Related
CusFe; and NisFe, SMMs

M  Ru-~, Rm-n, Ry-n, Rre—c, Rre—c, Rpe—c,
Cull 1949 2434 1918(1.970% 1.867 (1.930) 1978 1972
Nill 2.026 2214 1.969 (2.05") 1.865(1.897°) 1.984 1.977

“ From ref 9. * From ref 2.

Under these conditions, the electronic states of the Fe'l—MI
exchange pairs are described by the Hamiltonian in eq 1:

H=Hgo+H p+H +Hy +Hy+ Hgegy (1)

in which Hso = &1;+8, and Ay r are the spin—orbit coupling
and ligand field operators, respectively, for [Fe(CN)]*~ and
Hy = up®, + ki))*B and Az, = ugs,*g,*B are the Zeeman
operators for [Fe(CN)g]*~ and M, respectively, where ; is
the spin—orbit coupling constant for Fe'™, & is the covalency
reduction factor, §; and il are the spin and orbital angular
momentum operators, respectively, for Fe, and §, is the
spin angular momentum operator for M. Hsgsy = Dyi(5.,2
— 2/3) is the operator which takes account of the possible
single-center anisotropy in the s, = 1 ground state of Ni'.
The exchange coupling term H.. in eq 1 accounts for the
spins of Fe' and M" (8, and §,, respectively) as well as the
orbital degrees of freedom due to the degeneracy of the 2T,
ground state of [Fe(CN)s]*~, as shown in eq 2:

Hexc = 2 J/A‘uglﬂ ! §2 (2)
u=En.8

where J,,, (u = &, i, §) are the orbital exchange coupling
constants between the spins sj, of the singly occupied
magnetic orbitals d,; (£), d., (17), and d,, (§) of Fe' and the
unpaired spins (s;) of M. In eq 2, we assume a Cj,
pseudosymmetry for each Fe''—M" pair with the local z axis
along the Fe"'—CN—M" bridge (see Figure 1). This defines
two exchange coupling parameters, Je: = J,;, = J(E) and J¢¢
= J(B»), for each Fe"—M!" pair, when the off-diagonal terms
J.w(u #= v) are neglected. The well-aligned magnetic orbitals
&, 1, and ¢ and the matrices that represent all of the operators
in eq 1 are then transformed using the eigenvectors of the
ligand field operator Hi ¢ on each center, in order to ensure
invariance of the results with respect to the orbital rotations.
The matrix that represents Hip is given in a general form
without any assumptions. It describes angular and radial
distortions of each [Fe(CN)¢*~] unit of the oligonuclear
cluster, which may arise from Jahn—Teller distortions, low-
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symmetry crystal packing effects, or asymmetry of the
ligands. For the sake of the qualitative analysis presented
here, we start with octahedral (O,) [Fe(CN)s]*~ and restrict
the treatment to a particular form of Hir, ie., the operator
Hiyr for the Jahn—Teller effect that operates within the 2T2g
ground state of [Fe(CN)g]*~. It has been shown that for the
five Jahn—Teller-active €, and 7, vibrations, coupling of the
T,, ground state of [Fe(CN)]*~ to the trigonal modes 2, is
dominant.?* This leads to the stabilization of a Ds,-distorted
2A, ground state derived from a trigonally compressed
octahedron. Within the (&, #, §) orbital basis, the Hir term
in eq 1 is described by the matrix H;r given in eq 3:

H; =
SK(07+0,+07) ~V,0, V.0,
-ViQ; %KZ(Q; +0,/+0;) —ViQ:
-v.0, V.0 %KT(Q; +0,/+0)

(3)

where Qg, O, and Q¢ are the components of the 7,
octahedral mode; V; is the linear vibronic coupling constant;
and K is the harmonic force constant. Terms which depend
on V; describe the forces which distort the regular octahedral
geometry, while the elastic force reflected by the harmonic
term (i.e., the diagonal matrix elements of eq 3) tends to
preserve it. An energy level diagram as a function of
geometric distortion along the Ds; distortion pathway is
presented in Figure 2. The ratio between the Jahn—Teller
stabilization energy Ejr and the energy of the 7, vibration™*
(i.e., the vibronic coupling strength 1) is of importance for
the treatment described below. Calculation of energy levels
using eq | requires knowledge of all of the parameters of
the model. An LFDFT-based procedure has been used to
calculate the spin—orbit coupling constant,*® the g tensors
of Cu and Ni, the orbital reduction factor of Fe,®’ the orbital
exchange parameters,”’'*> and the Jahn-Teller coupling
constants.>* The manifold of ground-state spin levels and
excited states computed on the basis of eq 1 makes possible
the interpretation of magnetic, EPR, and optical spectroscopic
data.

We now focus on the spin levels of the electronic ground
state and consider the coupling of the effective spin of Fel

(94) The Jahn—Teller stabilization energy and the energy of the 7,
vibration are given by Ejr = 2V,%/3K; and 3Aw/2, respectively, and
have been found to be 135 and 140 cm™!, respectively, in
[Fe(CN)g]*~; see ref 24 for details.
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Figure 2. Cross section of the ground-state potential energy surface of
[Fe(CN)s]*~ along the trigonal (1,1,1) and (—1,—1,—1) directions in the
subspace of the 72, modes, which stabilize the 2A1g ground state (trigonal
compression, absolute minimum) and E, excited state (trigonal elongation,
saddle point), respectively. The Q; distortion (inset), the Jahn-Teller
stabilization energy Ejr, and the zero-point vibrational energy 3fw/2 are
shown. The following values of the vibronic coupling parameters®* were
used: V, = 1052 em™ YA, K; = 6069 cm™1/A? (eq 3) and 3hw/2 = 140
cm™!; also taken into account, but for the sake of simplicity not included
in eq 3, were the second-order vibronic coupling terms X, = 449 cm~1/A2
and L, = 1584 cm™ /A2

(s1” = '/,) with the real spin of Cu" (s, = '/,) or Ni"l (s, =
1). This is described by the spin Hamiltonian given in
eq 4:
Hyy=—J8) 8,48 D,-8,+8, D,-8,+8/ A}, 8, +
usS;” g B+ugs,-g,-B (4)
where J is the isotropic coupling constant, D, and A, are
the traceless tensors for symmetric and antisymmetric
exchange, respectively, D, is the zero-field splitting tensor
for Ni', and g; and g, are the effective g tensors for the
[Fe(CN)s]*~ and Cu or Ni" sites, respectively. The traceless
symmetric exchange tensor D, is

D, ny D,,
D,,= ny Dyy Dyz =
D. D, -D.-D,
-2p+2E D, D,
D, —%D—ZE D.| )
D, D, %‘D

where D and E are the axial and orthorhombic splitting
parameters, respectively. The traceless antisymmetric ex-
change tensor A, is

0 A, -A]
A 2= Az 0 Ax (6)
A, A, 0

There is a symmetry restriction for the number of indepen-
dent nonzero components of D, and A: the spin operators
8/ and § transform according to the Ty, irreducible
representation of the Oy, point group, and the direct product
T, ®T, spans the symmetric irreducible representations A,
(81"*82), Eg (Dy> diagonal terms), and T, (D, off-diagonal

terms) as well as the antisymmetric Ti, (Aj2) irreducible
representation. Upon reduction to the main axes of the Dy,
tensor, only those components of D, and A, that are totally
symmetric in O, and its subgroups are nonzero. Thus, only
J in Oy, and only one parameter, D (which emerges from the
diagonal elements of the D), tensor in Cy,, the symmetry of
a linear Fe—CN—M bridge), are nonzero (Figure 1 and Table
1). In this particular case, D, assumes the simple form given
by eq 7:

2
-0 0 0
2
D,=| 0 -3D 0 (7
4
0 0 3D

It follows from the matrices of eqs 1 and 4 that all of the
parameters can be determined. A similar approach to the
exchange problem for a dinuclear Fe™"—CN—Cu" complex
has been described previously and applied to the important
problem of the spin levels of a cyanide-bridged derivative
of the enzyme cytochrome oxidase.* However, the large
number of model parameters did not allow the method to be
applied quantitatively at that time.

We now consider an oligonuclear cluster derived from
Fe—Cu' and Fe™—Ni" dinuclear building blocks. As long
as there is a 1:1 mapping of the ground spin eigenstates of
the Hamiltonians of eqs 1 and 4 (i.e., as long as the energy
separation between the ground and excited electronic states
is much larger than the exchange coupling energy, which is
strictly valid for all of the cases considered here, as shown
in the Supporting Information), the parameters of eq 4 can
be determined, and the total Hamiltonian of the spin cluster
is given by eq 8:

Hmtal = z
ie {Fe},je {Cu},{Ni}

S/ (T,A,T;)- Sj] + Z

[-7,8/-8;+8/-(T,D,T;)-§,+

[S;- (TD;T))-S;+

Jje{Cu}{Ni}
usS;-(TgT) -Bl+ Y, usS/ - (TgT)) B (8)
ie {Fe}

where the single summations run over all of the Fe'', Cul,
and Ni" ions (contained in the sets labeled {Fe}, {Cu}, and
{Ni}, respectively); the double summation runs over all of
the Fe'—=M! pairs; T, Tf, and T} are the matrices which
transform the local Cartesian axes (x;, y,, z1) of each Fel
and M magnetic center and each Fe™—M" exchange pair,
respectively, into the global axes (x, y, z); and S,«’ and Si are
the spin operators in the global frame. Application of this
spin Hamiltonian operator to the basis composed of all
possible products of single-ion spin functions produces
Hermitian matrices having dimensions of 8§ x 8 or 18 x 18,
16 x 16 or 36 x 36, 32 x 32 or 108 x 108, and 256 x 256
or 1296 x 1296 for (Cu or Ni),Fe, (Cu or Ni),Fe,, (Cu or
Ni)sFe,, and (Cu or Ni)sFey, respectively. These matrices
were diagonalized numerically using standard routines.
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The ground-state potential energy surface of [Fe(CN)g]*~
is very flat. There are four minima having D3, symmetry,
which are only 135 cm™! more stable than the minimum
having regular octahedral symmetry (Figure 2).%* Therefore,
the geometry of the Fe™—CN—M" pair may still have Cy,
symmetry upon time averaging, but the dynamics of the
system may populate all of the minima (this is the dynamic
Jahn-Teller effect; see Figure S.3b in the Supporting
Information). A limited number of studies have addressed
the effect of dynamic Jahn—Teller coupling on the magnetic
exchange coupling.*>**%579> Dynamic Jahn—Teller coupling
has been applied in order to analyze the temperature
dependence of the magnetic anisotropy of [Fe(CN)g]>~,** and
the same approach is applied here for the Fem—CN—M"
exchange-coupled pairs. Details are given in the Supporting
Information.

3. Computational Details

DFT computations were performed using the Amsterdam Density
Functional program (ADF).?® The LDA-VWN functional,”’” which
is known to perform better than GGA for geometries, in particular
for metal-ligand bond distances, was employed in all of the
calculations. Large Slater-type orbital triple-£ basis sets including
one polarization function (p-type for H and d-type for C and N)
and the frozen-core approximation (up to 3p for the metal ions and
1s for carbon and nitrogen) were used. The Fe'=CN—M! model
system is shown in Figure 1; Fe—C and M—N bond distances from
DFT geometry optimizations compared reasonably well with those
reported for analogous compounds (Table 2). The ground state of
Cu' was chosen to have a single electron in the d.2 orbital, implying
a tetragonally compressed geometry with maximum unpaired spin
density directed toward Fe'™. For Ni'l, we chose a 3A,, ground state
having two unpaired electrons in the e, orbital (d,2,2'd2"). Exchange
coupling energies J(E) and J(*B,) were obtained from spin-
polarized broken-symmetry DFT calculations, using both the spin-
projected”®?® and spin-unprojected'®*~'°> methods. Different func-
tionals were tested, including the pure DFT functionals VWN,®”
PW91,'0*»'%* PBE,'” and OPBE [which is a combination of
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2204.
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Fonseca Guerra, C.; van Gisbergen, S. J. A.; Groeneveld, J. A;
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Post, D.; Pye, C. C.; Ravenek, W.; Ros, P.; Schipper, P. R. T.;
Schreckenbach, G.; Snijders, J. G.; Sola, M.; Swart, M.; Swerhone,
D.; te Velde, G.; Vernooijs, P.; Versluis, L.; Visser, O.; van
Wezenbeek, E.; Wiesenekker, G.; Wolff, S. K.; Woo, T. K.; Baerends,
E. J.; Autschbach, J.; Ziegler, T. ADF2006.01; SCM, Theoretical
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Table 3. Values of the Exchange Coupling Energies (in cm™!) for the
Felll=CN—Cu!" Exchange Pair Obtained from Calculations Using the
BILYP Functional with Spin Projection and from Experiment, in
Comparison with Corresponding Values Obtained for the Fel—CN—Nil
Exchange Pair®

electronic Fe™-CN—Cu! Fem—-CN—Nill
configuration
of [Fe(CN)g]*~ calculated experimental calculated —experimental
bz 164 1 6 - 0 -
by%e3 19.4 17.0° 12.9 10.8, 9.7¢

“1In the calculations, the ground states of Cull in Fe'—=CN—Cu!! and
Ni'l in Fe"—=CN—Ni'l were d.>' and d,_,'d!, respectively. ” Reported in
ref 9 and obtained from a fit to magnetic susceptibility data for a CusFe,
SMM in which the ground state of Cu was d,>_,2!. The value given here is
twice that stated ref 9; multiplying their value by a factor of 2 was required
because they included an extra factor of 2 in their definition of the exchange
Hamiltonian. For comparison with the calculated result (in which the Cu
ground state was d.2'), this experimental energy must be multiplied by 2/+/3
[J(d2") = 2J(dxz,yz‘)/«/ 3]. “Reported in refs 2 and 3, respectively, and
obtained from fits to magnetic susceptibility data for NisFe, SMMs in which
the ground state of Ni'l was de_2'd".

Handy’s optimized exchange (OPTX)'?® and the PBE correlation
PBEc'] as well as hybrid functionals with various degrees of exact
Hartree—Fock exchange, namely, the popular B3LYP'?’ (20% HF)
and its modifications with more (BILYP,'°® 25% HF) or less
(B3LYP*,'%%!1% 15% HF) exchange (see discussions of the
performance of these functionals,'''™"'> the role of the self-
interaction error,''®''® and a new development''®). Computed
values of J’E) and J(*B,) (see Table S.1 in the Supporting
Information) showed a strong dependence on the functional.
Because of the orthogonality of the magnetic orbitals, i.e., o for
Cu"and Ni" and 7 for [Fe(CN)g]*~ (see Figure S.1 in the Supporting
Information), a ferromagnetic exchange coupling was calculated
in all cases [J(*E) > 0]. We chose to use a BILYP functional,
which reproduced the correct order of magnitude of the exchange
coupling energies (see Table S.1 in the Supporting Information).
Alternative choices did not change the results qualitatively (see
Figure S.4 in the Supporting Information). Values of J(’E) and
J(®B,) for the Fe—Cu and Fe—Ni pairs are listed in Table 3.

4. Results and Discussion

4.1. Linear (Cy4,) Dinuclear Fe—CN—M Building
Blocks with Octahedral [Fe(CN)¢]>~ Sites. 4.1.1. The
Felll—CN—Cu!! Pair. The *T,, ground state of [Fe(CN)]*>~
splits by spin—orbit coupling into a ground-state doublet
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Figure 3. Spin energy levels and spin functions for the Fe''—=CN—Cul!
exchange pair having Cy, symmetry. o and /3’ are the spins of Cull, and
o and 3 are the effective spins of Fell. The following parameter values
were used for the Cy, energy levels: JCE) = 19.4 cm™!, J*By) = 1.6 cm ™!,
and {(Fe) = 345 cm™!. The energy levels of the pair in O, symmetry
(obtained by collapsing the Cu'' and Fe' nuclei) and the effect of an
additional C», orthorhombicity are shown schematically.

E”(0”, f”) and an excited Kramers quartet U'(k, 4, u, v)
that are separated by 3(/2, where { = 345 cm™'?* is the
spin—orbit coupling constant of [Fe(CN)¢]*~. In the Cy,
symmetry of the linear Fe—CN—Cu unit, the E”(”, ") state
transforms as E”(a”, ") and couples via spin-exchange with
the E’(a’, ) spin state of Cu' to give rise to a B, ground
state and B, and E excited spin states (the notation used here
for symmetry species follows ref 93). Expressions for the
energies of these states in terms of the exchange coupling
energies JE) and J(*>B,) defined above (derivations of which
are provided in the Supporting Information) are given in
eq 9:

E(B,)=-£JCE) - ICBy)
E(Bz):—%J(zE) + %J(sz) )
E(E)= LICE) - 5 ICBy)

Figure 3 visualizes these energy expressions and also lists
the spin eigenfunctions. The spin ground state (B,) is
nonmagnetic. However, the B,—B, energy separation [J(*B,)/
3] is small, and the singly occupied a; orbital (d;2) of Cu
interacts weakly with the magnetic b, orbital (d,,) of d-type
Fe, resulting in a very small exchange energy of J(*By) =
1.6 cm™!. This can be compared with the much larger energy,
JCE) = 19.4 cm™!, arising from the o/7 interaction of the
Cu a; (d2) and Fe e (d,;,d,,) orbitals. The latter places the E
spin state above the ground state by 6.47 cm™!. Calculations
showed that configuration mixing of the ground-state spin
levels (B, B,, and E) with the excited-state levels [which
result from the Cu' a; (d2)—Fe™ U’(k, A, u, v) exchange
coupling] is vanishingly small (see the Supporting Informa-
tion); nevertheless, we accounted for such mixing in all of
the calculations. From a comparison of the numerical results
with the eigenstates of the spin Hamiltonian FIsph (eq 4), the
values of the parameters J, D (eq 7), g; (for Fe), and g, (for
Cu) were deduced (eq 10).

J=— %J(2E) - %J(2B2) =—4.49 cm™

_1yony 1o0p 0 -1
D=2JCE)~3/(B,) =594 cm (10)

2 4
glx:gly:glz:_g_gk:_1'72

82, =82, =2.18;  £,,=2.00

It is remarkable that in the dinuclear model, the local tensors
g, and g couple with different signs, leading to the
interesting and unexpected result that the E term, which
usually is ascribed to the magnetic M; = =*1 pair in a
ferromagnetically coupled pair with s = !/, ions and has a
negative value of D, is in this case highest in energy with
small [for g/(E)] or vanishing [for g.,(E)] g-tensor compo-
nents (eq 11).

8.(E)=g,,+£,,=028; g, (E)=0 (1)
In contrast, the B, and B, states are composed of an equal
admixture of M, = +1 and M, = —1 spin functions and are

nonmagnetic. However, an external magnetic field B (with
magnitude B) parallel to z leads to mixing of these states
and thus tends to induce M, = +1 (or M; = —1) magnetic
moments. Because the B,—B; energy separation is small and
the local tensors g; (Fe) and g, (Cu) couple with the same
sign in the off-diagonal Zeeman term (eq 12), even weak
magnetic fields can induce magnetic behavior.

0 Ug(=81,+8>,)
H®B,, B, = w21+ 2B %J(sz) (12)

This is shown by the dependence of the energies of these
states on the magnetic field parallel and perpendicular to the
z axis of the dinuclear model (Figure 4). A strong anisotropy
with an easy axis oriented in the z direction is predicted.
Therefore, if the rate of magnetic relaxation is small [i.e., if
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Figure 4. Energies of the spin states of the Fe"=CN—Cu! pair in a
magnetic field (a) parallel and (b) perpendicular to the bridging z axis. The
following parameter values were used: k(Fe) = 0.79,>* g,,(Cu) = 2.18,
and g.(Cu) = 2.000 (values of the other parameters were the same as in
Figure 3).
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Figure 5. Spin energy levels and spin functions for the Fe'-=CN—Nil!
exchange pair of Cy, symmetry. The values £1 and 0 are the spins of Ni'l,
and o’ and f” are the effective spins of Fell. The following parameters
were used for the Cy, energy levels: JCE) = 12.9 cm™!, J*B2) = 0 cm™!,
and §(Fe) = 345 cm™!. The energy levels of the pair in O, symmetry
(obtained by collapsing the Ni'l and Fe!'" nuclei) and the effect of the zero-
field splitting of Ni' (Dn; = —2.63 cm™!) on the spin energy gap parameter
—Ep are also shown.

the rate is mediated by phonons (a “phonon bottleneck™)],
single-molecule magnetic behavior in a given time frame
and in an applied external magnetic field may result. We
refer to such a situation as a single-molecule metamagnet
(SMMM).

It is worth noting that because of the unusual coupling of
the g; and g, tensors, the calculated values of J and D have
signs opposite to those conventionally assumed (J > 0, D
< 0). It is interesting to note that a positive value of D (10.16
cm™!) was observed in inelastic neutron scattering experi-
ments on the dinuclear complex Br;Yb™Br;Cr''Br; with
ferromagnetic Yb"'—Cr™ coupling.’® Because of the unusual
signs of D and J, the energies Ep and E; have been introduced
in Figure 3. We use them in analogy to the well-known
quantities U and J.

The large magnetic anisotropy in linear Fe'—CN—Cu!
pairs is consistent with qualitative results obtained for
Mo"'—CN—Mn" pairs having the same bridging geometry
using the kinetic exchange model, which takes into account
both Ising-like (Si10S5n) and isotropic (SMC'gmn) exchange
terms.%” Similar results obtained for Cr''—CN—Fe!" pairs
using the same model have been reported.*’

4.1.2. The Fe™"-CN—Ni"! Pair. The E”(a”, ") ground
state of Fe couples with the § = 1 spin of Ni"l, giving rise
to three Kramers doublets: the ground state, E”(;), and two
excited spin states, E”(;) and E’. Expressions for the energies
of these states in terms of the exchange coupling energies
J(’E) and J(*B,) and the Ni'" zero-field splitting energy Dy;
are given in eq 13 (complete matrices are given in the
Supporting Information).

44 1 1 l
EE” ) =— §J(2E) + 5J(ZBz) +3Dn

2

E(E" ) =~3Dy (13)

.1 1 1
E(E)= §J(2E) - EJ(ZBZ) +3Dx

An energy diagram for these states is shown in Figure 5,
which also lists the spin eigenfunctions. In contrast to the
Fe'—Cu! pair, all of the spin states of the Fe—Nill pair
are doubly degenerate because of the odd number of spins
(Kramers degeneracy). As for Cull, there is an in-phase
coupling of the local tensors g; (Fe) and g, (Ni) in the E”(,
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Figure 6. Zeeman splitting of the spin levels of the Fe'''=CN—Ni!! pair in
a magnetic field (a) parallel and (b) perpendicular to the bridging z axis.
The following parameters were used: k(Fe) = 0.79, g, (Ni) = 2.30, and
Dni = 0 (values of the other parameters were the same as in Figure 5).

ground state and an out-of-phase coupling in the E” excited
spin state. As shown by the dependence of the energies of
these states on the magnetic field parallel and perpendicular
to the z axis of the pair (Figure 6), a strong anisotropy in
the z direction is predicted. From the computed DFT values
of JCE) and J(*B,) (12.9 and 0 cm™!, respectively), eq 10
gave the values J = —2.87 cm™! and D = 4.30 cm™! for the
parameters of the spin Hamiltonian (eq 4). As in the case of
the Fe"=Cu! pair, the quantities —Ep and E; can be defined
and used in analogy to U and J to quantify the anisotropic
and isotropic energy gaps, respectively (Figure 5). Both of
the exchange terms as well as the single-ion zero-field
splitting (Dy;) affect the value of —Ep (eq 14).

—ED=%J(2E)_éJ(2B2)_DNi (14)

The parameter Dy; is known to vary over a wide range,
from positive values (e.g., 9.47 cm™! %) in tetragonally
elongated octahedra of Ni'' to negative values (e.g., —6.1
cm~! 21y in compressed octahedral structures.'*~'>* There-
fore, the anisotropy gap —Ep (calculated using DFT to be
4.3 cm™! due to exchange-only contributions) can largely
be tuned by ligand-enforced distortions within the Ni™Ng
building block. A reduction or enhancement of this energy
is predicted for positive or negative values of Dy;, respec-
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Figure 7. (top) Ground-state configuration and (bottom) configurations
obtained via charge transfer to or from the occupied e (tzg) or empty a; (eg)
orbitals of Fe'l [labeled using Ca, (O)) symmetry notation], which induce
spin densities on the CN™ bridging ligand. Coupling of the spins of CN in
the charge-transfer configurations with the single spin on Cu'' is illustrated.

tively, assuming that the axes of the tetragonal tensors Dyi—ge
and Dy; are parallel. This is the case for octahedral Ni
structures with tetragonal elongations (reduction of —Ep) or
compressions (enhancement of —Ep).

4.1.3. Origin of the Magnetic Anisotropy in
Fe—CN—M Pairs. The large magnetic anisotropy of the
Fe—CN—M pairs is intrinsically related to the unquenched
orbital moments of the *Tx(&, 77, §) ground state of Fe'll,
whose & and 7 components have the proper symmetry for
an Fe—M exchange pathway to emerge via the 77 orbitals of
CN™. The M; = =+1 orbital moments play a particularly
important role for the spin levels. As seen in eqs 10 and 14,
the magnetic anisotropy is dominated by J’E). As JCE) is
obtained from DFT, it is a complex, many-electronic
quantity, which includes various charge transfer excitations
starting from the nominal purely ionic ground-state config-
uration (Figure 7). These include electronic transitions from
(to) the fully occupied (empty) 7 bonding (antibonding)
orbitals 2e (3e) of CN~, which create o (3) spin densities
on CN7, and from the o orbital 5a; of CN~, which lead to
a 3 spin density on that orbital. An energy decomposition
analysis of J(’E) described elsewhere®? shows that the
2¢(CN) — e(Fe) and 5a;(CN) — a;(Fe) donations dominate
the sign of the J(°E) ferromagnetic coupling energy, while
the e(Fe) — 3e(CN) back-donation yields a large but negative
contribution which reduces J(’E).

4.2. Effect of Jahn-Teller Distortions of the
[Fe(CN)g]>~ Site. 4.2.1. Static Jahn-Teller Distortions. The
spin levels of Fe"'—CN—Cu!!' and Fe™—CN-—Ni" pairs
change significantly when Jahn-Teller distortions along the
trigonal axes of the octahedral [Fe(CN)g]>~ site are super-
imposed on the C4, symmetry (Figure 8). There are four
possible pathways for these distortions, which correlate with
the body diagonals of the cube inscribed in the [Fe(CN)s]>~
octahedron (see Figure S3.b in the Supporting Information).
The trigonal distortion along the x =y = z direction (defined
by O: = Q¢ = O, = Q¢ and visualized in the inset of Figure
2) reduces the C4, symmetry toward C,, with a symmetry
plane that bisects the coordinate axes in the x =y (—x =
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Figure 8. Effect of trigonal (75,) Jahn-Teller distortions along the (1, 1,
1) (Qr > 0, trigonal compression) and (—1, —1, —1) (Q; < 0, trigonal
elongation) directions on the spin energy levels of (a) Fe''—Cul!! and (b)
Fell-Nill. The values of the vibronic coupling constants for [Fe(CN)g]>~
used here were the same as in Figure 2, and values of the other parameters
were the same as in Figure 3 (for Fe"—Cul) or Figure 5 (for Fe"—Nill,
DNi = O)

—y) direction and parallel to z. In agreement with the
decrease in symmetry, the excited E spin state of the Fe—Cu
pair splits, and its A” component approaches the lower-lying
A’ and A” spin states. With greater distortion (increasing
Q.), and concomitant quenching of the orbital angular
momentum due to the C4, — C; symmetry reduction, the
pattern of a ground-state spin triplet (split in zero field) and
an excited-state singlet of the ferromagnetic Fe'—Cu! pair
gradually starts to emerge (Figure 8a). This effect is much
stronger for trigonal compression (leading to the energy
minimum of the ground-state potential energy surface) than
for trigonal elongation. Likewise, upon Q, distortion, the
excited E” () spin state of the Fe'"'—Ni!' pair drops in energy
and approaches the E”(;, ground state, i.e., the zero-field-
split § = 3/, ground-state quartet and the S = '/, excited-
state doublet are formed. Therefore, Jahn-Teller distortions
tend to restore the usual spin coupling scheme in s, = 5, =
'/, and s; = /5, s = 1 ferromagnetically coupled pairs. The
anisotropic and isotropic gap energies —Ep and E;, respec-
tively, which are indicated in Figure 8, manifest these
changes in an impressive way. Upon distortion, —Ep
decreases and E; increases for both Fe'—Cu" (Figure 9) and
Fe—Ni' (Figure 10). Figure 10 compares the cases of
tetragonal compression (negative values of the zero-field
splitting energy Dyi) and tetragonal elongation (positive
values of Dy;) of the S = 1 ground state of the octahedral
Ni" complex with the case of no distortions around Ni'. In
these calculations, we have assumed that the tetragonal axes
of Ni'! and the Fe—CN—Ni bridge of the Fe"—Ni! pair are
parallel. Negative values of Dy; lead to a drastic increase of
the anisotropy, while positive values lead to a partial or
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Figure 10. Effect of trigonal Jahn-Teller distortions on the spin energy
gap parameters (a) —Ep and (b) E; for the Fe''—Ni!! pair. Values of —Ep
and Ej at the minimum and saddle point of the ground-state potential energy
surface of [Fe(CN)g]?~ are indicated by arrows. Parameter values used were
the same as in Figure 8b. The effect of the Ni zero-field splitting is shown
(with Dy; = 2.63 cm™ !, as in ref 131); the dotted curve for E; refers to Dy;
=0.

complete cancellation of the contributions to —Ep. The
energy E, is also affected by Dy; in a significant way (Figure
10b).

It should be noted that the auxiliary quantities —Ep and
E; have only been introduced for the purpose of interpreta-
tion, i.e., to quantify the information described by as many
as nine parameters [J and the parameters in eqs 5 and 6 that
define the tensors Dy, and A, in the exchange coupling
operator (eq 4)]. In Table 4 we list these parameters for the
Fe'—Cu" and Fe—Ni" pairs, both without Jahn-Teller
distortions (Q, = 0) and with the distortion that corresponds
to the trigonal minimum of [Fe(CN)s]3~ (Q, = 0.128 10\). As
the symmetry decreases from Ci, to C,, as many as nine
different parameters result, in agreement with the general
orientation of the D, and A, tensors within the adopted
global Cartesian frame. These can be reduced to the five
independent parameters J, D, E, A, and A, in the coordinate
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frame in which Dy, is diagonal [see Table 1, Cs, — C2,(Ca,
04) — C;]; values of these five parameters are given in Table
4 for the Fe—Ni' pair. As expected, D is negative (D =
—6.09 cm ™!, see Figure 10a), with main axes of Dy, which
undergo a specific rotation as a result of the Q; activity (see
Table 4). A very pronounced orthorhombic component (E
= 0.77 cm™ ") emerges along with significant antisymmetric
exchange (A, = —0.29 cm™ !, A, = —1.12 cm™!) due to
Dzialoshinski—Moriya exchange coupling. This needs to be
taken into account when modeling the magnetic properties.

4.2.2. Dynamic Jahn-Teller Distortions. Dynamic dis-
tortions related to the very flat ground-state potential energy
surface of [Fe(CN)g]>~ with trigonal (Ds;) minima, which
are only 135 cm™!' more stable than the nondistorted O,
geometry, induce specific changes in the spin coupling
parameters of the Fe™—Ni'" pair, which we consider here as
an example. Similar behavior has been calculated for the
Fe—Cu" pair. As shown by the dependence of the energy
—Ep, the anisotropy decreases as the vibronic coupling
strength A = Ey1/(3hw/2) increases (Figure 11). Calculations
have shown that the dynamic Jahn-Teller coupling (1) is
small for [Fe(CN)s]*~, and its effect on —Ep is very small.
Also, there is no strong interplay between the anisotropy of
Ni'! (Dy;) and the dynamic Jahn-Teller coupling. However,
the effect of 4 on the magnetic anisotropy is significant for
the isoelectronic [Mn(CN)s]*~ ion, for which a much stronger
vibronic coupling has been predicted.”* Dynamic Jahn—Teller
coupling also tends to decrease the anisotropy of the g tensor
of the Fe™—Ni" pair. As 1 increases, the large g, component
decreases while g, and g, [which are zero in Cy4, and in the
static Jahn-Teller coupling limit (see Table 4)] start to
increase. The effect of dynamic Jahn—Teller coupling is found
to be particularly pronounced when the exchange anisotropy
(D) and the Ni' single-ion anisotropy (Dxyi) counteract each
other, i.e., when D and Dy; have different signs.

4.3. Influence of Strain on the Magnetic Anisotropy.
Strain effects due to an asymmetric ligand sphere or crystal
packing forces can split the Fe!! 2T,, ground state and modify
the magnetic anisotropy. Strains having the symmetries of
the components of the 7, normal mode are formally
described by a matrix of the form of eq 3, with a single
energy parameter S; (the radial strain, which replaces V;)
and angular distortions Q%, 05, and Q¢ (angular strains, which
replace Qg, Oy, and Q¢, respectively); these are usually known
from crystal structure data. Here we restrict our attention to
strain having trigonal symmetry (C3, Q; = Q% = Q) = 0}).
Its effect on the magnetic anisotropy for Fe™—Cu'" and
FeM—Nill pairs is qualitatively reflected by Figures 9 and
10a, respectively. These changes may be very large (S; >
V;) and therefore induce partial or complete quenching of
the magnetic anisotropy. With angular strain alone (S; = V;),
quenching of orbital momenta due to trigonal compressions
is predicted to be stronger than that due to trigonal elonga-
tion. The reduction of the magnetic anisotropy is due to the
symmetry reduction (C; = Cy, + D3,), which leads to a
complete loss of orbital degeneracy. This is not necessarily
the case for tetragonal (Dy,) strain having a Cy4 axis that
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Table 4. Values (in cm™!) of the Parameters in the Exchange Hamiltonians for Fe'-CN—Cu!' and Fe!"-CN—Ni!' Exchange Pairs Having Jahn—
Teller-Distorted [Fe(CN)s]*~ Octahedra Corresponding to the Minima of D3, Symmetry on the Ground-State Potential Energy Surface”“

J D E Dy D.. D, Ay Ay A,
FeIlI_Cu[l
0, =0 —4.13 6.20 0 0 0 0 0 0 0
0, =0.128 —4.02 6.10 —2.93 —5.87 0.83 —0.40 0.40 —1.63 —0.04
Fe"I—Ni"
0, =0" —2.87 4.30 0 0 0 0 0 0 0
0, =0.128 —2.59 4.12 —1.89 -3.78 0.86 —0.14 0.14 —1.14 —0.15
—2.59¢ —6.097 0.77¢ o4 o4 o4 —0.29¢ —1.12¢ o4

“ Calculated with Q; = Qs = 0, = Qr = 0.128 A; values of the vibronic coupling parameters used in the calculations are specified in Figure 2, and those
of the other parameters are specified in Figures 3 (Fe—Cu) and 5(Fe—Ni). © Parameter values for the Fe™—CN—M" complexes without Jahn-Teller distortions
on [Fe(CN)s]*~ (Q; = 0) are included for the sake of comparison. Ground-state g tensors (normalized to a ground-state spin of +!/,) are g, = 0 and g. =
6.35; to get the g values for the ground-state effective spin, the reported ones should be divided by 3. The angles between the direction of the large components
of the g tensors and the x, y, and z axes of the global coordinate frame are 90° (x, y) and 0° (z). “ For the calculation of the exchange Hamiltonian
parameters, full configuration mixing between the ground-state spin multiplet and the electronically excited states was taken into account (in contrast
to eq 10). ¢ Parameter values of the exchange Hamiltonian which diagonalize the D, tensor of the Fe"—Nil! pair. The angles between the direction of the
unique Dj> component (—6.09 cm™!) and the x, y, and z axes of the global coordinate frame are 23, 68, and 87°, respectively. Ground-state g tensors
(normalized to a ground-state spin of £!/5) are g., = 0 and g. = 6.86; to get the g values for the ground-state effective spin, the reported ones should be
divided by 3. The angles between the direction of the large components of the g tensors and the x, y, and z axes of the global coordinate frame are 73° (x,

y) and 25° (2).
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Figure 11. Effect of dynamic Jahn-Teller coupling due to the 75, trigonal
modes on (a) the spin energy gap —Ep and (b) the x and y and (c) z
components of the g tensor of the Fe'—Ni!l pair. The dependence of the
parameters on the vibronic coupling strength A and the zero-field splitting
of Nill (Dy;) are shown; A values for [Fe(CN)g]’>~ and [Mn(CN)]*~ are
indicated by arrows. Values of the vibronic coupling parameters used are
specified in Figure 2.

coincides with the Fe—CN—M linear bridge. The latter is
described by eq 15 in terms of Ap,,, the energy for tetragonal
splitting of the >T,, ground term. This splitting yields either
a 2E, or a By, ground term, depending on the sign of Ap,,
(Ap,, > 0 or Ap,, < 0, respectively). As shown in Figure
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Figure 12. Dependence of the spin energy gap parameters —Ep and E; of
an Fe!''—Cu! pair on the parameter Ap,,, which describes the splitting due
to tetragonal strain created by the ligand L in a trans-[Fe(CN)y(L)4] or a
trans-[Fe™(CN)4L,] complex. The sign of Ap,, is determined by the
difference between the sw-bonding characters of L. and CN; for an amine
ligand L without orbitals for 7r bonding, the dominating s back-bonding of
CN~ should cause Ap,, to be negative {positive} for trans-[Fe'(CN),(L)4]
{trans-[Fe(CN)4L]}. Values of the parameters used for the plot are
specified in Figure 3.

12, both the magnetic anisotropy (—Ep) and the isotropic
exchange energy (E;) are greatly enhanced for tetragonal
strain that leads to a ?E, ground state on Fel'. In contrast,
both parameters are strongly quenched if a nondegenerate
2B,, ground state becomes separated from a ’E, excited state
with an energy gap Ap,, comparable to or larger than the
spin—orbit coupling energy 3&/2.

_ ;m 0 0
P (15)
2
0 0 Ap,

5. Comparison with Experimental Data

A large number of oligonuclear cyanometalates containing
Cu" or Ni"" combined with low-spin Fe™ and having
ferromagnetic ground states have been synthesized and
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Table 5. Spin Ground States (S), Exchange Coupling Constants (J in Hee = —JS;*S3), Calculated (U) and Experimental (U.s;) Effective Energy
Barriers for Reorientation of the Magnetization, and Zero-Field Splitting Parameters (D and E) in Trinuclear Fe'=Ni'—Fe!ll, Rectangular (Fe!);(M),,
Trigonal Bipyramidal (M;)2(M2); (M; = Felll, Nil'; M, = Cul, Nill, Fe!l"), and Heterocubane Ni'yFe!l; Exchange Complexes®

complex S JM;—My) Uese U D E ref
cis-Ni'l(NC),Fe!lly 2 9.3 8 13.7 —3.4° 1
trans-Nil(NC),Felll,* 2 1.7 - - - 1
Felll,(CN)4Cully! 2 12.6 - - - 5
Felll,(CN)4Cully” 3¢ 9.8 - - - 6
Fely(CN)4Ni'l,” 3 10.6 - 35.8 —3.98¢ 7
Fell,(CN)4Cu',” 2 23.8 - - - 8
Fe,(CN)4Culy” 2 2.76 - 4.6 —1.15%¢ 8
Fell,(CN)4Ni',7 3 9.04 18.9 34.65 —3.85 8
Felll,(CN)eCulls” 5/, 17.0 16 W —5.7 0.0014 9
Fe!ll,(CN)Culls* 5/, 6.9 - 29" —0.49¢ 0.094 10
Fe'll,(CN)Culls’ 5/, 15.84 - 14.34 —2.39¢ 0.36 10
Felll,(CN)eNill3* 4 10.6 - - —8 - 11
Fe!ll,(CN)eNills? 4 8.6 - - —h - 12
FGHIQ(CN)(,NngW 4 6.6 - - —i - 12
Felll,(CN)gNills* 4 10.8 - - —1.7¢ 0.02 2
Nill,(NC)gFellly A 9.7 - - —0.8¢ - 3
Fely(CN),Nil;? 6 12.7 7.93 —0.22¢ 4
Felly(CN),Nill, 6 12.0 14.0 —0.39¢ 10

“ All energies in cm™!. ” Calculated from U using the equation U = S2IDI for integer spins S. ¢ Coupling of two § = 1 Cu!' iminonitroxide units with two
s =1/, low-spin Fe'" centers. ¢ From a fit to field-dependent magnetization. ¢ Inaccurate because of the proximity of the excited S = 1 spin state, which is
only 2.76 cm™! above the ground state. / Calculated from D using the equation U = (S2 — !/4)IDI for half-integer spins S. ¢ Positive zero-field splittin%
parameter of 2.4 for Ni'.'' " Positive zero-field splitting parameter of 8.8 for Ni'l.'> /Positive zero-field splitting parameter of 5.8 for Ni!
7 {[(pzTp)Fe'(CN);3]12[Nil(bipy),]} *2H,O; bipy = 2,2-bipyridine, pzTp = tetra(pyrazol-1-yl)borate. * {[(pzTp)Fe"'(CN);],[Ni’(L)]}+!/2MeOH; L =
1,5,8,12-tetraazadodecane. ! [Fe™>Cu™y(u-CN)4(bpy)s](PFg)s*4CH3CN - 2CHCl3. ™ [Fel,Cu'ly(1-CN)4(dmbpy )a(impy)2](ClO4)s - 4CH;0H - 4H,0; dmbpy =
4,4’-dimethyl-2,2’-bipyridine, impy = 2-(2-pyridyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy. " {[Tp*Fe!l'( CN);Ni'(DMF)4],(OTf), } - 2DMF; Tp*
= hydridotris(3,5-dimethylpyrazol-1-yl)borate, OTf = trifluoromethanesulfonate. ° [(Tp)Fe(CN);Cu(Tp)],*2H,O; Tp = tris(pyrazolyl)hydroborate.
7 [(Tp)Fe(CN)3Cu(bpca)]2+4H,0; bpca = bis(2-pyridylcarbonyl)amidate anion. ¢ [(Tp)Fe(CN);Ni(tren)]2(ClO4),°2H,0; tren = tris(2-aminoethyl)amine.
" [Tpa(Mestacn)3;CusFea(CN)6](Cl04)4+ 2H,0; Mestacn = N,N',N”-trimethyl-1,4,7-triazacyclononane. * [(Tp4B°)2(Megtacn)3Cu3Fez(CN)6] (C104)4+5H,0; TpBe
= tris(indazolyl)hydroborate. ’ [(pzTp)2(Mestacn);CuzFer(CN)g](Cl04)4-4H20. * {[Ni(bpm),]3[Fe(CN)glz}+7H,0; bpm = bis(1-pyrazolyl)methane.
¥ {[Ni(tmphen),]3[Fe(CN)g]> } * 14H,O; tmphen =3 4,7 8-tetramethyl- 1,10-phenanthroline.* [Ni(bpy)(H>O)]{ [Ni(bpy)2]o[Fe(CN)g]> }  12HO.* [Tpa(cyclen)sNisFex(CN)g|(BEs)s;
Tp = hydrotris(1-pyrazolyl)borate, cyclen = 1,4,7,10-tetraazacyclododecane. A possible alternative set with D = 2.6 cm™! and E = 0.18 cm™! has been
reported. ¥ [(Tp)3(TpmMe),Fel';Nill,(CN)o](ClOy4) * 15H,0; TpmMe = tris(3,5-dimethyl-1-pyrazolyl)methane. * [(pzTp)Fe'(CN)3]4[Ni"L]4(OTf)s* 10DMF-Et,0;

L = 2,2,2-tris(pyrazolyl)ethanol. ““ [(pzTp)s(phen)sNigFe4s(CH30H)4(CN)2](Cl04)4+4H,0.

characterized (Table 5). These include trinuclear Fe,Ni
complexes containing trans- and cis-(Fe—CN),—Ni units,’
heterometallic square-shaped M,Fe, complexes,”® trigonal
bipyramidal M;Fe, structures,>>'? and heterometallic
NisFe4 cubane complexes.“’10 Effective thermal barriers U
for the reversal of magnetization, obtained by temperature-
dependent ac susceptibility measurements, indicate that only
three of the systems, cis-Fe;Ni,! FeoNib,® and Fe,Cus,”
display SMM behavior. In nine other systems, a negative D
value was deduced from a fit to field-dependent magnetiza-
tions (Table 5). Despite having similar cluster topologies and
the same type of ferromagnetic ground state, seven other
systems with integer-spin ground states (frans-Fe,;Ni, three
Fe,Cu, compounds, and three Fe;Ni; compounds) demon-
strated no SMM behavior. What is the reason for these
striking differences?

We have performed calculations of the spin levels of
clusters containing Fe and Cu" or Ni'!, based on the vector
coupling scheme presented in the Theory section; the
topologies and coordinate systems used in these calculations
are specified in Figure 13. The exchange coupling tensors
of Fe"—Cu" and Fe"—Ni! pairs having linear Fe—CN—M
bridges and no angular distortion of [Fe(CN)]3~ assume a
simple form in which only two exchange parameters (D and
J) are needed in order to describe each pair. The local g and
D tensors of the dinuclear units can be coupled to yield the
spin levels and magnetic properties of entire magnetic
clusters. Ground-state spin multiplicities, spin gap energies
(relative to the ground state) and multiplicities of the lowest
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Figure 13. Oligonuclear spin clusters based on Fe'=M! pairs with linear
Fe!ll=CN—M" bridges, for which the data in Tables 6 and 7 were calculated.

excited spin states, and magnetizations as a function of
direction and the magnitude of the applied magnetic field
[in the low-field (B = 0.2 T) and high-field (B = 7 T) limits]
are provided in Table 6. Values of the g tensor for spin
clusters having a doubly degenerate (bistable) ground state
are listed in Table 7. The calculations yielded a sizable spin
gap energy, comparable in magnitude to that reported”® for
CusFe, (=D = 5.7 cm™!, Table 5) for only three of the
systems, namely, linear Fe—Ni, trans-Cu—Fe—Cu, and
Ni—Fe—Ni. In these examples, a large, field-independent
magnetization along the easy axis (oriented in the z direction)
and almost zero perpendicular magnetization were obtained,
and the calculated g-tensor components (Table 7) reflect this
anisotropy. A very small spin energy gap was calculated for
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Table 6. Energies (in cm™!) and Multiplicities of the Ground” and Lowest-Excited Spin States and Field-Dependent Ground-State Magnetizations” (in

Bohr Magnetons) of Highly Symmetric Oligonuclear Model Spin Clusters Built Up from Fe!'=M! Cyanide-Bridged Pairs

cd

lowest-excited spin state B=02T B=17T
ground-state
complex multiplicity energy multiplicity M, M, M. M, M, M.
CuFe 1 53 1 0.11 0.11 1.02 1.74 1.74 1.86
NiFe 2 4.30 2 0.14 0.14 3.16 2.95 2.95 3.16
trans-CusFe 2 6.22 2 0.28 0.28 2.85 2.61 2.61 2.85
trans-NipFe 2 4.30 4 0.24 0.24 5.46 5.00 5.00 5.46
cis-CupFe 2 0.04 2 1.22 2.24 2.24 2.68 2.89 2.89
cis-NixFe 4 1.78 4 0.80 433 433 5.10 5.34 5.34
CuyFe; 1 1.29 1 0.67 0.67 0.17 3.70 3.70 3.24
Ni,Fe, 4 1.93 4 4.67 4.67 0.73 6.21 6.21 5.59
CusFe, 2 1.11 2 2.78 2.78 2.32 4.67 4.67 4.47
NiszFe, 1 0.35 3 3.92 3.92 1.57 8.31 8.31 8.37
CuyFey 1 2.37 2 1.08 1.08 1.08 7.23 7.23 7.23
NisFes 4 0.21 12 9.23 9.23 9.23 12.20 12.20 12.20

“ Energies of the spin ground states are set at zero. ” Magnetizations M, M,, and M. are defined with respect to the global Cartesian axes established for
each model complex as shown in Figure 13. ¢ Data for the constituent dinuclear Fe"—M" units are given for the sake of comparison. Calculations have been
done using the pair model, adopting a regular (nondistorted) octahedral [Fe(CN)g]*~ unit, assuming fourfold (pseudo)symmetry of each M—NC—Fe bridge,
and coupling the local g; and D;; tensors of each pair to the tensors of the total cluster. Values of the isotropic spin coupling energy J and the parameter D
that defines the local anisotropy D tensor for each M—Fe pair were —4.49 and 5.93 cm™!, respectively, for Fe'l—=Cu!' and —2.87 and 4.30 cm ™!, respectively,
for Fe"'—Nil'; other parameter values for Fe were k = 0.79 and { = 345 cm™!. Values of the g-tensor components were g, = g, = g. = 2.30 for Ni'l, g, =
gy = 2.18 and g. = 2.00 for CuFe and Cu;Fe, g, = g, = 2.05 and g. = 2.25 for CusFe, [with the directions of g;., and g;. taken to be within and perpendicular
to, respectively, the Fe,—Cu;—Fes (i = 1, 2, 3) plane], and g, = g, = g; = 2.116 for CuyFe; and CuyFe,. 4 Bold print indicates a system having a field-

independent magnetic moment and strong anisotropy.

Table 7. Values of g-Tensor Components” for Oligonuclear Model
Spin Clusters Containing Fe!! and Cu! or Ni!! and Having Doubly
Degenerate (Bistable) Spin Ground States”

spin cluster o 8" 8"

NiFe 0 0 6.351
trans-Cu,Fe 0.379 0.379 5.693
trans-Ni Fe 0 0 10.920
cis-CuyFe 2.294 3.860 3.860
CusFe; 4.862 4.862 4.160

“ See Figure 13 for the definition of the global Cartesian axes x, y, and
z for each spin cluster. ” See Table 4 for definitions and numerical values
of the local Ni'' and Cu! g tensors. ¢ Values of the g-tensor components
are given with respect to an s” = !/, effective spin; to get the g-tensor
components of the actual spin, the values from the table must be divided
by the total number of s = !/, spins (i.e., by 3 for NiFe and trans- and
cis-CuyFe or 5 for trans-NipFe and CusFe,).

all of the other systems. As the field-dependent ground-state
magnetization values (Table 6) indicate, there is a strong
effect of the magnetic field on the ground state via mixing
of the closely spaced ground and excited spin states. There
is a cancellation of the large anisotropies of the individual
Fe"—Cu" and Fe™—Ni"" pairs when their local Dy, and g
tensors are coupled in magnetic clusters of high symmetry,
such as the MsFe, and M4Fe, complexes. Magnetic anisotro-
pies for CusFe,, in both the magnetization and the g tensors,
were found to be small. This contrasts with the high
anisotropy measured in the CusFe, SMM.® Parameters for
angular distortions within the bridging Fe(CN); site [i.e., OaL,
the deviations of the C—Fe—C angles o from 90°] and for
distortion of the Fe—CN—M bridges from linearity [i.e., 03
and Oy, the deviations of the Fe—C—N and C—N—M angles
p and y, respectively, from 180°] are listed in Table 8. With
a Jahn-Teller coupling mechanism, the parameters of the
exchange Hamiltonian strongly depend on the distortions da.,
as reflected by the energy —E) (see Figures 9 and 10a). These
distortions are very large for Fe,Mj3 (see Table 8) and are
therefore expected to strongly influence the spin levels and
magnetic properties. However, the variation of da is irregular
and does not allow the application of the simple symmetry-

Table 8. Deviations (da, in deg) of the C—Fe"-C Angles o from 90°
(the Value Corresponding to a [Fe(CN)s]*~ Complex without Angular
Distortions) and Deviations (6 and dy, in deg) of the Fe'=C—N and
C—N—M" Angles 8 and y, Respectively, from 180° (the Value
Corresponding to Ideally Linear Fe—C—N—M Units), As Derived from
Structural Data on CusFe,” and NizFe,? Spin Clusters

Fe—M pair®  da(C—Fe"-C)  f(Fe"-C—N) 0y(C—N—-M")
CU3F62

Fes—Cuy —3.1 —2.4 —10.4

Fe;—Cu, —0.8 —3.1 =73

Fe;—Cus —1.8 —3.6 —8.8

Fes—Cuy —3.6 —3.2 —6.0

FES—CU2 —3.4 —-1.9 —-8.3

Fes—CU3 09 _28 _85
Ni3F62

FC4*Ni1,2,3 —1.9 —0.8 —4.2

FestiLZ,g 0.5 —-0.9 —10.8

“ See Figure 13 for definitions of atom labels.

based Jahn-Teller description. Therefore, a full calculation
using the exact angular geometry in each magnetic cluster
is mandatory when modeling the magnetic data.

In addition to da., the geometry of the Fe—CN—M bridge
is expected to affect the anisotropy. Because the Fe'—CN
bond is stronger than the CN—M! bond, deviations (d7) of
the C—N—M angle due to angular strain and packing forces
are expected to be larger than those (6f3) of the Fe—C—N
angle. This expectation is supported by the data in Table 8.
It has been shown experimentally! and by DFT calcula-
tions'?> (see also ref 126) that nonzero values of 3y decrease
the overlap of the magnetic orbitals and reduce the exchange
coupling energy JCE). In contrast, J(*B,) is expected to
increase in magnitude. This must be taken into account in
quantitative studies.

From the comparison between the computational results
for model clusters of high symmetry and the reported
magnetic data, we conclude that symmetry reduction (as
revealed by the reported angular distortions) plays a different

(125) Zhang, Y.-Q.; Luo, C.-L.; Yu, Z. New J. Chem. 2005, 29, 1285.
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role in trans-M,Fe than in MsFe, and MyFes; complexes.
Angular distortions reduce the magnetic anisotropy of the
linear Cu—Fe—Cu and Ni—Fe—Ni structures but induce
anisotropy in the higher-symmetry MsFe, (D3;) and MFey
(T,) clusters. This conclusion is supported by experimental
data on highly symmetric Cu"sFe's cyanide-bridged face-
centered cubic clusters that demonstrate SMM behavior. '8

A large and accidental ground-state degeneracy of 4 is
predicted for the regular cis-NiFe, NiFe,, and NisFe, spin
clusters having C,,, Dy, and T, symmetries, respectively,
and an even larger degeneracy (12) is found in the lowest
excited state of FesNis, which lies only 0.21 eV above the
ground state. When coupled to angular distortions, these
degenerate ground states can be modified by antisymmetric
exchange, which can be very large even for small values of
oa (see Table 4). This might help to explain the atypical
relaxation behavior reported for the Fe Ny SMM.#

The effect of tetragonal strain (Figure 12) is manifested
by bulk magnetic susceptibility, ESR, and Mossbauer data
on the cyanide-bridged Fe"—Cu'" heterobinuclear complex
in [Fe(P)CNCu(N4)](ClO4),+3H,0 [P = o, 0,0, 0-tetrakis(o-
nicotinamidophenyl) porphyrin].®* Stabilization of the non-
degenerate *B,, ground state of Fe!'l (negative Ap,,) and the
small positive value of J(B,) lead to an §* = 1 ground state
and an §” = 0 excited state that are estimated by EPR to be
separated by only 0.25 cm™'. Using the DFT values for J(E)
and J(B,), we have been able to reproduce this energy gap
with a strain energy of Ap,, = —1000 cm™!. Reported small
values of the anisotropic and antisymmetric exchange
parameters extracted from a simulation of the ESR spectrum
nicely manifest the quenching of orbital momenta due to
lifting of the orbital degeneracy of the 2T, ground state of
Fel'. However, subtle effects arising from the coordination
geometry of the Fe'! site may tune the anisotropic splitting
of the §” = 1 sublevels over a wide range, leading to a spin-
singlet ground state (M, = 0) and the absence of an EPR
signal, as reported for the CN™ derivative of the oxidized
form of the enzyme cytochrome oxidase, which has a pair
of ferromagnetically coupled Cu™ and low-spin Fe'™ sites and
a similar §" = 1 ground state.®'%*

6. Conclusions

1. A large magnetic anisotropy having an easy axis of
magnetization along the cyanide bridge is predicted for
Fe™—M" (M = Cu, Ni) pairs with linear Fe™—CN—M"
bridging geometry and regular [Fe(CN)s]*~ octahedra. It
arises from the orbital angular momentum in the *T», ground
state of [Fe(CN)g]*>~, which is transmitted to the spin ground
state of the cluster by an orbital-dependent exchange mech-
anism. Enhancement of the exchange anisotropy is predicted
to occur when it is combined with the single-ion anisotropy
of Ni"" with a negative sign of D (leading to an M, = 1 <
M; = 0 splitting of the S = 1 ground state of Ni). This
implies that the Ni'"L¢ octahedra are tetragonally compressed
with a tetragonal axis aligned along the bridge.
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2. In contrast to the Mn"-based SMM,'?”~'?° Jahn-Teller
coupling is not always favored for SMMs in spin clusters
composed of Fe—Cu" and FeM—Ni" cyanide-bridged
exchange-coupled pairs. Both Cu" and Fe™™ are Jahn-Teller
active (for Fe'l, the Jahn-Teller coupling is relatively small
but on the same order of magnitude as the spin—orbit coupling
interaction). A trigonal distortion of as little as 2—3° in the
[Fe(CN)]*~ site is able to destroy the magnetic anisotropy,
i.e., to reduce the spin anisotropy gap energy (—Ep or U) in
both the Fe™—Cu™ and Fe™—Ni' pairs (Figures 9 and 10a,
respectively). This is also the case in trans-Cu—Fe—Cu and
-Ni—Fe—Ni complexes. Therefore, in the synthesis of new
SMM materials, it is necessary to pay attention to the angular
geometry and electronic structure of the Fe' site, as revealed
by absorption spectra due to d—d transitions. The Fe—CN
bond is strong, and it is expected that Fe—CN distortions
are less important. However, this may change for cyanide
complexes having different ligands in the coordination sphere
of Fe' {e.g., in magnetic clusters composed of the Fe(CN);
units in [Fe(Tp)(CN);]~ [Tp = hydrotris(pyrazolyl)borate],
which impose a trigonal geometry,>® and in the [Fe(P)CN-
Cu(NgI*" [P = a,a,0,0-tetrakis(o-nicotinamidophenyl) por-
phyrin] complex,®* which has tetragonal symmetry}. On the
basis of ty, orbital splittings (reported from EPR measure-
ments'*” to be as large as 2900 cm™), it is expected that
ancillary ligands can significantly modify the magnetic
anisotropy. In particular, for cyanide complexes of Fe™ with
ligands inducing a %E, ground state, an increase of the
magnetic anisotropy of the Fe™—CN—M" pairs is predicted
(as discussed in the section on strain).

3. Symmetry reduction is found to increase the magnetic
anisotropy in spin clusters with high symmetry and partial
or complete cancellation of the Fe™—Cu™ and Fe™—Ni local
anisotropy tensors, as in MsFe, and M4Fey.

4. The use of Ni" instead of Cu" complex precursors seems
to be preferable; it yields more-regular M" polyhedra and
can add a negative single-ion anisotropy contribution to the
SMM in certain cases. The latter effect can be under chemical
control (i.e., enforcement of tetragonal compression rather
than elongation in the NiL¢ precursor).

5. Dynamic Jahn-Teller coupling in hexacyanometalate
2T,, ground states is found to reduce the magnetic anisotropy
to an extent that depends on the vibronic coupling strength.
The effect is found to be weak with [Fe(CN)g]*~ but may
become important with other hexacyanometalates, such as
[Mn(CN)e]*~.

6. A procedure for computing the anisotropic exchange
in oligonuclear clusters derived from Fe™—MT" pairs, which
involves two parameters J(E) and J(B,) that define a Cy,
pseudosymmetry around each pair, has been proposed.
Mixing of the magnetic orbitals due to deviations from this
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ideal geometry is taken into account by explicit consideration
of the ligand field distortions around each Fe' center. From
such calculations, the isotropic constant J and the magnetic
anisotropy described by the symmetric (D) and antisymmetric
(A) tensors of each Fe™—M" pair can be deduced and then
added using a vector coupling scheme to yield exchange
coupling tensors for the whole cluster. Qualitative discussions
based on a high-symmetry concept related in this work to
the Jahn—Teller effect can be extended to quantitative studies
that focus on systems with strongly irregular Fe(CN)¢*~
geometries or on low-spin Fe—cyanide complexes contain-
ing other ligands in the coordination sphere of Fe'™.
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