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ABSTRACT: The polynuclear compounds containing anisotropic
metal ions often exhibit efficient barriers for blocking of magnet-
ization at fairly arbitrary geometries. However, at variance with
mononuclear complexes, which usually become single-molecule
magnets (SMM) under the sole requirement of a highly axial crystal
field at the metal ion, the factors influencing the SMM behavior in
polynuclear complexes, especially, with weakly axial magnetic ions,
still remain largely unrevealed. As an attempt to clarify these
conditions, we present here the synthesis, crystal structures, magnetic
behavior, and ab initio calculations for a new series of Ni'—Ln"—WV
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trimetallics, [(CN),W(CN)Ni(H,0)(valpn)Ln(H,0),]-H,0 (Ln =Y 1, Eu 2, Gd 3, Tb 4, Dy S, Lu 6). The surprising finding is
the absence of the magnetic blockage even for compounds involving strongly anisotropic Dy™ and Tb™ metal ions. This is well
explained by ab initio calculations showing relatively large transversal components of the g-tensor in the ground exchange
Kramers doublets of 1 and 4 and large intrinsic tunneling gaps in the ground exchange doublets of 3 and S. In order to get more
insight into this behavior, another series of earlier reported compounds with the same trinuclear [WYNi"Ln™] core structure,
[(CN),W(CN)Ni(dmf)(valdmpn)Ln(dmf),]-H,O (Ln = Gd™ 7, Tb™ 8a, Dy™ 9, Ho™ 10), [(CN),W(CN)Ni(H,0)-
(valdmpn)Tb(dmf), s(H,0), s]-H,0-0.5dmf 8b, and [(CN),W(CN)Ni(H,O)(valdmpn)Er(dmf);(H,0),]-H,0-0.5dmf 11, has
been also investigated theoretically. In this series, only 8b exhibits SMM behavior which is confirmed by the present ab initio
calculations. An important feature for the entire series is the strong ferromagnetic coupling between Ni(II) and W(V), which is
due to an almost perfect trigonal dodecahedron geometry of the octacyano wolframate fragment. The reason why only 8b is an
SMM is explained by positive zero-field splitting on the nickel site, precluding magnetization blocking in complexes with fewer
axial Ln ions. Further analysis has shown that, in the absence of ZFS on Ni ion, all compounds in the two series (except those
containing Y and Gd) would be SMMs. The same situation arises for perfectly axial ZFS on Ni(II) with the main anisotropy axis
parallel to the main magnetic axis of Ln(III) ions. In all other cases the ZFS on Ni(II) will worsen the SMM properties. The
general conclusion is that the design of efficient SMMs on the basis of such complexes should involve isotropic or weekly
anisotropic metal ions, such as Mn(II), Fe(Ill), etc., along with strongly axial lanthanides.

B INTRODUCTION

Researchers’ interest toward the field of molecular magnetism
has increased considerably after the discovery of the first single-
molecule magnet (SMM), Mny,(acac)." SMMs are currently
regarded as promising materials for future storage devices and
spintronics.”” Early studies have indicated that the blocking
barrier of magnetization depends on the total spin, the axial
zero-field splitting (ZFS) parameter, and the total spin as Uz ~
IDIS2> This is, first of all, the case of “classical” SMM:s based on
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transition metals, such as Mn,(acac),’ Feg" Mng,"™ and
others. After the first report on a single-ion lanthanide SMM,
the double-decker Tb(III) phthalocyanide complex,S an
intensive study of lanthanide based SMMs has begun, as they
have been found to possess higher blocking barriers of
magnetization.’ This is entirely due to a different origin of
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relaxation barriers in lanthanide compounds. While in
Mny,(acac) the barrier is of exchange type, ie., arising from
the ZFS of the ground exchange multiplet S of the complex,3 in
single-ion lanthanides it arises from the crystal-field splitting of
the ground atomic J multiplet.” Usually, this splitting arises in
the form of separated doublets and the relaxation path goes via
the first, second, or even third excited doublet.” As it was shown
in previous studies, the key feature for the Ln™ ion to be good
SMMs is the axiality of its ground and low-lying excited
doublets.”

Interesting magnetic behavior has also been found in mixed
transition metal—lanthanide complexes. In these compounds,
the combination of the above factors will influence their ability
to show SMM properties. Given the complexity of magnetic
interaction in such systems, it is not possible to foresee a priori
their blocking properties. Furthermore, the design of
heterometallic complexes requires the development of an
appropriate synthetic strategy. The synthetic task becomes
more difficult when three different metal jons have to be
gathered within the same molecular entity.

So far, the number of heterotrimetallic complexes, with all
metal ions paramagnetic, is not large. The very first 3d—3d'—
3d” heterotrimetallic complexes, obtained in a rational way,
were reported by Chaudhuri et al.” Their synthetic strategy is
based upon unsymmetrical bicompartmental Schiff-base oxime
ligands, which encapsulate two different metal ions, My and
Mc. The preformed bimetallic oximate can further act as a
ligand toward the third metal ion, M,, whose coordination
sphere is partially blocked by a capping ligand, tmtacn (1,4,7-
trimethyl-1,4,7-triazacyclononane). Another rational synthetic
approach is based on stable cationic 3d—3d’ heterobimetallic
complexes, which are obtained emlploying dissymmetric
macrocyclic compartmental ligands.'” The self-assembly
processes involving these binuclear species and anionic
complexes, containing the third metal ion and potentially
bridging groups (cyanide, oxalate), lead to the desired
compounds. Following this route, several 3d—3d’'—3d”
complexes have been obtained.'" The one-pot procedures,
which are rather serendipitous, can also generate hetero-
trimetallic complexes. For example, the reaction between
copper powder, cobalt and nickel chlorides and 2-
(dimethylamino)ethanol afforded alkoxo-bridged pentanuclear
[Cu,"Co"Ni,"] complex]."?

More numerous are heterotrimetallic complexes containing
two different d metal ions and a lanthanide (3d—3d’—4f; 3d—
4d—4f; 3d—Sd—4f). A straightforward route leading to such
systems employs preformed bi- or trinuclear 3d—4f complexes,
which interact with an anionic metalloligand ([M(CN),]*~, M
= Fe' Cr'"; [M(CN)g]*", M = Mo", W")."*** The bi- or
trinuclear 3d—4f tectons are readily obtained using side-off
compartmental Schiff-base ligands derived from o-vanillin.'"*
Other useful trinuclear {M"Ln™M"} tectons (M = Co, Cu, Ni)
are obtained using 2,6-di(acetoacetyl)pyridine as a ligand. A
very interesting 3-D coordination polymer, showing sponta-
neous magnetization below T, = 15.4 K, has been constructed
from {Co"Ln™Co™} nodes and [Cr(CN)]*~ spacers, which
connect the cobalt ions from adjacent nodes."

The design of heterotrimetallic complexes in itself remains a
simple synthetic exercise if the third metal ion does not bring a
new property or if it does not interact in a constructive way
with the other metal ions. Within this line, it has been shown
that, when paramagnetic complexes are employed as metal-
loligands, it is possible to connect SMMs, resulting in SCMs

(single chain magnets).me'14 In order to observe the slow
relaxation of the magnetization, which is characteristic for
SMMs and SCMs, various metal ions exhibiting strong Ising
magnetic anisotropy are commonly employed (Tb™, Dy,
Ho™, Co", etc.). The analysis of the crystal structures of the
heterotrimetallic complexes obtained from Cu"—Ln™ nodes
and polycyanido metalloligands shows that the metalloligand
coordinates frequently into the apical position of the Cu" ion.
This means that the exchange interaction between Cu" and the
other metal ion is very weak. The problem can be solved by
replacing Cu" with Ni'’ Indeed, a rational way in constructing
high spin heterotrimetallics was developed and consists of the
assembling [Ni"Ln™]** and [W(CN)s]>~ ions.'® Two series of
discrete heterotrimetallic complexes were obtained, depending
on the nature of the solvent used: neutral trinuclear
[Ni"Ln™W"] species, starting from [(valdmpn)Ni(H,0),Ln-
(O,NO);] and (NHBu;);[W(CN)g] through slow diffusion of
tetrahydrofuran (thf) into the dimethylformamide (dmf)
solution of the two precursors;'® neutral hexanuclear
[{N"Ln™},{W"},] species, by reacting the two precursors,
[(valdmpn)Ni(H,0),Ln(O,NO);] and Cs;[W(CN);], in
aqueous solution (valdmpn?~ stands for the dianion of the
Schiff-base resulting from the condensation of o-vanillin with
2,2-dimethyl-1,3-propanediamine).'®® Within the trinuclear
complexes, the metalloligand interacts solely with Ni' ions.
Previous works showed that Ni"~W" and Ni"—Gd™ exchange
interactions, in the corresponding bimetallic complexes, are
ferromagnetic.'”'® Consequently, the two exchange pathways
within the [WYNi"Gd™] trinuclear complex must be
ferromagnetic. The magnetic measurements confirmed indeed
these expectations, the ground state being S = 5. When Gd™ is
replaced by the anisotropic Tb™ ion, the [(CN),W(CN)Ni-
(H,0)(valdmpn) Tb(dmf), s(H,0), 5]-H,0-0.5dmf complex
behaves as an SMM. ** In other words, by combining three
different ions, two important conditions for obtaining SMMs
are easily fulfilled: a high spin, resulting from ferromagnetic
interactions between the metal ions, and a strong magnetic
anisotropy.

We have previously proved the existence of a ferromagnetic
interaction between Ni' and Gd™ or Ni" and highly anisotropic
Ln™ ions such as Tb™, Dy™, or Ho™ in [Ni"(valpn)Ln'™]
heterodinuclear complexes (valpn®~ represents the dianion of
the Schiff base resulting from o-vanillin and 1,3-propanediamine
in 2:1 molar ratio) and an SMM behavior for Tb™ and Dy™
derivatives.'® Using [Ni"(valpn)Ln™] building blocks we have
obtained and characterized various systems, ranging from
discrete to 1-D species.'”

In this paper, we report on a new series of [WYNi"Ln™]
complexes with the general formula [(CN),W(CN)Ni(H,0)-
(valpn)Ln(H,0),]-H,0 (Ln =Y 1, Eu 2, Gd 3, Tb 4, Dy §, Lu
6). Compounds 2—6 belong to a class of heterospin complexes
which is now expanding: heteropolynuclear complexes
containing three different metal ions, all paramagnetic.'®'®
The surprising finding, however, is the absence of the magnetic
blockage even for compounds involving strongly anisotropic
Dy™ and Tb™ metal ions. To understand this situation, 1, 3, 4,
and 5 complexes have been theoretically investigated by means
of ab initio calculations. In order to get more insight into this
behavior, another series of earlier reported compounds,'** with
the same trinuclear [WYNi"Ln™] core structure, [(CN),W-
(CN)Ni(dmf) (valdmpn)Ln(dmf),]-H,0 (Ln = Gd™ 7, Tb™
8a, Dy™ 9, Ho™ 10), [(CN),W(CN)Ni(H,0)(valdmpn)Tb-
(dmf), (H,0),5]-H,0:0.5dmf 8b, and [(CN),W(CN)Ni-
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(H,0)(valdmpn)Er(dmf);(H,0),]-H,0-0.5dmf 11, has been
also investigated theoretically. In this series, only 8b exhibits
SMM behavior,'** which is confirmed by the present ab initio
calculations. The reason why 8b is the only slowly relaxing
compound from the investigated large series is elucidated. The
theoretical analysis allows the establishing of general rules for
the design of efficient SMMs in this class of complexes.

B EXPERIMENTAL SECTION

General Procedures and Materials. The chemicals used, i.e., o-
vanillin, 1,3-diaminopropane, Ni(NO,),-6H,0, Ln(NO,);«H,0, and
all the solvents (THF, acetonitrile), were of reagent grade and were
purchased from commercial sources. Cs;[W(CN)g] was obtained as
indicated in the literature.”

The first step of the synthetic strategy consists of the formation of
the heterodinuclear [Ni'(valpn)Ln™] building blocks we have
previously described.'® In order to get heterotrimetallic [Ni'Ln'W"]
systems, heterodinuclear [Ni'(valpn)Ln™] complexes and
Cs3[WY(CN), >~ react as indicated in Scheme 1.

Scheme 1. Synthesis of the Heterotrinuclear [Ni"'Ln"™"W"]
Systems

<:N\\ /()\/ [W(CN)g)* & <:N\ /()
Ni Ln(NOy; ————P Ni Ln(OH,),
N// \()/ \ =3 NOy N// 0/
| OH, | OH,
Ny O

The reaction is done in tubes by slow diffusion of the reagents. The
inferior layer was obtained by dissolving 0.1 mmol of Cs;[WY(CN),]
in 10 mL of water, while the upper one resulted by dissolving 0.1
mmol of the corresponding heterodinuclear [Ni(valpn)Ln™]
complex in 10 mL of acetonitrile. The interface between these two
solutions was made from 20 mL of a 1:1 water—acetone mixture.
Crystals of the desired compounds, dark-green in color, were obtained
after 1-2 days.

Crystallography. X-ray diffraction data for crystals of compounds
1, 2, 4, S, and 6 were collected at 293 K on an IPDS II STOE
diffractometer using a graphite-monochromated Mo Ka radiation
source (1 = 0.71073 A). For compound 3 diffraction data were
collected at 180 K on an Apex2 Bruker diffractometer using a graphite-
monochromated Mo Ko radiation source (A = 0.71073 A) and
equipped with Oxford Cryosystems Cryostream Cooler devices.
Multiscan absorption corrections were applied. Structures were solved
by direct methods and refined by full-matrix least-squares techniques
based on F* for compounds 1, 2, 5, and 6 and on F for compound 3,
respectively. Non-H atoms were refined with anisotropic displacement
parameters. Structures were solved using SHELXS-2014 (for
compounds 1, 2, 5, and 6) or SIR92 (for compound 3) and refined
using SHELXL-2014 (1, 2, 4, 5, and 6) or CRYSTALS (3)
crystallographic software packages. Hydrogen atoms were refined
with riding constraints. Drawings of molecules were performed using
Diamond 3 software. X-ray crystallographic data in CIF format for 1, 2,
3, 5, and 6 are available as Supporting Information and also have been
deposited with the CCDC with the following reference numbers:
1490383 (1), 1490384 (2), 1490382 (3), 1490386 (5), and 1490385
(6). For compound 4, which is isostructural with compounds 1, 2, 3,
and §, we measured only the unit cell parameters. A summary of the
crystallographic data and the structure refinement parameters is given
in Table 1.

Magnetic Measurements. Magnetic data were obtained with a
Quantum Design MPMS-5 SQUID susceptometer. All samples
consisted of crushed crystals dispersed in grease to avoid orientation
in field. Magnetic susceptibility measurements were performed in the
2—300 K temperature range.

Computational Details. Ab initio calculations were carried out
with Molcas 7.6 program package for 1, 3, 4, and 5 and Molcas 8.0 for
7—11 and were based on different structural models.”" The calculated
fragments of Ln, Ni, and W are shown in Figure S2. Due to the
impossibility of including into one active space the magnetic orbitals
from all magnetic centers, calculations were done for individual
magnetic centers. In such calculations the other two metal ions were
substituted by diamagnetic closed-shell ions. In the case of Ln™
fragment calculations, Ni'" was replaced with Zn" and WY was replaced
with Ta", whereas in the case of Nil! fragment calculations, Ln™ was
substituted by Y"-AIMP (ab initio embedding potential)** and W" by
La"-AIMP respectively. Finally, in the case of the W' fragment
calculations, Ni" was replaced with a Zn"-AIMP. The Cholesky
decomposition of the electron repulsion matrix was used with a
threshold of 107 au to save disk space. The complete active space self-
consistent field (CASSCF) calculations have been done within two
basis set approximations, see Table S1 for details. The active space for
lanthanides was set to seven 4f-type orbitals, for tungsten to five 5d-
type orbitals, and for nickel to 10 orbitals (3d- and 4d-type) in order to
take into account the double-shell effect.”> The CASPT2 calculations
have been carried out for nickel fragments. The imaginary shift for the
zero order Hamiltonian was set to 0.05 eV. The IPEA shift was kept as
default value, which is 0.25 Ha. The CASSCF/CASPT?2 calculations
were followed by the restricted active space state interaction (RASSI)
method in order to include the spin—orbit interaction. The
SINGLE_ANISO module* was used for the calculation of local
magnetic properties of the mononuclear fragments. The exchange
interactions between magnetic centers were simulated within the Lines
model”® by means of POLY ANISO software’® using the effective
exchange Hamiltonian:

Ay = _]Ni_LngNi'SLn - ]Ni_ngi'gw (1)

This effective exchange Hamiltonian is diagonalized on the basis of
the products of the ab initio calculated spin—orbit eigenstates of the
metal fragments. On the basis of the exchange eigenstates, the
magnetic moments are computed, and they are further used for the
calculation of magnetic properties, such as magnetic susceptibility and
molar magnetization. The only fitting parameters of the employed
computational scheme are the exchange coupling parameters J and the
intermolecular interaction, which is included in a mean-field
approximation and is described by a single parameter zJ'. Their
values are extracted from the fitting of magnetic susceptibility and
magnetization data.

The B3LYP density functional has been used for DFT calculations
within the ORCA 2.9.0 software.”” Scalar relativistic effects were
accounted for by second-order Douglas—Kroll-Hess Hamiltonian.
The SVP Ahlrichs basis set was employed for all atoms.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structures. Compounds 1—6 have
been obtained following the same procedure: the slow
interdiffusion of an aqueous solution containing
Cs;[WY(CN);] and another one containing the corresponding
[Ni"(valpn)Ln"™] heterodinuclear complex dissolved in aceto-
nitrile. The crystallographic investigation showed that the six
compounds have similar structures and possess the same
angular trinuclear W—Ni—Ln core as the trimetallic complexes
reported earlier.'**

The octacyanido—tungstate anion coordinates through one
cyanido group into one of the apical positions of the nickel(II)
ion. The main difference between these complexes and those
previously reported arises from the nature of coordinated and/
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Table 1. Crystallographic Data and Refinement Parameters for Complexes 1—6

chem formula

1
Cy7H3N g0, NiYW

M (g mol ™) 988.09
temp (K) 293
wavelength (A) 0.71073
cryst syst monoclinic
space group P2,/c

a (A) 8.9506(5)
b (A) 13.9237(6)
¢ (A) 27.4023(15)
a(deg) 90.000

f (deg) 93.252(4)
7 (deg) 90.000
V(&%) 3409.5(3)
VA 4

D, 1.925

u (mm™) 5.669
F(000) 1940
refinement on P
goodness-of-fit 1.064

final R1, wR2 [I > no(I)]
R1, wR2 (all data)

0.0597, 0.1264 (n = 2)
0.0840, 0.1399

4
chemical formula C,7H;,N (O oNiTbW
M (g mol™) 1058.10

temp (K) 293

wavelength (A) 0.71073

cryst syst monoclinic

space group P2,/c

a (A) 8.9603(65)

b (A) 13.9385(74)

¢ (A) 27.435(24)

a (deg) 90.000

B (deg) 93.050(66)

7 (deg) 90.000

V (A%) 3421.6(43)

VA

D,

# (mm™)

F(000)

refinement on
goodness-of-fit

final R1, wR2 [I > no(I)]
R1, wR2 (all data)

2 3
C,;H3,N (O (NiEuW C,7H;,N 0 NiGdW
1051.14 1056.42
293 180
0.71073 0.71073
monoclinic monoclinic
P2,/c P2,/c
8.9747(3) 8.9103(3)
13.9587(4) 13.9215(5)
27.4653(9) 27.2730(10)
90.000 90.000
93.266(3) 93.553(4)
90.000 90.000
3435.13(19) 3376.6(2)
4 4
2.032 2.078
5.755 5.961
2036 1992
P F
1.057 0.998

0.0369, 0.0760 (n = 2)
0.0467, 0.0792

0.0449, 0.0545 (n = 1.7)
0.0936, 0.1360

S 6
Cy7H3,N 00, NiDyW Cy7H3,N 00 oNiLuW
1061.68 1074.1S
293 293
0.71073 0.71073
monoclinic orthorhombic
P2,/c P2,2,2,
8.9520(2) 8.9298(4)
13.9264(3) 13.9422(7)
27.3934(6) 30.8112(19)
90.000 90.000
93.261(2) 90.000
90.000 90.000
3409.58(13) 3836.0(4)
4 4
2.068 1.860
6.150 6.092
2048 2068
F P
1.191 1.055

0.0413, 0.1033 (n = 2)
0.0454, 0.1065

0.0840, 02182 (n = 2)
0.0984, 0.2316

or crystallization solvent molecules. In compounds 1-6,
although crystals were grown from water/acetonitrile solutions,
only coordinated and uncoordinated water molecules are found
in the crystal structures. Let us discuss here only the crystal
structure of the dysprosium derivative (Figure 1).

The dysprosium ion is placed in the outer, open compart-
ment, being surrounded by eight oxygen atoms: two phenoxido
and two methoxy oxygen atoms arising from the Schiff base
[Dyl-01 = 2.444(4); Dyl-02 = 2274(4); Dyl-03 =
2.282(4); Dyl—04 = 2.425(4) A] and four oxygen atoms
coming from the aqua ligands [Dy1—0O5 = 2.420(5); Dy1—-06
=2.414(5); Dyl—07 = 2.400(5); Dyl—08 = 2.357(4) A]. We
recall that, in the series of trinuclear [Ni"Ln"™"W"] previously
reported,l(m the coordination sphere of the Ln™ ions is filled by
oxygen atoms arising from the organic ligand and by four dmf
molecules or three dmf ligands and one aqua ligand.

The nickel ion is located into the N,O, compartment of the
ligand and shows an elongated octahedral stereochemistry, with
a N,O, tetragonal base formed by the donor atoms of the
organic ligand [Nil-N1 = 2.027(5); Nil-N2 = 2.005(5);
Nil-02 = 2.033(4); Nil—03 = 2.011(4) A], the apical
position being occupied by an aqua ligand [Nil-09 =
2.242(4) A], and a nitrogen atom arising from the cyanido
bridge [Nil—N3 = 2.106(5) A]. Intramolecular Ni--Dy, Ni-
W, and W:-Dy distances are 3.477, 5.342, and 6.971 A,
respectively. The W—CN—Ni moiety is angular, with C—N—Ni
= 162.7(5)°. The coordination polyhedron of the tungsten ion
can be described using the so-called continuous shape measures
analysis (CShM),*® which indicates a distorted dodecahedral
(DD) geometry, with one type A cyanido group as a bridging
ligand."” The coordinated and uncoordinated water molecules
are involved in an extended network of hydrogen bonds.
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Figure 1. Perspective view of the trinuclear complex [(CN),W(CN)-
Ni(H,0)(valpn)Dy(H,0),]-H,0, S.

At the supramolecular level, each trinuclear unit interacts
through hydrogen bonds with 8 neighboring trinuclear units
(05--N4!' = 3.001, 06---N9? = 2.741, O8--N7* = 2.771, O9---
N10° = 2.841, 09---N5° = 2.965, N4---O5' = 3.006, N5---097 =
2.965, N7---08° = 2.771, N9---O6> = 2.741, N10---09'° = 2.841
A) and two crystallization water molecules (O7--0,10" =
2.769, N6--0,,10" = 2.883 A), which are further hydrogen-
bonded to another two trinuclear units (O10--N6* = 2.879,
0,10%--07% = 2.769 A) [superscripts 1 = —x, 1 —y, —z; 2 =1
—x%1—y,—z3=1+x-1+y,z,4=x—-1+y,z5=1—x%,
—05+905—-26=-x—-05+y05-27=-x05+y0.5
—z,8=—1+x1+y29=x1+y210=1—-x05+y,0.5
—z;i==x —1+y,z il = =1 + x, y, z]. The result of these
interactions is a complex 3-D supramolecular structure, a part
of which is depicted in Figure 2. Selected bond distances for
compound § are collected in Table 2.

Magnetic Properties. Magnetic behaviors of the yttrium,
gadolinium, terbium, and dysprosium derivatives (1, 3, 4, and S,
respectively) have been investigated in the 2—300 K temper-
ature range. The yuT vs T and M vs H curves for these
compounds are displayed in Figures 3 and 4.

Figure 2. Detail of the packing diagram for compound § [superscripts
l=—x1-y-z4=x-1+y,2z6=—x-05+y05—27=—x
054905 —z9=x1+yzi=-1+xy,z].

Table 2. Selected Bond Distances for Complexes 1-3, 5, and
6

Complex 1
Nil-N1 2.023(7) Y1-01 2.426(6)
Nil-N2 2.018(7) Y1-02 2.263(6)
Nil—-N3 2.106(8) Y1-03 2.269(S)
Nil-02 2.043(6) Y1-04 2.421(6)
Nil-03 2.014(6) Y1-05 2.419(7)
Nil—-09 2.238(6) Y1-06 2.412(6)
Y1-07 2.398(7)
Y1-08 2.357(6)
Complex 2
Nil-N1 2.036(5) Eul-01 2.470(4)
Nil—-N2 2.011(5) Eul-02 2.306(3)
Nil—-N3 2.100(5) Eul-03 2.317(3)
Nil-02 2.039(4) Eul-04 2.460(4)
Nil-03 2.017(4) Eul-05 2.476(4)
Nil—09 2.244(4) Eul-06 2.459(4)
Eul-07 2.459(4)
Eul-08 2.410(4)
Complex 3
Nil-N1 2.10(1) Gd1-01 2.44(1)
Nil-N9 2.01(1) Gd1-02 2.306(9)
Nil-N10 2.01(1) Gd1-03 2.304(8)
Nil-02 2.007(8) Gd1-04 2.44(1)
Nil-03 2.033(9) Gd1-05 2.44(1)
Nil—-09 2.216(9) Gd1-06 2.442(8)
Gd1-07 2.45(1)
Gd1-08 2.385(9)
Complex §
Nil-N1 2.027(5) Dyl-01 2.444(4)
Nil-N2 2.005(5) Dyl-02 2.274(4)
Nil-N3 2.106(5) Dyl1-03 2.282(4)
Nil-02 2.033(4) Dyl-04 2.425(4)
Nil-03 2.011(4) Dyl-05 2.420(5)
Nil-09 2.242(4) Dyl-06 2414(4)
Dyl-07 2.400(5)
Dyl-08 2.357(4)
Complex 6
Nil—-Nl1 2.00(2) Lul-01 2.42(2)
Nil-N2 2.01(2) Lul-02 2.201(18)
Nil-N3 2.13(3) Lul-03 2.236(16)
Nil-02 2.03(2) Lul-04 2.44(2)
Nil-03 2.019(17) Lul-0S$ 2.32(2)
Nil—09 2.32(2) Lul-06 2.397(19)
Lul-07 2.25(2)
Lul-08 2.30(2)

Let us start with 1, the yttrium derivative, which gives directly
information about the Ni''~W" exchange interaction. The value
of the T product at room temperature is 1.70 cm® mol™" K,
which is in good agreement with what is to be expected for two
noninteracting paramagnetic centers, one with § = 1 (Nin) and
the second carrying one unpaired electron, W¥ (S = 1/2). The
value of the yyT product increases on lowering the
temperature, reaching a maximum around 20 K, which indicates
a ferromagnetic interaction (S = 3/2 ground state). Below 20 K,
the yyT product decreases down to 1.0 cm® mol™ K at 2 K.

In the case of the gadolinium derivative, 3, the room
temperature value of the yyT product (9.20 cm® mol™ K)
corresponds to the three magnetically isolated metal ions (Ni",
Gd"™, and W"). Upon cooling, y T increases slowly, then more
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Figure 3. Experimental (symbols) and calculated (lines) powder
magnetic susceptibility for 1 and 3—8.

H(T)

Figure 4. Experimental (symbols) and calculated (lines) powder
magnetization for 1 and 3-S5 at T =2 K

and more, reaching a maximum value of 13.1 cm® mol ™' K at 10
K, corresponding to the S = 5 ground state. Below this
temperature, the value of the y\T product decreases down to
~9.7 cm® mol™ K at 2 K.

lonic Magnetic Anisotropy in 1, 3, 4, and 5. Ab Initio
Calculations for W Centers. The fragment ab initio calculations
on tungsten ions show that the ground state is well separated
from the excited states by about 33000 cm™" in all investigated
compounds (see Table S2). This is indeed to be expected since
the ligand field created by the cyanide groups is generally very
strong. In the present case the ligand field is further enhanced
by the diffuse character of the 5d orbitals of tungsten. Although
the spin—orbit coupling in WV is strong, the large energy
separation minimizes the admixture of the excited states via
spin—orbit interaction (Table S3), resulting in almost isotropic
spin S = 1/2 of WY (Table S4). Considering this very large
splitting CASPT2 calculations were not performed on tungsten
fragments.

Ab Initio Calculations for Ni Centers. The ground state of
nickel in the investigated compounds is an orbitally non-
degenerate spin triplet A, state. In the case of a free ion, the
ground state of Nil is a °F multiplet, while the first excited
multiplet is °P. In the presence of an octahedral ligand field, the
ground orbital multiplet *F splits into the ground triplet A,

12163

and two excited triplets >T; and *T,. In the case of an axial
distortion of the octahedral ligand field, each triplet *T, and *T,
splits further into A and *E. From Table S5 we observe that
the ground *A, state is well stabilized, the first excited triplet
being placed at about 8000 cm™" higher in energy. On the other
hand, the spin—orbit coupling is relatively small, ca. 650 cm™",*
which means that the admixture of the excited states via spin—
orbit coupling is relatively small too and as a consequence a
small zero-field splitting (ZFS) is expected. This is observed
indeed as well as the weak anisotropy of g-factors (Table 3)
which are all close to 2.

Table 3. Low-Lying CASPT2/RASSI Spin—Orbit Energies
(cm™) and the g-Factors of the Ground Spin Triplet State of
the Ni Fragments

1 3 4 S
Spin—Orbit Energies (cm™)
0 0 0 0
12 12 12 12
16 15 16 16
7518 7719 7533 7588
7642 7839 7648 7707
7889 8071 7884 7940
g-Factors in the Ground Triplet States

2.30 2.28 229 229
227 225 2.26 227
2.18 2.17 2.18 2.17

Ab Initio Calculations for Ln Centers. After the calculation
of spin-free term energies by the CASSCF approach (Table
S6), the spin—orbit multiplets for the Gd™, Tb™, and Dy™
fragments were calculated by the SO-RASSI program. The
resulting spin—orbit energies are shown in Table 4.

Table 4. Low-Lying CASSCF/RASSI Spin—Orbit Energies
(cm™) and the g-Factors of the Ground Multiplets of the
Ln"™ Fragments

3 (Gd)* 4 (Tb) S (Dy)”?
Spin—Orbit Energies (cm™)
0 0.00 0
0.40 1.09 119
0.65 75 174
0.88 84 214
161 239
194 272
230 383
262 532
272
386
389
459
460
g-Factors in the Ground Multipletb
1.99 0.0 0.02
1.99 0.0 0.03
1.99 17.5 19.8

#2-fold degenerate energy levels corresponding to Kramers doublets.*’
bThe g-factor is given for S = 7/2 of Gd and for 3 = 1/2 of Tb and Dy
fragments, respectively.
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The ground state of gadolinium is the octet ®S, in which each
orbital of the 4f shell is occupied by a single electron. The
lowest excited state corresponds to the reversal of the spin of
one electron to a total spin sextet. Such configurations are
much higher in energy because of the large Hund’s rule
intersection for seven unpaired electrons. Indeed, the first
excited spin sextet lies at about 41000 cm™ (Table S6). Given
this large excitation energy, a very small effect of the spin—orbit
coupling in the ground state is expected. Due to limited disk
space only a part of excited states could be admixed within the
SO-RASSI program: all 48 spin sextet states, 120 (out of 392)
spin quartet states, and 113 (out of 784) spin doublet states.
The resulting ZFS of the ground S = 7/2 on Gd"™ is smaller
than one wavenumber, while g, ~ g, ~ g, (Table 4), which
shows that Gd™ is almost isotropic.

The ground ionic multiplet of Tb™ free ion is "Fe. In the
spin—orbit mixing calculations by SO-RASSI we included all 7
septet states, all 140 quintet states, 113 (out of 588) triplet
states, and 123 (out of 490) singlet states. The computed spin—
orbit energies of the Tb™ center are shown in Table 4. Despite
a small splitting, the group of 13 multiplets arising from the
atomic "Fg is well separated from the group of 11 multiplets
arising from the crystal-field splitting of the atomic ’Fj
multiplet (Table S7). The Tb™ ion is a non-Kramers ion,
therefore its transversal g-factors, g, and g, in the %round
doublet are exactly zero, in virtue of Griffith’s theorem.”"

The low-lying multiplet spectrum of Dy™ center consists of
eight Kramers doublets (KDs) originating from the crystal-field
splitting of the ground atomic multiplet °Hy5,, (Table 4).
Again, as in the case of the Tb™ fragment, the manifold of these
crystal-field states is well separated from a group of seven KDs
originating from the first excited atomic multiplet °H; , (Table
S7).

Exchange Interaction and Magnetization Blocking in
1, 3, 4, and 5. Simulation of Magnetism. The exchange
interaction between magnetic centers was simulated within the
Lines model by using the POLY_ANISO program. The results
obtained from the larger basis set fragment calculations were
used for the computation of magnetic properties for all
investigated compounds. Three low-lying spin—orbital states
from Ni', two states from WY, 8 states from Gd", 13 states
from Tb™, and 16 states from Dy™ were included in the exact
diagonalization of the exchange matrix, which resulted in 6
exchange states for 1, 48 states for 3, 78 states for 4, and 96
states for S.

To estimate the exchange coupling constant between Ni"
and WY centers in 1, BS-DFT calculations were performed and
Yamaguchi’s formula was used.”” The calculated value is 9.9
em™!, which shows that the exchange interaction between Ni'
and WY is ferromagnetic and relatively strong. The exchange
interaction between Ni" and WY centers in compounds 3, 4,
and $ is expected to be of the same order of magnitude and the
same sign, since these compounds have isostructural cores.

The best fit of magnetic susceptibility data is given by the
parameters shown in Table 5, and the low-lying exchange

Table S. Fitted Exchange Coupling Constants in Eq 1 (cm™)

pair/compound 1 3 4 R
J(Ln—Ni) 3.46 3.0 2.5
J(Ni-w) 16.08 21.6 22.0 24.0
zJ’ —0.098 —0.07 —0.05 —-0.05

spectra are shown in Table 6. As we can see from Figure 3, the
calculated magnetic susceptibility is in good agreement with the

Table 6. Low-Lying Exchange Spectra (cm™") for 1-5 and
the g-Factors for Their Ground Exchange Doublet

14 3 4° S
Low-Lying Exchange Spectral Data (cm™)

0 0 0 0

12.5 0.004 8.27 1.8 x 1073

332 127 189 6.74
1.39 20.3 6.74
2.04 42.6 15.90
2.76 51.6 15.92
291 79.4 16.67
4.73 87.9 16.69
4.74 95.6 4431
9.37 4432
9.37

Main Values of the g-Factors in the Ground Exchange Doublet

1.89 0 0.19 0
343 0 0.28 0
431 19.84 23.46 25.70

“2-fold degenerate energy levels corresponding to exchange Kramers
doublets.

experimental data. In addition, the DFT calculated value for
Ni"~W" exchange interaction is in good agreement with the
fitted values. By using the extracted exchange coupling
constants from the magnetic susceptibility fitting procedure,
the magnetization curves have been calculated and are shown in
Figure 4. The good agreement of calculated and experimental
data confirms the accuracy of the employed theoretical
calculations.

Since tungsten is isotropic, nickel is weakly anisotropic, and
the lanthanide ion (terbium or dysprosium) is very anisotropic,
it is expected that in the ground exchange doublet state the
magnetic moments of the former ions will be aligned along the
main magnetic axis of the lanthanide site. Indeed, according to
the calculations the magnetic moments of tungsten and nickel
look along the same direction as the magnetic moment of the
lanthanides (Figure S).

The Origin of Strong Ferromagnetic Coupling in Ni—
W Pairs. A common feature shared by the investigated
compounds is the strong ferromagnetic exchange interaction
between Ni and W ions, found by both DFT and the fitting
procedure. Given its crucial importance for the discussed SMM
properties (see below), we analyze this exchange interaction in
detail. First glance at the structure of these compounds does
not testify that the magnetic orbitals are orthogonal to each
other, thus fulfilling the necessary condition for ferromagnetic
exchange interaction. We show here that the origin of
ferromagnetism in the Ni—W pairs of our compounds is due
to a strong suppression of antiferromagnetic kinetic contribu-
tion via a mechanism specific to d! octacyanometalates.®® This
mechanism was first proposed for the rationalization of
exchange interaction in polynuclear complexes and magnetic
networks containing Mo(CN)g*~, W(CN);*", and Nb(CN)g*
octacyano-bridged with Mn" ions>® and later was found
operative in other series of compounds.'”

Analyzing the magnetic orbitals of Ni(Il) and W(V) ions
obtained in DFT calculations (Figure 6), we observe that the
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LS

Figure S. Main magnetic axis (dashed line) and local magnetic
moments (arrows) in the ground exchange doublet of S.

(c)

Figure 6. Localized magnetic orbitals of Ni (a, b) and W (c).

W—C bond is directed along the nodal plane of the W magnetic
orbital. Figure 6 shows that the tail of Ni orbitals on the
bridging cyanide group is mainly of o type, whereas the W
orbital has only 7 contributions from CN™~ on it. Therefore, due
to symmetry reasons, the overlap of ¢ (Ni) and 7 (W) is almost
zero.

Considering that the electron transfer integral is proportional
to this overlap, we conclude that the antiferro contribution is
suppressed. On the other hand, the d, orbital of W is empty
and the ferromagnetic interaction is favored by the electron
transfer from the Ni site to the empty d orbitals of W (Figure
7). This is the well-known Goodenough ferromagnetic
mechanism.>* Therefore, the observed strong ferromagnetism
for the Ni—W metal pair is due to the Goodenough mechanism
in combination with the direct exchange, which is always
present and ferromagnetic. A similar situation was found for
MoV, Nb"Y, and WY octacyano-bridged with Mn" ions in the

Lo

===e¢,

<«

—— HHFE L,
54 3d’

Figure 7. Scheme of the ferromagnetic kinetic contribution to the
exchange interaction in the WY—Ni" pair.

earlier investigated series of compounds.” In that series the
antiferromagnetic kinetic part also played a role via the electron
transfer from the molybdenum magnetic orbital to the
manganese magnetic orbitals, which could occur through the
7 orbitals of the cyanide bridge. On the contrary, in the present
case, the t,, orbital levels of Ni"" are double occupied (Figure 7)
and such a transfer is not relevant for the exchange interaction.
Another example of ferromagnetic interaction between metal
pairs bridged by cyanide groups was reported in some {Cu"—
[WY(CN)g]} systems.” The reason for the observed
ferromagnetism is similar to the one discussed here: the
magnetic electrons of the W ions delocalize in the cyanide
orbitals of 7 type, while the magnetic electrons of copper ions
(Ni in our case) delocalize in the cyanide orbitals of o type,
thus, favoring the ferromagnetic interaction.

Magnetization Blocking. In order to put to test the
presence of slow relaxation of magnetization, ac measurements
were carried out on 1—5 in the temperature range 2—15 K at
different frequencies (Figure S1). None of the studied
compounds showed any maxima in the out-of-phase y”
component, despite the strong anisotropy of Tb™ and Dy™
ions. To understand the lack of SMM behavior we further
analyzed the results obtained from ab initio calculations.
Complexes 1 and 4 have an odd number of electrons, which
gives rise to an exchange spectrum composed from Kramers
doublets (Table 6).*° As it was shown before, strong axiality of
the ground doublet of a compound is the necessary condition
for the manifestation of magnetization blocking.® The axiality of
a KD is measured by the smallness of transversal g-factors, g,
and g, of the exchange doublet. As we can see from Table 6,
the transversal g-factors in the ground exchange doublet of 1
and 4 are relatively large. Given the fact that the tunneling
splitting A, arising from the Zeeman interaction of transversal
magnetic moments with the external magnetic field (which is
always present in a crystal) is proportional to g, and g, a large
Ay, is expected. As a result, the tunneling relaxation of
magnetization will be very fast, which explains well the lack of
SMM behavior in these compounds. In 3 and § we deal with
the Ising exchange doublets because of an even number of
electrons in these complexes. The transversal components of an
Ising doublet are exactly zero. The transversal g-factors, g, and
gy are zero according to Griffith’s theorem (Table 6), while
A, in these compounds has an intrinsic origin. As we see from
Table 6, its values are relatively large, ~107> cm™" (the energy
gap of the ground doublet), which explains well why neither of
these complexes exhibits slow relaxation of magnetization.

Ab Initio Investigation of 7—11. Complexes 7—11 were
previously reported in ref 16a. These compounds are relevant
for the present study because their core is similar to that in 1-5§
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and, moreover, one of the compounds is an SMM. Applying the
same theoretical approach as for 1-5, we investigate their
magnetic properties and try to understand why only [(CN),W-
(CN)Ni(H,0)(valdmpn)Tb(dmf), ;(H,0); 5]-H,0-0.5dmf 8b
(Figure 8) is an SMM.

Figure 8. Structure of 8b. Hydrogen atoms are omitted for clarity.

lonic Anisotropy in 7—11. The calculated spin—orbit
energies of the lanthanide fragments are shown in Table S10.
We can see that the ZFS on the Gd™ center is very small and as
a result its ground octet is obtained practically isotropic, g, ~ g,
~ g, We note that the ZFS of the Gd™ ion in 7 is about twice
smaller than in 3.

By analyzing the low-lying multiplets of Tb™ ions one
notices an important feature: the tunneling splitting of the
ground Ising doublet in 8b is obtained almost ten times smaller
than in 8a, which tells us that Tb is much more axial in the
former complex. This difference in axiality plays a key role for
understanding the different blocking properties of these two
complexes experimentally observed. To compare, the tunneling
splitting of the Tb™ ground doublet in 4 is ca. 1.1 cm™’, even
larger than in 8a.

Both Dy™ and Er'™ centers have relatively large components
of the transversal components of the g-tensor in their ground
doublet (Table S10), which diminishes the chances of the
respective complexes of being SMM. In the case of the Ho™
ion, the tunneling splitting of the ground doublet is about 6
cm™, ie., very large. This large tunneling gap of the Ho™ ion
excludes the SMM behavior in 10.

The calculated spin—orbit energies of Ni"! and W" fragments
are shown in Tables S8 and S9. We notice a small ZFS on all
Ni" fragments, similar to the calculated ZFS of compounds 1—
S. As a result, the ground triplet is obtained slightly anisotropic.
The tungsten fragments show almost isotropic ground state, for
the same reason as in 1—5 compounds, due to a strong crystal
field induced by cyanide groups.

Exchange Interaction. The exchange interaction was treated
within the Lines model as before, employing the Hamiltonian
from eq 1. For Ni', WY, Gd™, Tb™, and Dy™ ions, the same
number of states were included in the exact diagonalization of
the exchange Hamiltonian as for 1—5. For Ho™ and E/™, 17
and 16 states, respectively, were taken into account. The
exchange coupling constants corresponding to the best fitting
of magnetic susceptibility data (Figure 9) are given in Table 7,

while the obtained low-lying exchange spectra are shown in
Table 8.
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Figure 9. Experimental (symbols) and calculated (lines) powder
magnetic susceptibility for 7—11. Experimental curves for 7, 8a, and 11
were upscaled by 2% and for 9 by 1%.

Table 7. Fitted Lines Exchange Coupling Constants (cm™")

pair/
compound 7 8a 8b 9 10 11
J(Ln—Ni) 24 2.5 3.5 1.1 1.5 1.0
J(Ni-w) 16.0 19.8 26.0 16.1 130 129
zJ’ -007 —0.011 -005 —0.013 005 0015

Table 8. Energies of the Low-Lying Exchange Spectra (cm™")
and the g-Factors for Their Ground Exchange Doublets of
7-11

7 8a“ 8b“ 9 10“ 11
Energies of the Low-Lying Exchange Spectra (cm™)
0 0 0 0 0 0
0.009 6.42 7.41 0.009 6.35 0.064
0.66 9.31 12.0 2.87 9.75 1.12
0.80 18.4 23.7 2.90 15.6 1.25
1.14 349 442 10.2 19.5 7.94
1.74 44.6 58.2 10.2 26.3 7.95
1.81 11.9 283 9.51
321 11.9 326 9.54
322 30.8 36.0 24.8
7.09
g-Factors in the Ground Exchange Doublet States

0 0.026 0.002 0 1.82 0
0 0.033 0.003 0 349 0
19.60 232 23.5 239 11.2 194

“2-fold degenerate energy levels corresponding to Kramers doublets.

As we can see from Table 7, the exchange coupling
parameters for Ln"™—Ni" and Ni"~W" interactions are of the
same order as for complexes 1—S. This is the result of similar
core structures in the two series of compounds.

Magnetization Blocking. In an attempt to explain why 8b is
SMM, while 8a and 4 are not, we analyze the transversal g-
factors of their ground doublet states (Table 8). Noticeably, the
g and g, values of 8b are ten times smaller than the
corresponding values of 8a, and about 100 times smaller than
these values in 4, which means that the ground doublet in the
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former compound is the most axial among them. This explains
well why only 8b possesses slow relaxation of magnetization.
The much lower axiality of the other compounds in the two
series explains why none of them exhibits SMM behavior. The
ab initio constructed barrier is shown in Figure 10.*°

AE.cm’
304

12 u/pill

Figure 10. Low-lying exchange spectrum and the position of the
magnetization blocking barrier (dashed green line) in 8b. Each
exchange state is placed in accordance with the value of its magnetic
moment (bold black lines). The numbers show the average matrix
elements connecting the corresponding states, and the relaxation path
is outlined by blue arrows.

The relaxation path can be outlined by connecting the states
with the largest transition magnetic moments (shown by blue
arrows in Figure 10). The calculated blocking barrier matches
well the experimentally extracted one (green dashed line, 10.8
cm™).

Prospects To Enhance the SMM Performance of
Polynuclear Complexes. The geometry of the environment
of Ln ions in the investigated complexes (Figure 1) does not
provide a pronounced axial crystal field, resulting in relatively
large transversal components of the g-tensor in the ground
doublets of Kramers Ln ions and relatively large intrinsic
tunneling gaps in the ground doublets of non-Kramers Ln ions
(Tables 4 and S10). These are sufficiently large to preclude
magnetization blocking on individual Ln ions (including
Tb(III) in 8b) if one disregards the interaction with Ni and
W ions. It is well-known, however, that the polynuclear
complex can exhibit strong SMM properties even when the
entering metal ions are weekly anisotropic, the prominent
example being the Mny,(acac).’ In the present case we have
three magnetic metal ions, one (Ln) being strongly anisotropic:
more surprising is the absence of magnetization blocking in the
two investigated series of compounds except 8b. The reason is
the specific exchange and ZFS interaction in the Ni—W unit.

As the theoretical analysis shows, the exchange interaction
between Ni(II) and W(V) ions is strongly ferromagnetic
(Tables S and 7), leading to a strong stabilization of the spin S
= 3/2 of the pair. This is further split by ZFS on Ni(II) ion,
Table 3 (W(V) is practically isotropic), resulting in three KDs
for the Ni—W unit (Table 9). The lowest two of them

Table 9. Energies (cm™') and g-Factors for Low-Lying
Exchange KDs in the Ni—W Group

E, 8i E, 8i E; &i
0 4.7 7.9 0.5 435 22
3.6 0.5 2.3
2.0 6.2 2.3

correspond to the splitting of S = 3/2 spin at this unit in two
KDs. In the case of pure axial ZFS, described by the
Hamiltonian DSZZ, the two resulting KDs will be of l+1/2)
and [|+3/2), respectively, where the numbers are the
projections Mg of S = 3/2 on the anisotropy axis (z). In the
case of pure spin state, the first Kramers doublet will be
characterized by the g-factors g, = g, = 4, g, = 2, and the second
one by g, = g, =0, g, = 6. Comparing these g-factors with the
ones for the lowest two KDs of the Ni—W dimer (Table 9), we
conclude that the ground one is close to I+1/ 2) and the first
excited one to |+3/2). This is obviously the consequence of the
positive axial ZFS on the Ni(I) site. The highest KD,
corresponding to almost net S = 1/2 of the Ni—W unit, is
isotropic (Table 9) as expected.

The ground states of the NiLnW complexes mainly originate
from the exchange interaction of the ground doublet of Ln(III)
ion with the ground |+1/2) doublet of the Ni(II)—W(V)
dimer. The latter is rather an easy-plane doublet, meaning that
its coupling to the ground doublet of Ln(III) ion will have
larger transversal g-factors or intrinsic gaps than if the latter
would be exchange coupled to just a conventional spin doublet.
In other words, the coupling of a Ln(III) ion to the Ni(Il)—
W(V) dimer, as in the present case, is less efficient from the
viewpoint of SMM performance than its coupling to an
isotropic S = 1/2 (radical, a Cu(II) ion, etc.). That is, the
coupling of Ln(III) to the Ni—W group will result in a weaker
enhancement of SMM properties of the former than if it would
be coupled to a simple S = 1/2. We can understand, therefore,
why only 8b is found to show a magnetization blocking: the
relatively weak enhancement of blocking properties due to
complexation to the Ni—W group was sufficient to turn into
SMM only the most axial Ln ion in the two series, the Tb(III)
in 8b (Table 8).

To elucidate the factors which could enhance the SMM
properties of the complexes, we investigated the modification of
the axiality of low-lying exchange KDs in 8a and 8b under the
variation of the ZFS tensor on the Ni site (Tables 10 and 11,
respectively). First we checked whether the exclusion of
rhombic components of ZFS will make important differences.
Column 3 in the tables shows that the axiality of the ground
exchange KD becomes only worse for pure axial ZFS with D >
0. The reason is that the rhombic terms of ZFS admix the
excited |+3/2) doublet of Ni—W to the ground |+1/2) doublet,
thus contributing to the enhancement of its axiality and of the
ground doublet of the entire NiLnW system. The situation
improves only a little when we chose the main anisotropy axis
on Ni(II) parallel to the main magnetic axis on the Tbh(III) ion
(column 2 in the tables). The axiality enhances drastically (the
transversal g-factors drop by 3 orders of magnitude) when we
change the sign of D keeping the anisotropy axis on Ni and
main magnetic axis on Tb parallel to each other (column 4 in
the tables). Finally, we consider the case of an isotropic Ni(II)
ion, resulting in an isotropic nonsplit ground term S = 3/2 of
the Ni—W unit. We find that such a situation corresponds to
the highest axiality of the ground state (column 1 in the tables),
ie, is the most favorable for SMM performance of our
trinuclear complexes. As a matter of fact, in the absence of ZFS
on Ni(II) all compounds in the two series investigated here
(except those containing Y and Gd) would be SMMs.

Generalizing the results of the performed analysis we
conclude that the coupling of weakly anisotropic magnetic
units to strongly anisotropic ones (lanthanide ions) will result
in a drastic enhancement of axiality of the low-lying exchange
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Table 10. Energies (cm™') and g-Factors for Lowest-Lying
Exchange KDs in 8a

D(Ni):Z
D(Ni)||Z(Tb)  arbitrary ~ —D(Ni)||Z(Tb) unmodified”

Ni-isotrop

Energies (em™)
0 0 0 0 0
44 5.3 6.0 7.0 6.4
9.3 9.5 12.5 10.3 9.3
14.6 18.0 17.6 17.2 184

g-Factors

2.7 x 107* 0.033 0.029 0.0062 0.026
28 x 107* 0.048 0.041 0.0069 0.033
23.7 22.8 232 23.2 232
0.099 0.015 0.0084 0.085 0.058
0.10 0.071 0.065 0.095 0.068
19.8 18.7 18.6 20.1 18.8
0.096 0.0032 0.017 0.057 0.0031
0.10 0.070 0.068 0.099 0.086
15.8 18.1 17.2 15.39 18.36
54 x 1074 0.0069 0.020 0.022 0.0046
58 x 107* 0.0070 0.025 0.033 0.0080
11.8 12.8 134 13.1 12.5

“Calculation similar to Table 8.

states and, therefore, of the SMM performance of the complex
only if the axial anisotropy of the formers is negative and
directed parallel to the main magnetic axis of the former. While
meeting these requirements will demand great engineering
efforts from synthetic chemists, the main finding of our analysis
is that coupling of strongly axial metal ions with pure isotropic
ones will result in even stronger SMM properties. The
emerging recommendation in the case of mixed lanthanide—
transition metal complexes is the use of pure isotropic
transition metal ions such as Mn(II), Fe(IIl), Cr(III), etc. A

similar conclusion was drawn in the investigation of a series of
. . 36
anisotropic Co(II) complexes.

B CONCLUSIONS

In this work we presented the synthesis, crystal structures,
magnetic behavior, and ab initio calculations for [(CN),W-
(CN)Ni(H,0)(valpn)Ln(H,0),]-H,O, where Ln = Y 1, Eu 2,
Gd 3, Tb 4, Dy S, Lu 6. Calculations show the existence of
ferromagnetic interaction between the magnetic centers and
that the comparison of calculated and experimental data for
both yT vs T and M vs H is remarkably good. Ac magnetic
measurements revealed the absence of SMM behavior which
was well explained by the relatively large transversal
components of the g-tensor in the case of ground-state
exchange Kramers doublets in 1 and 4 and by the large intrinsic
tunneling gaps in the ground doublets of 3 and S. For the sake
of comparison, we studied a series of similar compounds 7—11
by ab initio methods. This series does not show magnetization
blocking too, except for one single compound 8b. The
calculations confirm that this only SMM complex, besides the
similar core structures, has a significantly more axial ground
state, compared to isometallic compounds 4 and 8a. An
important feature for the entire series is the strong
ferromagnetic coupling between Ni(II) and W(V), which is
found to be due to an almost perfect trigonal dodecahedron
geometry of the octacyano wolframate fragment. The reason
why only 8b is an SMM is explained by positive zero-field
splitting on the nickel site, precluding magnetization blocking
in complexes with fewer axial Ln ions than in 8b. Further
analysis has shown that in the absence of ZFS on Ni(II) all
compounds in the two series (except those containing Y and
Gd) would be SMMs. The same situation arises for perfectly
axial ZFS on Ni(II) with the main anisotropy axis parallel to the
main magnetic axis of Ln(III) ions. In all other cases the ZFS
on Ni(II) will worsen the SMM properties. The general
conclusion is that the design of efficient SMMs on the basis of
such complexes should involve isotropic or weekly anisotropic

Table 11. Energies (cm™') and g-Factors for Lowest-Lying Exchange KDs in 8b

Ni-isotrop D(Ni)||Z(Tb) D(Ni):Z arbitrary —D(Ni)||Z(Tb) unmodified
Energies (cm™)

0 0 0 0 0

6.2 4.1 22 10.8 7.4

132 7.4 5.9 182 12.0

20.6 226 21.8 224 23.7

g-Factors

2.5 x 107° 0.0033 0.0046 6.0 x 107° 0.0020

2.5 %1078 0.0041 0.0053 6.1x 1078 0.0025

23.7 224 22.0 23.7 235

0.0074 0.0065 0.0056 0.0054 0.0056

0.0075 0.0092 0.0067 0.0056 0.0079

19.9 21.3 22.0 20.0 20.0

0.0069 0.010 0.010 0.0027 0.0037

0.0078 0.011 0.011 0.0038 0.0081

16.0 16.3 16.0 15.0 17.0

7.1 % 107° 5.5 % 107° 7.7 x 107¢ 0.0021 8.6 X 107°

73 x 107° 6.7 x 107° 8.8 X 107° 0.0023 1.6 x 107

12.0 122 12.1 13.8 12.4
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metal ions, such as Mn(II), Fe(Ill), etc., along with strongly
axial lanthanides.
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