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Tetranuclear Ni(i1) and Co(i) Schiff-base
complexes with an M;4O¢ defective dicubane-like
core: zero-field SMM behavior in the cobalt
analoguet

Ivan Nemec, 2 Radovan Herchel, 2/ Marek Machata and Zdenék Travnicek 2 *

Two isostructural tetranuclear M(i), complexes with the general formula [M4(L)4(CH3zOH),] were
prepared by the reaction of M(CH3COO),-4H,0 and H,L in the presence of PrsN (M = Niin 1, Co in 2,
HoL = 2-{(E)-1(2-hydroxyphenyl)iminolmethyl}phenol, PrsN = tripropylamine). The crystal structure of 1
was determined by single-crystal X-ray diffraction and it was revealed that it possesses the defective
dicubane {Ni4Og}*>~ core with two penta- and two hexacoordinate Ni atoms. The isostructurality of both
complexes was confirmed by powder X-ray diffraction measurements. The analysis of the static
magnetic data revealed that the prevailing antiferromagnetic interaction leads to the diamagnetic
ground state in 1, whereas the ferromagnetic interactions dominate in 2. The analysis of magnetic data
was supported by broken-symmetry DFT and CASSCF/NEVPT2 calculations, where the latter disclosed
large magnetic anisotropy in both compounds. Moreover, the measurements of ac susceptibility in the
zero-applied magnetic field confirmed the presence of slow-relaxation of magnetization in 2 and thus,
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Introduction

Single molecule magnets (SMMs) are molecular compounds,
which are formed due to the existence of an intrinsic energy
barrier (U) capable of preserving their magnetic moment even
after the external magnetic field is removed. Since their
discovery,' there has been an increasing interest in the pre-
paration of new SMMs with a large U,> as well as in the
understanding and explanation of such behavior.” It is well
established that the height of U is defined by the relationship
U= |D| x §* for integer spins (S) and U = |D| x ($* — 1/4) for
non-integer spins, D being the axial parameter of magnetic
anisotropy. In this class of magnetic materials, synthesis of
polynuclear transition metal complexes is a very commonly
used approach.”

Nickel(n) and cobalt(u) coordination compounds are inter-
esting candidates for SMM preparation, because in certain
coordination numbers and coordination polyhedron symmetries
they can possess very large magnetic anisotropies with large
values of the D parameter and these can possibly lead to high
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this compound behaves as a single-molecule magnet.

values of U.> In particular, the group of polynuclear nickel(n)
and cobalt(n) cubane-based compounds have emerged as very
interesting candidates for observation of the SMM phenomenon
and a large number of such compounds have been reported
previously.® The central atoms in such compounds are typically
bridged by the phenolato (when ligands are Schiff bases) or
alkanoamine oxygen atoms and the bridging angles are due to
the cubane topology being close to 90°. This means that the
magnetic orbitals are orthogonal and therefore the magnetic
coupling is ferromagnetic thus giving rise to a large spin
ground state.®®®” Among tetranuclear nickel(n) and cobalt(n)
compounds, the reports on complexes with defective dicubane-
like topology®® are scarcer than those involving complexes
with single-cubane topology.®”:5¢/°»&m1® purthermore, when
one inspects the coordination polyhedra in such compounds,
complexes with purely hexacoordinate or with both penta- and
hexacoordinate central atoms can be distinguished. There are
several examples of such hexacoordinate compounds,®*° but
only a few examples of compounds with mixed coordination
numbers® and, to the best of our knowledge, no detailed
investigations of the magnetic properties have been carried
out. Recently, we have reported on two tetranuclear nickel(m)
compounds containing a tridentate Schiff base ligand H,L =
2-{(E)-[(2-hydroxyphenyl)imino]methyl}phenol with cubane
and defective dicubane-like topologies and significantly
different magnetic behaviours.™ In the cubane-based complex,
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[Ni4(L)4(CH3;0H)3(H,0)]-CH30H, the competing ferro- and anti-
ferromagnetic interactions led to the zero spin ground state,
but the compound with the defective dicubane topology,
(Pr3NH),[Ni,(L),(CH5COO0),], exhibited ferromagnetic coupling
between the central atoms and slow relaxation of magnetization
in the presence of an external magnetic field. As a continuation
of our ongoing study of compounds with defective dicubane
topology with use of the H,L-type of tridentate Schiff base
ligands, herein we report on the preparation of two isostructural
compounds with the general formula [M4(L),(CH;0H),] (M = Ni (1),
Co (2)). The crystal structure was determined by single-crystal X-ray
diffraction for 1, while the isostructurality of 2 was confirmed by
a powder X-ray diffraction experiment. The static and dynamic
magnetic properties of both compounds were thoroughly
studied both experimentally and theoretically. Moreover, slow
relaxation of the magnetization in a zero applied dc magnetic
field was observed for 2, which is the first example of a single-
molecule magnet with the {Co,06}>" defective dicubane core and
mixed hexa- and pentacoordination of the central atoms.

Results and discussion
Synthesis

In our previous work,"" we reported on the preparation of two Ni
compounds involving the H,L ligand: [Ni,(L),(CH;0H)3(H,O)]:
CH;0H, (A in Fig. 1), and (PrzNH),[Niy(L),(CH;COO),], (B).
In their syntheses, the same reactant ratio was employed
(Ni(CH3COO), : H,L: Pr3N = 1:1:2). We revealed that the reaction
solvent(s) significantly influenced the structure of the resultant
compound. When pure dichloromethane was used, the defective
dicubane Ni, compound with all the Ni(u) atoms hexacoordinate
(B) was prepared, whereas when a CH,Cl,/CH30H solvent mixture
was used, the cubane Ni, compound (A) was isolated (Fig. 1).
Herein we report on the use of pure methanol as a reaction

g
VI E

| M(CH;C00),:4H,0 + H,L + 2 Pr;N |

(A)

i

® Co
CH,Cl, : S

Fig.1 Scheme of the synthesis of compounds 1, 2 and two other
previously published compounds (A) and (B) with the molecular structures
of the compounds represented by their Niy cores, where (A) =
[Nig(L)4(CHsOH)3(H,0)]-CHsOH. (B) = (PrsNH);[Nis(L)4(CH3COO),],
PrsNH™ = the tripropylammonium cation.
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solvent, which led to the preparation of the third type of the Ni,
compound, we report here as compound 1.

Both the herein reported compounds were prepared using a
similar synthetic strategy by the reaction of the Schiff base
ligand H,L, metal(u) acetate salt (nickel - 1 or cobalt - 2) and
tripropylamine as the base in the molar ratio of 1:1:2 in
methanol. The difference was in their reaction atmospheres
and temperature conditions. The preparation of 1 was carried
out under aerobic conditions and the solution was stirred at its
boiling point. The synthesis of 2 was performed under an inert
atmosphere (N,) at laboratory temperature in order to avoid
oxidation of the cobalt(u1) atoms. Remarkably, unlike in the case
of the nickel(u) complexes, the use of any of the three different
reaction media (pure CH;OH, CH,Cl,/CH;OH mixture and pure
CH,Cl,) for the preparation of the Co(i1) compound always led
to the same product (2) (Fig. 1).

Crystal structures

The crystal structure of 1 was determined by single crystal X-ray
structural analysis and the isostructurality of 2 was confirmed
by powder X-ray diffraction measurements (see ESI,T Fig. S1).
Therefore, only the structure of 1 will be discussed. The crystal
structure of 1 contains electroneutral complex molecules
consisting of four nickel(u) atoms, four doubly deprotonated
Schiff base ligands L>~ and two CH3;0H molecules. The mole-
cular structure of 1 consists of two almost coplanar dinuclear
subunits (further abbreviated as {Ni,(L),}) in a centrosymmetric
arrangement with the {Ni,Oc}*" defective dicubane core
(Fig. 2a). The coordination environment of the Ni(u) atoms
within {Ni,(L),} differs and the Ni1 atoms are pentacoordinate
({NO,}, with the coordination geometry close to square-
pyramidal, the value of the Addison parameter'” is t = 0.39)%
and the Ni2 atoms are hexacoordinate ({NOs}, Fig. 2a). In the
equatorial positions/square base plane, the nickel(i) atoms are
coordinated by three donor atoms (NO, donor set) from the
ligand L~ and bridging phenolate oxygen atoms (Opy,) from the
adjacent L*>~ ligand within {Ni,(L),}. The Ni-O bonds (2.01 to
2.13 A, besides one exception as explained below) are a bit
longer than the Ni-N bonds (2.009(2) and 1.983(4) A). The
rather short Ni-O distance is provided by the Opy, atom, which
is the only one not involved in the bridging of the Ni(u) atoms
(02 in Fig. 2b). The axial position for the pentacoordinate Nil
central atom is occupied by the p-Opy, (Ni1, d(Ni-O) = 2.0369(18) A)
atoms from the symmetrically related {Ni,(L),} subunit. Also, one
axial position of the Ni2 center is occupied by the bridging p*~Opy,
(d(Ni-0) = 2.1332(18) A) atom. The second position is occupied by
the oxygen atom of the coordinated CH;OH molecule (d(Ni-O) =
2.079(3) A). The Ni- - -Ni separation within {Ni,(L),} is 3.1028(6) A,
while the closest Ni- - -Ni separation between the subunits is a bit
shorter (3.0918(5) A). The Ni-O-Ni angles within {Ni,(L),} are in
the range of 98.34(7)-100.07(8)°. The Ni-O-Ni angles between the
symmetry related nickel(n) atoms adopt a larger range of values:
94.51(7), 98.80(8) and 100.34(7)".

# 7 =0 for ideal square pyramidal and 1 for ideal trigonal bipyramidal geometry.
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Fig. 2 Molecular (a) and crystal (c) structures of 1 with the depicted defective dicubane core (b). Bond distances (in A) within the coordination
polyhedron of 1: (Ni1-O1) = 2.0763(17), (Ni1-02) = 1.9772(17), (Ni1-0O3) = 2.0384(18), (Ni1-O4A) = 2.0369(18), (Ni1-N1) = 2.009(2), (Ni2-01) =
2.0239(17), (Ni2-O1A) = 2.1332(18), (Ni2-03) = 2.0100(17), (Ni2—04) = 2.0350(17), (Ni2-0O5) = 2.0776(19), (Ni2—-N2) = 1.983(4).

The coordinated CH;OH molecules form O-H- - -O hydrogen
bonds between the oxygen atom from CH3;OH and the Opj, atom
from the complex anion (Fig. 2b) with d(O---O) = 2.754(4) A.
Thus, the complex molecules are arranged into 1D supramole-
cular chains (Fig. 2c).

Magnetic properties

Description of magnetic properties. The temperature and
field dependent magnetic data of 1 and 2 are depicted in Fig. 3.

The room temperature experimental values, 6.6 ug and
9.8 up, for 1 and 2, respectively, are higher than the theoretical
values for the four non-interacting Ni(u) (1) or Co(u) (2) atoms
with S; =1 (1) or 3/2 (2) equal to 5.7 up or 8.7 for g = 2.0 due to
the contribution of the orbital angular momentum to the
ground spin state (g > 2.0). Temperature dependent data for
1 are almost constant down to 100 K, but then p.s starts to
decrease on further cooling reaching the value of 1.3 yg at 1.9 K.
The temperature data for 2 show gradual increase of peg/ i on
lowering the temperature up to the maximal value of 14.3 found
at 8.1 K, further cooling leads to a decrease to the value of
10.8 at 1.9 K. The character of the variable temperature data
for 1 indicates the prevailing antiferromagnetic intracluster
coupling, but in the case of 2 ferromagnetic intracluster coupling
dominates.

Before the analysis of the experimental magnetic data of 1
and 2, the predictive role of ab initio calculations in magneto-
chemistry was utilized with the aim of estimating the principal
parameters describing the exchange coupling and the zero-field
splitting in these molecular systems."”>™*> Therefore, Density
Functional Theory (DFT) was applied to calculate the para-
meters of the isotropic exchange /,;, between the paramagnetic
ions, and the multireference method based on Complete Active
Space Self Consistent Field (CASSCF) was utilized to derive
information about the single-ion zero-field splitting tensor
parameters D and E. Having such information at our disposal,
the trustworthy spin Hamiltonians can be postulated and the
calculated parameters can be used as a starting point for fitting
of the experimental magnetic data. All theoretical calculations
were performed with a freely available computational package
ORCA."® All the calculations were done for molecular geometries
extracted from X-ray data and also for molecular geometries
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Fig. 3 Temperature and field dependent magnetic data for compounds 1
(top) and 2 (bottom). Experimental data — circles. Calculated data for 1:
BS-DFT: J; = —10.6 cm™, J, = 4207 cm™%, Js = +2.51 cm™, g = 2.28
(blue line); analysis of experimental data (eqn (3)): J; = —10.1 cm™,
J» = 4155 cm™, Js = 0, g = 2.32 (red line). Calculated data for 2:
BS-DFT: J; = —6.65cm™, J, = +13.0 cm™%, Jz = +0.127 cm™%, g = 2.49
(blue line); analysis of experimental data (eqn (3)): J; = +1.84 cm™,

Jo = 47.35cm™, J5 = 0, g = 2.49 (red line).

optimized with the BP86 functional (see the Experimental section
for more details).

DFT calculations of the isotropic exchange. The calculations
of J,» are based on comparing the energy differences between
the high spin (HS) and broken-symmetry (BS) spin states.'”

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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These energies for tetranuclear molecular fragments were
calculated with the B3LYP hybrid functional incorporating also
the relativistic effects with the Oth order regular approximation
(ZORA) using a relativistic version of the polarized triple-¢
quality basis set def2-TZVP(-f) for all atoms. In the case of
compound 2, the molecular geometry was constructed from 1
by replacing nickel atoms by cobalt atoms. There are two
symmetrically independent metal atoms within the tetramers
(Fig. 2) and three different superexchange pathways, which can
be described by this spin Hamiltonian

FI = _]1(31‘32 + 31"32’) _.]2(31‘32’ + 3‘1"32) _]3(32'3'2’) (1)

where J, corresponds to the M1-M2 and M1'-M2' pairs with the
interatomic distance equal to 3.103 A, J, corresponds to the
M1-M2' and M1-M2' pairs with the interatomic distance equal
to 3.092 A and J; corresponds to the M2-M2! pair with the
interatomic distance equal to 3.193 A (Fig. 4). Several BS spin
states were calculated, namely BS11’, BS12 and BS12/, and their
energy differences with the HS spin state, 4,5 = épsqp — €ns, Were
employed in the calculations of the J-parameters by applying
Ruiz’s approach as

J] = (+A11/ —A12+A121)/12

Jr = (+A11/+A12—A121)/12 (Za)
Jy = (A1 + A1 + 412) /6
Ji = (+dy — A+ 412) /24
Jr = (+A11/+A12—A121)/24 (Zb)

Jy= (A + d1n+ A1) /12

where eqn (2a) holds for nickel complex 1 and eqn (2b) holds
for cobalt complex 2. The calculation details are listed in Tables 1
and 2 and the spin densities of the HS spin states are shown in
Fig. S2 and S3 (ESIt) for 1 and 2, respectively. The partial spin
delocalization from the metal atoms to the respective donor
atoms is clearly visible. Next, the J-parameters calculated
according to eqn (2) adopted the values J; = —10.6 cm ™,
Jo=+20.7 cm ' and J; = +2.51 cm™ ' for 1 and J; = —6.65 cm ™},
Jo=+13.0cm ' and J; = +0.127 cm ™ * for 2 for geometries extracted

Fig. 4 Scheme of the magnetic exchange pathways in 1 (M = Ni) and
2 (M = Co).
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from experimental X-ray data. Analogous calculations for opti-
mized geometries resulted in similar values of the parameters:
Ji=-7.73cm %, J, =+20.6 cm ™' and J; = +3.33 cm ™! for 1 and
Ji=—6.56 cm™Y, ], =+12.4 cm ™! and J; = +0.175 cm ™! for 2.
Evidently, there are competing antiferromagnetic and ferro-
magnetic interactions in 1 and 2, but there is no simple
correlation of the calculated J-parameters with either the M-O-M
angle (Fig. $4, ESIt), or the M- --M distance (Fig. S5, ESIt).

Multi-reference calculations of the single-ion zero-field splitting
tensors. The single-ion zero-field splitting parameters and g-factors
in compounds 1 and 2 were calculated using multireference state
average complete active space (SA-CASSCF) wavefunctions comple-
mented by N-electron valence state perturbation theory (NEVPT2)
with CAS(8,5) and CAS(7,5) active spaces, respectively. Again, the
same basis set was used and also relativistic effects were included
with ZORA. This method is generally used to extract information
about magnetic anisotropy for transition metal complexes. Herein,
we used the molecular geometry of the whole tetranuclear complex
and by replacing three of the four metal atoms with diamagnetic
zinc atoms, the single-ion ZFS tensors were calculated for indi-
vidual crystalographically independent Ni or Co atoms.

The results for 1 are summarized in Table 3. The energy
levels and the contributions of the excited spin states to the
D-tensor are listed in Tables S2 and S3 (ESIt). The individual
D-tensor axes are visualized in Fig. S6 and S7 (ESI) for 1, and 2,
respectively. The values of the zero-field splitting parameters
and g factors vary over a wider range due to the different coor-
dination numbers of the central atoms (Table 3). The calculated
D = +26.8 cm ' for the Nil atom with © = 0.39 is not in
accordance with the recently published magneto-structural
correlation of the pentacoordinate Ni(n) complexes,'® where
D = 327 — 151-1 = —26.2 cm ' would be expected. The
discrepancy in the sign of D could be explained by the different
chromophore of Ni1, {NiO,N}, as compared to the data in
ref. 18, where all the compounds possessed the {NiO,Nj}
chromophore. D = —9.47 cm™ ' computed for Ni2 is in the
range of hexacoordinate Ni(i) complexes.'® Moreover, both
Ni(un) atoms possess a large rhombicity (E/D > 0.25), which
practically means that the sign of D becomes irrelevant. The
ZFS of pentacoordinate Co(u) complexes was recently studied°
and it was shown that for T > 0.29, positive D is expected.
Thus, D = +48.2 cm™' for Col seems to be in accordance
with this prediction. For hexacoordinate Co2, an even larger
D=+76.0 cm™ " was found, which is in the range of similar Co(i)
compounds.”’ Moreover, both Co(u) atoms possess a large
rhombicity (E/D > 0.19), which practically means that the sign
of D is irrelevant. Thus, the axial type of the magnetic aniso-
tropy should be observed for these ions.***° However, the
CASSCF/NEVPT?2 calculations for both Co1 and Co2 atoms also
showed that there were close lying excited states with energies
equal to 1022 and 678 cm ' (Table S2, ESIf), respectively.
Therefore, the spin Hamiltonian formalism is not valid anymore,
and the extracted values of the ZFS parameters and g-tensors
must be treated with great care. This is also evident from the
calculated value g, = 1.939 for Co2 (Table 3), which contradicts
the expected g; > 2.0 for the 3d’ electronic configuration.

New J. Chem., 2017, 41, 11258-11267 | 11261
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Table 1 The B3LYP/ZORA/def2-TZVP(-f) calculated net Mulliken spin densities, the (S%) values and relative energies of the high-spin (HS) and
broken-symmetry spin (BS) states for the molecular fragment [Ni4(L)4(CHsOH),] of 1°

Spin state Aijb (em™) (5% p(Ni1) p(Ni2) p(Ni2") p(Ni1")

HS, |otoorar) 0 20.02(20.02) 1.69(1.67) 1.67(1.67) 1.67(1.67) 1.69(1.67)
BS11,|BooiB) 60.708(77.204) 4.01(4.02) ~1.69(—1.68) 1.67(1.66) 1.67(1.66) ~1.69(—1.68)
BS12,|Bpo) 131.824(133.583) 4.02(4.02) ~1.69(—1.68) ~1.67(—1.66) 1.67(1.66) 1.69(1.68)
BS12/,|Bafa) —56.084(—36.429) 4.01(4.01) —1.69(—1.67) 1.67(1.66) —~1.67(—1.66) 1.69(1.67)

“ The values in parentheses were calculated for optimized geometries (see Experimental section for more details). > 4 j = €Bsij — EHs-

Table 2 The B3LYP/ZORA/def2-TZVP(-f) calculated net Mulliken spin densities, the ($%) values and relative energies of the high-spin (HS) and
broken-symmetry spin (BS) states for the molecular fragment [Co4(L)4(CH3zOH),] of 27

Spin state 4,7 (em™) (8% p(Co1) p(Co2) p(Co2") p(Co1")

HS, |orororor) 0(0) 42.04(42.04) 2.74(2.73) 2.73(2.72) 2.73(2.72) 2.74(2.73)
BS11/,|Boap) 75.773(69.719) 6.03(6.03) —2.73(—2.72) 2.73(2.73) 2.73(2.73) —2.73(—2.72)
BS12,|BBowcr) 156.312(149.526) 6.04(6.03) —2.74(—2.73) —2.73(—2.72) 2.73(2.72) 2.74(2.73)
BS12/,|Bofor) —79.021(—77.703) 6.03(6.03) —2.73(—2.72) 2.72(2.71) —2.72(—2.71) 2.73(2.72)

“ The values in parentheses were calculated for optimized geometries (see Experimental section for more details). A = epsjj — Eus-

Table 3 The CASSCF/NEVPT2/ZORA/def2-TZVP(-f) calculated ZFS parameters and g-factors for the Ni(i) and Co(i) atoms in compounds 1 and 27

Atom D (ecm ™) E/D G g j
1 Ni1 +26.8(+27.7) 0.256(0.229) 2.353(2.347) 2.441(2.431) 2.189(2.173)
Ni2 —9.47(+9.37) 0.294(0.246) 2.213(2.219) 2.167(2.163) 2.259(2.254)
2 Col +48.2(—22.4) 0.301(0.304) 2.401(2.287) 2.787(2.129) 2.031(2.500)
Co2 +76.0(+79.5) 0.191(0.245) 2.410(2.314) 2.769(2.806) 1.939(1.994)

“ The values in italics must be taken with great care, because the first excited state is relatively close to the ground state.

Actually, it seems that the “F atomic term of Co(u) is split into a
set of close-lying Kramers doublets (Table S2, ESIt), which
resembles the situation generally found for other lanthanide-
based Kramers ions, such as Dy(m) or Er(m). To evaluate the
magnetic anisotropy in such systems, the individual Kramers
doublets are usually treated with the effective spin Hamiltonian
for Ser = 1/2, which results in gegrtensors. Then, the g-anisotropy
is a measure of the magnetic anisotropy. Such a procedure
applied for the ground Kramers doublets of Col and Co2 revealed
Geffx = 1.622, Betfy = 2.626, Geffz = 7.422 and Geffx = 2.097, Betty =
3.349, gefrz = 6.751, respectively. Obviously, there is the axial type
of the magnetic anisotropy (gesr; > getf,xy), Dut with a significant
rhombic character (gefr,.), > 0). In the case of the BP86-optimized
geometries of 1 and 2, the hexacoordinate M2 and M2’ metal
atoms are little affected by a small change of the coordination
geometry, and the CASSCF/NEVPT2 calculated ZFS parameters,
|D| and E/D, are very similar to those calculated for the geo-
metries extracted from X-ray data, see Table 3 and Tables S6, S7
(ESIt). The same also holds for the pentacoordinate Ni1 (Nil')
atoms where upon geometry optimization the 7 shifted from 0.39
to the value of 0.41, hence the ZFS parameters are almost the
same, e.g. D changed from +26.8 cm ™" to +27.7 cm ™, see Table 3.
In contrast, the coordination geometry of pentacoordinate Col
(Co1’) atoms considerably changed as manifested by the increase
of 7 from 0.39 to 0.57. This significant distortion can be attri-
buted to the Jahn-Teller effect, which operates for square-
pyramid geometry due to the “E ground state. Such a large

11262 | New J. Chem., 2017, 41, 11258-11267

change of 7 is reflected also in the ZFS parameters, D changed
from +48.2 cm ™' to —22.4 cm ™!, but leaving the rhombicity still
very large, E/D = 0.30. Analogous analysis of the ground
Kramers doublets with the effective spin S.s = 1/2 for Col
and Co2 centers resulted in gegrx = 1.478, Zefry = 2.112, Zefrz =
6.920 and gefrx = 2.170, Zefry = 2.916, gegr,, = 7.058, respectively.
Thus, the results obtained for the optimized geometry of 2 also
show the axial type of the magnetic anisotropy (ges,; > Zeff,x,y)
with a substantial rhombic character (gefryy > 0).

Analysis of the experimental magnetic data. Based on the
molecular structures of 1 and 2, the following spin Hamiltonian
can be postulated

H=—J (51 -Sh+ Sy -§2/) YA (§1 ~§2/+§1/-§2) YA <§2-§2/)

4 4
+ ZDi/(Szz - SQ/:;) +E1{ (sz - Svyz) +:uBBzng‘§a
i=1

i=1 i=

(3)

where the isotropic exchange, the zero-field splitting and
Zeeman terms were included. Evidently, there are too many
free parameters (Jy, Ja, J3, D1, E1, Ds, E,, g) to fit the experi-
mental magnetic data. To avoid over-parameterization, firstly,
we focused on the temperature-dependent data of 1, where the
prevailing antiferromagnetic exchange should lead to the non-
magnetic ground spin state little affected by the zero-field
splitting. As a result, there are only four parameters ( /1, J, /3, £)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 5 AC susceptibility measurements in zero (a) and non-zero (B = 0.1 T) applied magnetic field (b) for 2.

to vary. Interestingly, the DFT-calculated j-parameters (J; =
—10.6 cm ™, J, = +20.7 cm™ Y, J; = +2.51 cm™ *, g = 2.28) describe
the magnetic data of 1 very well (Fig. 3). Actually, a good fit was
already obtained for the case where we neglected the smallest
exchange parameter (J; = 0) and we found J; = —10.1 cm™ %, J, =
+15.5 ecm ', J5 = 0 (fixed), and g = 2.32 (Fig. 3). These parameter’s
sets describe also the isothermal magnetization data fairly well,
especially at 7 = 5 K (Fig. 3). Further improvement would be
obtained by introducing also ZFS parameters (Di, Ei, D,, E,),
however, this would lead to over-parameterization and thus would
result in untrustworthy parameters. A similar approach was
adopted for 2. At first, the J-parameters calculated from DFT were
used to simulate magnetic data (Fig. 3), but there was a surpris-
ingly large discrepancy. This can be explained by the fact that
CASSCF/NEVPT? calculations showed that the spin Hamiltonian is
not applicable for the cobalt ions due to low-lying excited states.
We encountered a similar inconsistency between the DFT-
calculated J-parameters and experimental magnetic data for the
dinuclear compound [Co,(bedmpzp),(u-Cl),](PF¢), (bedmpzp =
bis(3,5-dimethyl-1H-pyrazol-1-yl-1-ethyl)(2-pyridylmethyl)amine),
where CASSCF/NEVPT2 calculations were also performed and
indicated the presence of close-lying excited states.>” Of course,
we tried to fit the magnetic data of 2 with the spin Hamiltonian
in eqn (3) neglecting the zero-field splitting terms in the
temperature range from 10 to 300 K and good fits were obtained
with J; = +1.41 cm ™', J, =+7.30 cm ™, J; = +0.84, g = 2.49 or also
forJ; =+1.84cm ', J, =+7.35cm ', J; = 0 (fixed), g = 2.49 (Fig. 3).
Nevertheless, we must stress here that despite the fact that the
magnetic data of 2 can be fitted within the spin Hamiltonian
formalism, a more sophisticated model including the contri-
bution of the orbital angular momentum is needed to properly
describe the experimental data. Such an approach, known as
the Griffith-Figgis formalism, is only available for (pseudo)-
octahedral Co(n) complexes®® and is completely missing for
pentacoordinate Co(u) compounds. Furthermore, there is an
unsolved problem, i.e. how to treat magnetic exchange among
Co(u) atoms in the situation where the spin Hamiltonian is
not applicable. Usually, in the case of the Kramers ions, the
exchange can be treated with the Ising model, however, this is
not permitted in our case, because according to CASSCF/
NEVPT2 calculations, the effective g-factors for Se = 1/2 are

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

all non-zero. Thus, we must conclude that the analysis of the
magnetic data for polynuclear complexes with a large contribu-
tion of the angular momentum is still a great challenge for
magnetochemistry.

Dynamic magnetic data. The ferromagnetic coupling and
significant magnetic anisotropy found in 2 encouraged us to
study also the dynamic magnetic properties. Therefore, AC
susceptibility measurements in the frequency range from 1 to
1500 Hz were performed in zero and non-zero static magnetic
fields (Fig. 5). Evidently, there is a frequency-dependent non-
zero out-of-phase signal for AC susceptibility below 3.5 K for
both measurements. However, there is only one maximum for
B4c = 0 T, and therefore we cannot estimate U by fitting AC
susceptibility data to the one-component Debye model and
Arrhenius plot. Therefore, the data for By, = 0 T were analyzed
using the approximate relationship®*

In(y"/x") = In(2nfte) + Ueet/kT (4)

giving the following values of the energy barrier (Ug/cm ™) and
relaxation time (¢/10~° s): 8.9, 0.35 for f= 15.5 Hz, 8.4, 1.2 for
f=38.6 Hz, 9.3, 1.1 for f= 96.2 Hz, 9.8, 1.3 for f= 240 Hz, 12, 0.51
for f=597 Hz, 12, 1.4 for f= 1490 Hz (Fig. 6). The slight variation

-1
f/Hz
= 155
24 ¢ 3886
A 962
il v 240 b
= 3 < 597
3 > 1490
=
-4
-5 -
| | | I
0.2 0.3 0.4 0.5
1/TIK'

Fig. 6 Analysis of the AC susceptibility data measured in a zero static
external field according to eqn (4).
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of the fitted parameters (Ueg = 8.4-12 cm™ ') is most likely
caused by omitting the distribution of the relaxation processes.

Conclusions

In this work, we reported on the synthesis, structural and magnetic
properties of two isostructural compounds [Mj(L),;(CH;O0H),]
(M =Ni (1), Co (2)). The crystal structure of 1 revealed that this
compound possesses a {Ni,O¢}>~ core with a defective dicubane
topology and with mixed penta- and hexa-coordination. The
isostructurality of 2 was confirmed by powder X-ray diffraction
measurements. The analysis of variable temperature magnetic
data by applying the spin Hamiltonian formalism revealed
competing ferro- and antiferromagnetic interactions leading
to the S = 0 ground state in 1, but in 2 the exchange interactions
are of ferromagnetic nature providing thus the S = 6 ground
state. The analysis of experimental data was supported by
theoretical calculations and the use of BS-DFT calculations
resulted in prediction of the magnetic exchange coupling
constants, which agree rather well with those obtained from
the experiment in the case of compound 1. In 2, the calculated
exchange couplings were also predicted to be of prevailing
antiferromagnetic nature and this is in stark contrast to the
results of the fitting of the experimental data. With the aim to
elucidate this contradiction and to obtain magnetic anisotropy
parameters for each metal atom in 1 and 2, multiconfigura-
tional CASSCF/NEVPT2 calculations were performed. As a
result, large magnetic anisotropy both for penta- and hexa-
coordinate Ni(u1)/Co(u) atoms was predicted. More importantly,
it was revealed that the first excited states in 2 are very close to
the ground state and thus the spin Hamiltonian formalism is
not valid anymore. In other words, the magnetism of Co(u)
atoms in 2 cannot be adequately described by a well-separated
spin state with S = 3/2. Therefore, in 2, all the fitted or computed
magnetic parameters derived within the spin Hamiltonian form-
alism must be taken with great care. Thus, the above-mentioned
discrepancy between the DFT-calculated j-parameters of 2 and the
experimental magnetic data stem from the fact that single-
determinant calculations, such as those based on DFT, cannot
properly account for the multiconfigurational character of the Cof()
atoms in 2 and the large contribution of the angular momentum to
the ground state. Furthermore, the large magnetic anisotropy in 2
resulted also in the observation of the slow relaxation of the
magnetization in the zero-applied static magnetic field, which
makes 2 only the first example of a single-molecule magnet with
the {Co40¢}*" defective dicubane core and mixed hexa- and
pentacoordination of the central atoms.

Experimental
Synthesis

All used chemicals and solvents were purchased from commercial

sources and used without any further purification.
[Nig(L)4(CH3;0H),] (1). An orange solution of H,L (0.05 g,

0.23 mmol) in CH;0H (30 cm®) was mixed with a green solution
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of Ni(CH;COO),-4H,0 (0.06 g, 0.23 mmol) in CH;O0H (10 cm?)
and the resultant red solution was stirred for 15 min. Tripropyl-
amine (0.07 g, 0.48 mmol in 3 ml of CH;0H) was then added
dropwise. The reaction mixture was refluxed for next 15 minutes
and the brownish orange precipitate was filtered off. The mother
liquor was left undisturbed at room temperature, and dark
green prism shaped crystals were obtained after a few days.
Yield: 61%. Elemental analysis (crystalline phase): Anal. caled for
Cs4H44N,040Ni, (1143.74): C, 56.7; H, 3.9; N, 4.9. Found: C, 56.8;
H, 3.9; N, 4.8. FT-IR (ATR; cm ™ '): 3055(m), 3002(m), 2909(m),
2835(m), 2774(m), 1617(s), 1587(s), 1538(m), 1439(s), 1380(m),
1336(w), 1296(s), 1253(s), 1220(m), 1169(w), 1153(m), 1124(w),
1109(w), 1024(m), 919(w), 828(m), 737(s), 618(w), 517(w), 492(w),
450(w).

[Co4(L)4(CH30H),] (2). The synthesis was performed under
an inert N, atmosphere. An orange solution of H,L (0.05 g,
0.23 mmol) in CH;OH (30 cm®) was mixed with a red solution of
Co(CH;3C00),-4H,0 (0.06 g, 0.23 mmol) in CH;0H (10 cm?)
and the resultant brown orange solution was stirred for 15 min.
Tripropylamine (0.07 g, 0.48 mmol in 3 ml of CH;OH) was then
added dropwise. The reaction mixture was stirred for next
15 minutes and a brownish orange precipitate was filtered off.
The mother liquor was left undisturbed at room temperature and
a red microcrystalline powder was obtained after a few days. Yield:
69%. Anal. caled for Cs3H,0N,O09C0,4 (1112.66): C, 57.2; H, 3.6; N,
5.0. Found: C, 57.3; H, 3.3; N, 4.9. FT-IR (ATR; cm ™ '): 3060(m),
3015(m), 2917(m), 1600(s), 1581(s), 1542(m), 1434(s), 1378(m),
1328(w), 1278(s), 1235(s), 1214(m), 1168(w), 1144(m), 1125(w)
1106(w), 1035(m), 920(w), 826(m), 739(s), 606(w), 511(w), 489(w),
446(w).

’

Equipment, measurements and software

Elemental analysis was performed on a Thermo Scientific
FLASH 2000 CHNS-O Analyzer. Infrared spectra of the com-
pounds were recorded with a ThermoNicolet Nexus 670 FT-IR
spectrometer using the ATR technique on a diamond plate
in the region of 4000-400 cm™'. Temperature dependent
(T = 1.9-300 K, B = 0.1 T) and field dependent (B = 0-7 T,
T = 2 and 5 K) magnetic measurements were carried out on
powder samples on a SQUID magnetometer MPMS-XL7 (Quantum
Design) for 1 and a PPMS Dynacool system (Quantum Design) with
the VSM option for 2. The data were corrected for the diamagnetism
of the constituents.

X-ray diffraction analysis. Single crystal X-ray diffraction
data are listed in Table S1 (ESIt). The data were acquired using
an Oxford diffraction Xcalibur 2 CCD diffractometer with a
Sapphire CCD detector, a sealed tube (Mo Ko radiation, Ko =
0.71073 A) and equipped with an Oxford Cryosystems nitrogen
gas-flow apparatus. The CrysAlis program package (version
1.171.33.52, Oxford Diffraction) was used for data collection
and reduction.?® The molecular structures were solved by direct
methods SHELX-2014 and all non-hydrogen atoms were refined
anisotropically on F* using the full-matrix least-squares procedure
SHELXL-2014.%° All the hydrogen atoms were found in differential
Fourier maps and their parameters were refined using a riding
model with Ujso(H) = 1.2 (CH, CH,, OH) or 1.5Ucq(CH3). The X-ray

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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powder diffraction patterns of all solid samples were recorded
on a Mini-Flex600 (Rigaku) instrument equipped with Bragg-
Brentano geometry, and with iron-filtered Cu Ko 1,2 radiation.

Theoretical methods. Ab initio theoretical calculations were
performed with an ORCA 3.0.3 computational package.'® Single
point DFT energy calculations based on X-ray geometries were
done using the B3LYP functional.”” The isotropic exchange
constants J were calculated by comparing the energies of
high-spin (HS) and broken-symmetry spin (BS) states using
Ruiz’s approach.?® Calculations of the ZFS parameters were
performed using the state average complete active space self-
consistent field (SA-CASSCF)*® wave functions complemented
by N-electron valence second order perturbation theory
(NEVPT2).*® The active spaces of the CASSCF calculations
comprise five metal-based d-orbitals and eight electrons for
nickel atoms, and seven electrons for cobalt atoms, CAS(8,5)
and CAS(7,5), respectively. In the state averaged approach all
multiplets for the given electron configuration were equally
weighted, which means 10 triplet and 15 singles states for
nickel atoms, and 10 quartet and 40 doublet states for cobalt
atoms. The ZFS parameters, based on dominant spin-orbit
coupling contributions from excited states, were calculated
through the quasi-degenerate perturbation theory (QDPT),*'
in which approximations to the Breit-Pauli form of the spin-
orbit coupling operator (SOMF approximation)*> and the effec-
tive Hamiltonian theory®® were utilized. In DFT calculations,
the relativistic version of the polarized triple-& quality basis set
(def2-TZVP(-f)) proposed by Ahlrichs and coworkers was used
for all atoms, whereas in the case of CASSCF calculations the
relativistic version of def2-TZVP(-f) was used for Co/Ni, N, O
atoms and def2-SVP was used for C and H atoms.** We also
used the RI approximation with the decontracted auxiliary
def2-TZV/] or def2-TZV/C Coulomb fitting basis sets and the
chain-of-spheres approximation to exact exchange.?® Increased
integration grids (Grid5 in ORCA convention) and tight SCF
convergence criteria were used in all calculations. Analogous
calculations were also done for the optimized geometries of 1
and 2, where the respective geometries were optimized using
the BP86 functional and ZORA with the relativistic version
def2-TZVP(-f) for Ni/Co, N, O atoms and def2-SVP for C and
H atoms. Atom pairwise dispersion correction to the DFT energy
with Becke-Johnson damping (D3B]) was also included.*® The
list of optimized atomic coordinates is available in the ESIf in
Tables S4 and S5.
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