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To gain a better insight into the factors affecting the enhancement of the energy barrier in single mole-
cule (single ion) magnets, three hexacoordinate cobalt(i) complexes based on the tridentate ligand 2,6-
bis(pyrazol-1-yl)pyridine (pypz) and pseudohalide ions have been synthesized and investigated. It was
found that dicyanoamido and azido ligands act as bridges to form a one dimensional network based on a
single pys-dca bridge [Co(pypz)(dca)(H,Ol-dca (1) and dimer [Co(pypz)a(ps1-N3)2(N3)2]-: 2CHsOH (2),
while tcm™ counterbalanced the charge of [Co(pypz),]2* in [Co(pypz),l(tcm), (3), where dca™ = dicyan-
amide ion; tcm™ = tricyanomethanide ion, respectively. The DC magnetic data show a sizable magnetic
anisotropy, which was confirmed by high-field/high frequency EPR measurements. Two of them are SIMs
(1 and 3) and the other one is a SMM (2). All complexes exhibit field induced slow magnetic relaxation
with two (1 and 2) or three relaxation channels (3) and an exceptionally long relaxation time for the low-
frequency channel upon application of an external field Bpc = 0.4, 0.3, and 0.4 Tat T = 1.9 K; z(LF) = 1.9,
2.1and 0.9 s, respectively. Additionally, the high spin-reversal barriers, U = 103 K for 1 and 95 K for 2, are
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Intoduction

Single-molecule magnetism (SMM) has attracted a lot of
research interest since its first identification in 1993 by
Gatteschi and co-workers in a dodecametallic manganese-
acetate cage (Mnyp,Ac).' To a large extent, the studies in this
field have been driven by the wide application potential of
SMM compounds that exhibit slow magnetic relaxation upon
removal of a magnetizing field and magnetic hysteresis below
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among the largest for field-induced SIMs for cobalt(i) reported in the literature.

the blocking temperature. Such applications may include
denser data storage and quantum computing.>”® The SMM
field has expanded to single-ion magnets (SIMs) and single-
chain magnets (SCMs). Subsequently, magnetic anisotropy
and relaxation dynamics were reported for mononuclear
lanthanide-based and then for transition metal
complexes,'®"® as well as one-dimensional polymeric (1D)
transition metal compounds.’®® The construction of these
unconventional materials is based on the unique combination
of high spin and magnetic anisotropy resulting in a magneti-
cally bistable molecule with a high barrier for thermally acti-
vated relaxation of magnetization. Therefore, many examples,
especially SIMs assembled from the anisotropic Co(u) ion,
have appeared in the literature.”*>°

Contrary to traditional SMMs, whose axial zero-field split-
ting (ZFS) parameter is certainly negative, the sign and magni-
tude of magnetic anisotropy in Co-based SIMs depend on
more varied and complex parameters.*® In the range of mono-
nuclear penta- or hexa-coordinated Co(u) complexes, strong
magnetic anisotropies with both a negative ZFS parameter D
and an easy-plane anisotropy (D > 0) can be obtained, and
field-induced slow magnetic relaxation can be observed regard-
less of the sign of the D values.*"

Special attention has been paid to establishing a magneto-
structural correlation based on D for mononuclear hexa-co-
ordinated d” compounds, especially Co(n) SIMs with large
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positive or negative D values.”> Even though a remarkable
number of Co(u)-based SIMs have been reported so far, their
effective energy barriers for spin reversal usually range from 20
to 50 K. For this reason, great efforts have been made towards
finding a solid conceptual explanation for this behaviour.
However, the parameters governing magnetic anisotropy are
still poorly understood and the daunting task of having precise
control over the magnetic anisotropy remains a difficult
challenge.

In principle, the magnetic anisotropy and relaxation
dynamics of mononuclear complexes can be fine-tuned by con-
trolling the ligand field strength and symmetry of the crystal
field. Along this line the present research concerns the prepa-
ration, structural characterization and variable-temperature
magnetic and EPR studies of cobalt(n) complexes with 2,6-bis
(pyrazol-1-yl)pyridine (pypz) and dca™, N537, tem™ anions. The
Co(u) cation was proven to be a suitable candidate for prepa-
ration of SIMs and SCMs.**™*° It exhibits high plasticity of the
coordination sphere and strong enough spin-orbit coupling
(SOC), which gives the possibility of magnetic anisotropy fine
tuning. On the other hand, pseudohalide ions were found to
be versatile ligands able to coordinate to metal centres in
monodendate or bridging modes and generate mononuclear
complexes or polymeric coordination networks.’'™ As
demonstrated herein, the longer dca™ ions favoured the for-
mation of a one dimensional network based on a single p; s-
dca bridge [Co(pypz)(dca)(H,O]-dca (1). The azide ions also
acted as bridges to form a dimer [Co,(pypz)s(p -
N3),(N3),]-2CH3;0H (2), while tem™ counterbalanced the charge

of [Co(pypz).]*" in [Co(pypz).](tem); (3)-

Results and discussion

Synthesis and general characterization

The complexes [Co(pypz)(dca)(H,O)],-n(dca) (1), [Cox(pypz)a(ps,1-
N3),(N3),]-2CH;0H (2), and [Co(pypz),](tem), (3) were obtained
by reacting a methanol solution of CoCl,:6H,O and 2,6-bis
(pyrazol-1-yl)pyridine (pypz) with a suitable pseudohalide ligand
at room temperature. Detailed data about synthesis, analysis, and
characterization are presented in the ESL}

The infrared spectra of 1-3 clearly show the presence of the
pseudohalide ions and N-heterocyclic ligand (Fig. S1f).
Intense stretching vibrations of dca™ ions in 1 appear as strong
vs(C=N) peaks in the region 2146-2173 cm ' and weaker
absorptions v, + vs(C=Ndca) and v,s(C=Ndca) in the range
2210-2316 ecm™'. The occurrence of two peaks in the lower
energy region (at 2173 and 2146 cm™ ') in the IR spectrum of 1
could be indicative of the presence of both bridging and unco-
ordinated dca” in this compound. Also, the asymmetric
stretching vibrations v,4(N;™) occur as two close-lying peaks at
2094 and 2060 cm~'. Also, the asymmetric stretching
vibrations v,4(N;7) occurring as two close-lying peaks at 2094
and 2060 cm™" support two different coordination modes of
the azido ligands in 2 (EO-bridging and terminal).*>*” The
single and strong band v,(C=N) at 2165 cm ™" in the IR spec-
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trum of 3 confirms the presence of uncoordinated tcm™ ions
in this compound. Compared to the absorption band for the
salt Ktcm, it is only slightly blue-shifted. Medium intensity
absorptions attributed to the stretching modes v(C=N), and
y(C=C) of the pypz ligand occur in the range of
1343-1482 cm™ . The absorption band due to O-H stretching
vibrations occurs at 3261 cm™" (Fig. S1, ESI{).

To confirm the phase purity of the synthesized Co(u) com-
plexes, the XRPD spectra of these compounds were recorded.
As shown in Fig. S2-S4 (ESIt), the XRPD patterns measured for
polycrystalline samples 1-3 were in good agreement with the
XRPD patterns simulated from the respective single-crystal
X-ray data using the Mercury program,*® demonstrating that
the crystal structures are truly representative of the bulk
materials.

Structural description

The details concerning crystal data and refinement are sum-
marized in Table S1.f The bond lengths and angles are gath-
ered in Table S2 (see the ESIf}).

[Co( pypz)(dca)(H,O0)],-n(dca) (1). The structure 1 is built up
from the cationic linear chains [Co(pypz)(p s-dca)(H,0)],""
whose positive charge is counterbalanced by uncoordinated
dca” ions (Fig. 1a). The chains are linked into a supramolecu-

(b)

(c)

Fig.1 (a) Perspective view of a fragment of the [Co(pypz)(dca)
(H20)l,-n(dca) showing the atom numbering. Displacement ellipsoids
are drawn at 50% probability; (b) a view of a fragment of the supramole-
cular 2D network generated via hydrogen bonds; (c) a view of the supra-
molecular 3D network generated by interlayer n—n-stacking interactions
involving the pypz ligands.

This journal is © the Partner Organisations 2020
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lar two-dimensional network via two structurally different
O-H---N hydrogen bonds [[(O(1)-H(1a)-N96; [D---A = 2.796(3) A
D-H---A = 172.0°] and O(1)-H(1b)-N94" [D---A = 2.771(3) A;
D-H---A = 161.0% (b): x,1 + y,2]] (Fig. 1b). Neighbouring supra-
molecular layers are interlinked through =---n stacking
between the pyrazole rings of pypz ligands [3.4940(17) A for
Cg(4)(N(4)N(5)C(9)C(10)C(11)---Cg“(4)(N(4)N(5)C(9)C(10)C(11)i) =
-x,1 — y,—z]. (Fig. 1c).

The shortest Co---Co separation spanned by the dca™ brid-
ging ligand is 7.447(6) A, while the closest interchain separation
is equal to 8.4287(7) A. Within the chain [Co(pypz)(j,s-dca)
(H,0)],”™, the adjacent metal centres are bridged by single p',’
dca™ ligands, and each Co(u) atom has a six-coordinated CoN5O
environment, with a distorted octahedron coordination geome-
try. Three nitrogen atoms of the pypz ligand and one oxygen
atom of the water molecule form the equatorial plane, while the
axial position is occupied by two nitrogen atoms of bridging
dca™ atoms. The cobalt(u) centre is displaced from the mean
basal plane by 0.131 A. The Shape value (OC-6) with respect to
octahedral geometry was found to be 2.280, while the calculated
distance to the ideal trigonal prism (TPR-6) is equal to 10.546.*°
The 2,6-bis(pyrazol-1-yl)pyridine skeleton is approximately
planar. The dihedral angles between the inner and outer rings
are 5.96(4)° and 1.33(4)°, respectively. Owing to the structural
rigidity of the pypz ligand, the bond angles N(1)-Co(1)-N(2)
(73.83(7)°) and N(1)-Co(1)-N(4) (74.17(7)°), are far off those
expected for an ideal octahedral geometry. The Co-N bond of
the central pyridyl ring of the pypz ligand [Co(1)-N(1) = 2.1082(18)
A] is shorter than those of the outer pyrazol-1-yl rings [Co(1)-
N(2) = 2.1891(19) A; Co(1)-N(4) = 2.1685(18) A]. This trend has
been also confirmed for the related Co(u) systems incorporat-
ing terpy and tppz ligands (see Table S31). All the equatorial
Co-N bond lengths are longer than the axial Co-Ndca bond
lengths [Co(1)-N(97) = 2.057(2) A; Co(1)-N(99) = 2.096(2) A].
The elongation of the distance Co(1)-O(1) [2.1338(16) A], com-
pared to typical Co—Oysacer lengths for cobalt(i) complexes, can
be explained by the participation of the oxygen atom in the for-
mation of the intermolecular hydrogen bond O-H---N.?°~>?

[Cox(pypz)a(p1,1-N3)2(N3),]-2CH30H (2). The structure 2 con-
sists of the neutral dinuclear [Co,(pypz)s(}1,1-N3)2(N3),] enti-
ties and two molecules of methanol. The dinuclear unit results
from the pairing of two mononuclear moieties related by a
crystallographic inversion centre (Fig. 2a). The centrosymme-
trically related Co(u) atoms are doubly bridged by azide ions in
the end-on fashion to form a four-membered Co,N, ring. The
asymmetric (Ad(N-N) = 0.161(1) A) and quasi-linear (179.8(3)°)
EO-bridging azido ligands are not coplanar with their Co,N,
ring. The intradinuclear Co---Co separation of 3.3417(5) A and
the bridging angle Co(1)-N(99)-Co(1A) of 101.84(7)° agree well
with the values reported previously for the related cobalt(i)
dimers with double p; ,-N; bridges [see Table S4t]. However, it
should be noted that the number of azido-bridged dinuclear
cobalt(u) complexes is still limited, in contrast to dinuclear
copper(u), manganese(u) and nickel(n) complexes with such
bridges, on which extensive magnetostructural investigations
have been reported.”*”>

This journal is © the Partner Organisations 2020
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a)

b)

Fig. 2 (a) Molecular structure of 2 together with the atom numbering.
The displacement ellipsoids are drawn at 50% probability level [sym-
metry codes: (a) = —x,—y,2 — z[; (b) a view of the supramolecular 2D
network generated by hydrogen bonds.

Each Co(u) ion in 2 is in a distorted octahedral geometry
consisting of three N atoms from pypz [Co(1)-N(1) = 2.0899(17)
A, Co(1)-N(2) = 2.1684(19) A and Co(1)-N(4) = 2.1943(18) A]
and three other N atoms from the terminal and bridging
azides [Co(1)-N(96) = 2.065(2) A; Co(1)-N(99) = 2.0709(17) A].
The Shape values with respect to octahedral geometry (OC-6)
and trigonal prism (TBY-6) were found to be 2.300 and 10.954,
respectively. The solvent molecules in the crystal structure of 2
are involved in the formation of the hydrogen bonds. The OH
group of the methanol molecule is hydrogen bonded to the
N(96) atom of the terminal azido ligand [O(1)-H(1A)---N(96)
[D---A = 2.828(3) A; D-H---A = 164.0°], C(3)-H(3)---O(1) [D---A =
3.162(3) A; D-H---A = 163.0° (i): x,1/2—,1/2 + z], while the
methanol oxygen atom participates in the weaker C-H:--O
interactions C(3)-H(3):--O(1) [D--A = 3.162(3) A; D-H.--A =
163.0° (i): x,1/2—y,1/2 + z] and C(5)-H(5)---O(1) [D---A = 3.456(3)
A; D-H---A = 165.0°, (i): x,1/2 — ,1/2 + 2], leading to a two-
dimensional supramolecular network (Fig. 2b).

[Co(pypz),](tem), (3). Compound 3 crystallizes in the mono-
clinic space group C2/c with the asymmetric unit comprising
one half of the [Co(pypz),]”" cation and one tem™ counterion.
The Co(u) ion is situated on a twofold crystallographic axis.
The perspective view of the molecular structure with the atom
numbering is shown in Fig. 3. In the crystal structure, the
cations [Co(pypz),]”" and tecm™ anions are interlinked by
electrostatic forces, weak hydrogen bonds C-H---N [C(1)-H(1)

Inorg. Chem. Front., 2020, 7, 2637-2650 | 2639
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a)

b)

Fig. 3 (a) Molecular structure of 3 together with the atom numbering.
The displacement ellipsoids are drawn at 50% probability level [sym-
metry codes: (h) = 1 — x,y,3/2 — z]. (b) Short intermolecular contacts.

.-N(98) D---A = 3.301(3) A; D-H---A = 146.0° (f): 1 — x,—1 +y,3/2
— z; C(5)-H(5)---N(96): D---A = 3.270(4) A; D-H--A = 176.0°
(): 3/2 = x,3/2 — 9,2 — z; C(7)-H(7)---N(98): D---A = 3.357(3) A;
D-H--A = 141.0° (g): 3/2 — x,—1/2 + y,3/2 — z; C(11)-H(11)
--N(97): D---A = 3.353(3) A; D-H---A = 152.0°] and Y--- type
interactions [C(98)-N(98)---Cg(7) X---Cg = 3.429(3) A and C(97)-
N(97)---Cg(7): X---Cg = 3.378(3) A for centroids Cg7(N(1)-C(4)-
C(5)-C(6)- C(7); C(96)-N(96)---Cg(6); X---Cg = 3.409(3) A for
centroids Cg6(N(4)-N(5)-C(9)-C(10)-C(11))].

In the cations [Co(pypz).]**, the pypz ligands coordinate to
the cobalt(u) ion in a mer fashion, equatorially via pyrazol-1-yl
donors (Co(1)-N(2) = 2.1622(17) A; Co(1)-N(4) = 2.1605(17) A)
and axially through the pyridyl nitrogen atoms (Co(1)-N(1) =
2.0825(14) A), to form a tetragonally compressed {CoNg} octa-
hedral symmetry. The Shape value for the octahedral environ-
ment (OC-6) was found to be 5.169, while the calculated value
for ideal trigonal prism (TPR-6) is equal to 9.382. An angular
distortion of [Co(pypz),]*" which is reflected in the N-Co-N
angles: 74.47(6)°-99.77(6)° for the nitrogen atoms in cis dispo-
sition and 148.72(6)°-171.72(8)° for those in trans arrange-
ment is attributed to the rigidity and geometrical constraints
related to the occurrence of two fused five-membered chelate
rings of the pypz ligand. The dihedral angle between the least-
squares planes formed by the pypz ligands is 89.49°. The dis-
tortion parameter X, defined as the sum of the deviation from
90°0of the 12 cis angles of the CoNg octahedron, equals 141.47°,
while the parameter @ being the summation of the 24 unique
N-Co-N angles measured on the projection of two triangular
faces of the octahedron along their common pseudo-threefold
axis is 445°. The values of X and @ fall into the range typical of
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HS cobalt() complexes.”*7® Also, the bond distances of Co-N
(average Co-N = 2.1350(6) A) clearly indicate the high-spin
state (HS) of the cobalt(u) centre in [Co(pypz),]**.””*°

DC magnetic data

The DC susceptibility data for 1 are displayed in Fig. 4. The
effective magnetic moment at room temperature equals pegr =
5.17ug which implies g.gr = 2.67. Its temperature dependence
shows features typical of (nearly) octahedral Co(u) complexes
with a pronounced maximum on cooling; at low temperature it
is also influenced by the intermolecular interactions. The sus-
ceptibility increases on cooling over the whole temperature
range, so that there is no evidence for an antiferromagnetic
coupling along the 1D chain because of the absence of a
maximum. The magnetization per formula unit reaches M; =
Mot/ Napts = 2.87 at T = 2.0 K and B = 5.0 T; this indicates a
considerable zero-field splitting.

The geometry of the {CoNN',N",0} chromophore is
restricted by the rigid pypz ligand: the distance to the pyridine
ring is shortened relative to the pyrazolate moiety but longer
than distances to the dicyanamido ligands. The angular distor-
tion is far from a right angle (as discussed above). Such a
marked distortion from the octahedral geometry causes
difficulties in selecting a suitable model Hamiltonian for
fitting the magnetic data. On symmetry lowering the ground
T,4(On) term is split into “E and “A, daughter terms when
assuming the C,, geometry formed of the {Co(1)N(1)N(2)N(4)N
(97)} fragment (the C, axis passes throughout the O(1)-Co(1)-
N(99) linkage). This symmetry descent could be described by
the Griffith-Figgis (GF) Hamiltonian which is appropriate for
the (quasi) degenerate ground term “T;, on symmetry descent.

A% = (—a¥ax) (L, - §)h™>
spin-orbit coupling
B (86 + gulp) '+ A (£ — 12/3) 72

spin and orbital Zeeman terms axial distortion

The fitting procedure applied to magnetic susceptibility
gave the following set of parameters: the effective spin-orbit

splitting parameter (Axi)/hc = —131(5) ecm™", the effective
orbital g-factor g, = —2.00(1), the axial crystal-field splitting
parameter A, /hc = —2000 cm™'; additional is the molecular
7
B=05T
T=20K
1 0O |
o®
i 41 ~ b § 24 /i\
<o 7 12 |°
e /\’?
2 vg 10 1*['”
3 ;
"
DO 10 20 Z}D 40I éi‘
0 [
0 50 100 150 200 250 300 0 1 2 3 4 5
TIK BIT

Fig. 4 DC magnetic data for 1: effective magnetic moment (inset: low
temperature susceptibility) and magnetization data. Full lines — fitted
with the GF model.
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field correction (zj)/hc = —0.0057(14) cm™'; the discrepancy
factor R(y) = 0.021. (The last, minor correction improves the
data fitting at the lowest temperatures.) The Griffith-Figgis
model assumes a limiting value of g; > —1.5; however, the
fitting procedure with such a restriction failed. With 4,, < 0,
the ground term “E is orbitally doubly degenerate so that four
Kramers doublets are thermally populated and the spin-
Hamiltonian formalism is not applicable. The larger deviation
from the octahedron, the larger A,,. There is no physical
restriction for the magnitude of this splitting. Its large value
says that the excited term *A is magnetically ineffective.

Complex 2 is a dinuclear S = 3/2 spin system coupled in a
ferromagnetic manner. The Co(1)-N(99)-Co(1A) bridge angle
is 101.8° which lies close to the critical value at which the
exchange interaction changes its sign.®’"** The room-tempera-
ture value of the effective magnetic moment is e = 7.87pup
(Fig. 5). The magnetic susceptibility on cooling is only increas-
ing which indicates the ferromagnetic coupling. The magneti-
zation per formula unit tends to saturate at B=7.0 T & T =
2.0 K with M; = 6.37; this indicates a rather small value of the
zero-field splitting parameter D.

The magnetic data were fitted by wusing the spin
Hamiltonian

2
SH =1 =3 _ a2 = _
Ha = _](Sl : SZ)h > + ZD(SLZ - S?/3)h 2
=1

2
+ > upB(geSiz o8 4 + giySixsin 9g) !

i=1
that accounts for the isotropic exchange (parameter J), zero-
field splitting (parameter D), and the Zeeman term dependent
upon a number of grids (a) along a meridian. The resulting
parameters are: J/hc = + 17.8(7) cm ™', D/hc = 1.5 em™", g, = gy, =
2.50(1), temperature-independent term ypp = —49 x 1072 m®
mol™; the discrepancy factors R(y) = 0.014.

Complex 3 is a mononuclear entity whose coordination
polyhedron {CoN,N’,} is a compressed octahedron. However,
there is a considerable angular distortion caused by the rigid-
ity of the pypz ligands. An analogous situation was encoun-
tered in the [Co(pydm),](dnbz), complex formed from 2,6-pyri-
dinedimethanol and dinitrobenzoate anions. A modelling
using the generalized crystal field theory reveals that the
angular distortion causes a crossover of the A,---E terms when

7
B=05T T=20K

10 1 o
[ ol
84 ©

3

,
'mo/ Natle

Zinoll(10° m* mol'™)

0
. L0 10 20 30 40
0 50 100 150 200 250 300
TIK BIT

0 -
01234567

Fig. 5 DC magnetic data for 2: left — susceptibility data (inset: low
temperature range), right — magnetization per formula unit. Lines —
fitted.
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Fig. 6 DC magnetic data for 3: effective magnetic moment (inset: low
temperature susceptibility) and magnetization data. Full lines — fitted
with the GF model.

passing from D,y to D,q geometry.®* Therefore, instead of the
traditional zero-field splitting Hamiltonian, again the Griffith-
Figgis model must be used (Fig. 6). The application of the
Hamiltonian (1) gave (AxA)/hc = —87(5) em™", gy, = —2.77(1), Aa/
he = —4000 cm ™, (z7)/hc = —0.0049(15) cm ™, and yy = —20 X
10~° m® mol™; R(y) = 0.031. This set of parameters recovers
the susceptibility data satisfactorily; however, the fitted values
are a bit problematic (too low 4, too negative g ).

Electron spin resonance

Cobalt(n) complexes in a hexacoordinated environment are
often characterized by very large zero field splitting with the D
parameter of the spin Hamiltonian often larger than 100 cm™
and accordingly, only the transitions in the ground Kramers
doublet |+1/2) are observed (for a positive D). In cases where
the spin Hamiltonian is applicable, this leads to a spectrum
with an effective g, value equal to the intrinsic g, value, while
the perpendicular g.¢ values are approximately twice as large
as the intrinsic g, and g, still being dependent on the E/D
ratio.*® As shown above, the spin Hamiltonian is not appli-
cable in our cases, since the complexes have orbitally degener-
ate ground states. Still, in the spectra of 1 and 3 some features
are observed whose effective g-values are independent. These
effective g-values are 7.20, 2.66 and 2.14 for 1 and 7.71, 1.84
and 1.47 for 3 (Fig. 7). The dimeric complex 2 exhibits very
different spectra in which transitions located near to zero mag-
netic field are observed at multiple frequencies (Fig. 8). This is

5K, 406.4 GHz

*

4 6 8 10 12 14
Magnetic Induction, Tesla

3 L 5K, 208.0 GHz
_k, | 10 K 208.0 GHz
2
_//V\r 10 K 609.6 GHz
2
2

0

Fig. 7 High-field EPR spectra of complexes 1-3. The features marked
with * in the spectra of 1 and 3 appear at the effective g-values which
are independent of the microwave frequency.
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Fig. 8 High-field EPR spectra of 2 recorded at 10 K with the microwave
frequencies as given. The lowest-field resonance appears at zero mag-
netic field when the frequency is 484 GHz.

indeed a signature of a dimeric compound and indicates some
zero-field splitting.

When attempting to simulate the frequency dependencies
of the resonances observed in 1 using S = 3/2 spin state with
very large D and limiting E/D = 1/3, one obtains g, = 2.65, g, =
2.61 and g, = 2.95. These g-values will change, however if a
different E/D ratio is assumed. The lowest value of E/D which
would not result in one of the g-values being smaller than 2 is
0.216, for which g, = 2, g, = 2.80 and g, = 2.45 are required to
fit the frequency dependencies in Fig. S5.f Such analysis
proved to be impossible at all in the case of 3, as it was
impossible to simulate the frequency dependencies without
some g-values being smaller than 2 (Fig. S6%).

Complex 2 exhibited complicated spectra with broad lines,
particularly those occurring at high magnetic fields. The com-
pound is a dinuclear S = 3/2 spin system coupled in a ferro-
magnetic manner with J ~ +18 em™". The coupled spin § = 2
state lies at 54 cm™" above the ground S = 3 state, while the § =
1 state is ~90 cm™" above S = 3. Therefore, at low temperatures
only the coupled spin S = 3 state is expected to be observed in
EPR. Transitions at or close to zero magnetic fields were
observed at many microwave frequencies. A transition could be
followed over a wide frequency range (Fig. S7t), which
approached zero magnetic field at 484 GHz. This transition
occurs between states which are split at zero field by 16 cm™
(the factor to convert from cm™" to GHz equals 30). The slope
of that frequency dependence indicates that it is a AMg = 1
transition (plots of transitions with higher AMg have lower
slopes). The linearity of that branch in Fig. S7} suggests that it
is a transition at the Z-orientation and allows estimation (from
the slope) of g, = 2.0. Neglecting the E parameter, the energies
of the Mj states in S = 3 are 0, D, 4D and 9D for states |0),
|£1), |+2) and |+3), respectively. The AM; = 1 transitions at zero
magnetic field in an S = 3 state occur at frequencies corres-
ponding to D (|0) to |+1)), 3D (|+1) to |+2)) and 5D (|+2) to
|£3)). The observed zero-field transition appears to be of the
5D type, thus D in the S = 3 state is estimated to be ~3.2 cm™".
This implies a D on a single Co>" ion of 8 cm™, as a D¢, para-
meter on a single Co®" ion contributes 0.4 D¢, to Dg3, accord-
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ing to the relation {Ds_3} = 0.3{D1,} + 0.4{D¢,}.*® This is in dis-
agreement with the magnetic data analysis and probably
means that the standard spin Hamiltonian should not be
applied to this system.

Quantum-chemical calculations

Ab initio calculations were performed with the ORCA 4.0.0
computational package®” using the experimental geometry of
complexes under study. The relativistic effects were included
in the calculations with the zero-order regular approximation
(ZORA) together with the scalar relativistic contracted version
of def2-TZVPP basis functions for the Co atom, def2-TZVP
basis functions for the N atom and def2-SV(P) basis functions
for the C and H atoms. The calculations were based on the
state average complete active space self-consistent field
(SA-CASSCF) wave function complemented by N-electron
valence second order perturbation theory (NEVPT2).5*°> The
active space of the CASSCF calculations comprised of seven
electrons in five metal-based d-orbitals. The state averaged
approach was used, in which all 10 quartet and 40 doublet
states were equally weighted. The calculations utilized the RI
approximation with an appropriate decontracted auxiliary
basis set and the chain-of-spheres (RIJCOSX) approximation to
exact exchange. Increased integration grids (Grid4 and GridX5)
and tight SCF convergence criteria were used. The spin-
Hamiltonian parameters were evaluated through the quasi-
degenerate perturbation theory in which an approximation to
the Breit-Pauli form of the spin-orbit coupling operator
(SOMF) and the effective Hamiltonian theory was utilized.”* %

For the dinuclear complex 2, the DFT-B3LYP calculation
gave the exchange coupling constant j/ic = +15.0 cm™'
(Yamaguchi formula®®®”). The calculations utilized the
RIJCOSX approximation with the auxiliary SARC/] Coulomb
fitting basis set. Increased integration grids and tight SCF con-
vergence criteria were also used.

In the mononuclear complex 3, the three lowest lying multi-
electron states (terms) can be considered as quasi-degenerate.
These states arise from the splitting of the mother octahedral
ground term “Ty, into daughter terms on symmetry lowering
with energies 4T1g: {0, 542, 1159}, hereafter all energy data in
em™'. The remaining quartet terms lie at much higher ener-
gies, namely "T,,: {8693, 8764, 10 572}; *Aye: 19164; and "Ty:
{21557, 23065, 23237}. The spin-orbit coupling splits the
ground term into six multiplets (Kramers doublets) with ener-
gies {0, 163, 702, 992, 1474, 1601}. This means that the lowest
energy gap amounts to § = 163 cm™"; however, this cannot be
related to the traditional zero-field splitting parameter (5 ~ 2D)
since in the case of (quasi)degeneracy the spin-Hamiltonian
formalism is inappropriate. Failure of the activated spin-
Hamiltonian formalism is reflected in the calculated g-factors
2{1.987, 2.334, 2.838} where the first component acquires an
unrealistic value (all g-factor components must be greater than
2 for d” systems). Consequently, the zero-field splitting para-
meters D and E are virtual and omitted from the presentation
(in order to avoid any confusion).
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AC susceptibility data

AC susceptibility data were acquired first at 7= 2.0 K for a set
of representative alternating field frequencies (f = 1.1, 11,
1111, and 1111 Hz), by increasing the magnetic field from zero
to Bpc = 1.0 T. The working amplitude Byc = 0.3 mT was used.
Data for the complex 1 are displayed in the ESIL.{ There is no
absorption signal (out-of-phase susceptibility component »") at
the zero field owing to a fast magnetic tunnelling. With the
increasing external field, this component rises, passes through
a maximum, and then attenuates, which confirms that
complex 1 exhibits a field supported slow magnetic relaxation.
The position of the maximum, however, depends visibly on
the oscillating field frequency, f. Complexes 2 and 3 exhibit
analogous behaviour, which also demonstrates field induced
slow magnetic relaxation.

Subsequent experiments were done for a fixed external mag-
netic field at which the high-frequency signal assumes a
maximum. The data were taken for 22 oscillating field frequen-
cies, between f = 0.1 and 1500 Hz, for a set of temperatures
ranging between 7 = 1.8 and 7.0 K. These data were rearranged
as shown in Fig. 9 for 1 where the frequency runs over the
x-axis. There are two relaxation modes: (i) the low-frequency
(LF) mode occurs at f ~ 0.1 Hz which implies the relaxation
time 7(LF) = 1/(2nf"max) = 1.6 s; (ii) the high-frequency (HF)
mode refers to the peak at f ~ 100 Hz so that 7(HF) < 1.6 ms at
T = 2.0 K. The heights of the peaks, y1r and yur, determine the
mole fraction of the respective fraction via yir = (yir — xs)/
(xur — xs) where yg is the adiabatic susceptibility (the high-fre-
quency limit). With increasing temperature x;r decreases in
favour of xyr = 1 — X On heating, the position of the high-
frequency peak is shifted to higher frequencies that is the
usual behaviour of SMMs and SIMs. The AC susceptibility data
were fitted by employing a two-set Debye model that can be
decomposed into the pure real and imaginary parts (see the
ESIT for details). Seven free parameters (adiabatic suscepti-
bility ys, isothermal susceptibilities yir, yur, distribution para-
meters app, app and relaxation times 7pp, 7yp) can be fitted
reliably by using 44 experimental data points. The quality of
the fit has been checked by the discrepancy factors R(y’) and
R(y") along with standard deviations for each parameter (see

20 5 T T T T
1,B,=04T
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Fig. 9 Frequency dependence of the AC susceptibility components for

1 at Bpc = 0.4 T and fixed temperature. Lines — fitted with the two-set
Debye model.
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Table S57). Note that the isothermal susceptibility defines the
height of the peak, the distribution parameter its width, and
the relaxation time the position of the peak at the out-of-phase
susceptibility component. Normally, the a-parameter decreases
on heating.

Based on quantitative assessment the relaxation time for
the LF channel is as long as iy = 1.8(7) s and that for the HF
is Typ = 0.93(2) ms at 7= 2.0 K, and x;r = 0.35. The relaxation
times enter the Arrhenius-like plot Inz vs. T~" that is displayed
in Fig. 10. This can be utilized in determining the relaxation
parameters for the Orbach process in the high-temperature
limit: the barrier to spin reversal U/kg = 103 K. This value
needs to be considered as an estimate since the maximum of
the out-of-phase susceptibility component falls above the hard-
ware limit (1500 Hz).

The curved part of the Arrhenius-like plot can be repro-
duced by considering a more general equation

vt =1,  exp(=U/kgT) + CT" + AB"T + D1 /(1 + D,B*)  (3)

in which also the multi-phonon Raman process (para-
meters C and n), the single-phonon direct process ( parameters
A and m) and the temperature-independent quantum tunnel-
ling process are involved. The characteristic parameters can be
estimated from the linearized form In(z™') = by + b;InT
applied to different temperature windows. Two highest temp-
erature points, ascribed to the Orbach relaxation process with
7 = 7o exp(U/ksT), gave Ulks = 103 K, 7o = 1.2 x 10” " 5. Here the
barrier to spin reversal U is probably underestimated since the
last three data points do not fall perfectly on the straight line
and a hypothetical involvement of subsequent data points
probably would bring a higher U and lower extrapolated relax-
ation time 7. Six low-temperature data points match a linear
relationship 7' = CT" with n = 1.3 and C = 426 K" s™".
Because n > 1, this refers to the Raman relaxation process; n =
1 would simulate r the direct process and n = 0 the quantum
tunnelling process. An almost perfect fit was obtained via trun-
cated eqn (3) with parameters U = 143(7) K, 7o = 1.6(13) x 107"
s, AB" = 1.3(1) x 103 K™' s™" T, n = 5.7(2), and C = 0.49(14)

1,Byc=04T

In(z/s)

05 10 15 20

InTK)
T T

0 5 10 15 20 0.1 0.2 03 04 05 06
Z o 10° M mol™) am k!

Fig. 10 Argand diagram (left) and the Arrhenius-like plot (right) for 1.
Orbach-process parameters in the high-temperature limit are z = 75 exp
(U/ksT): Ulkg = 103 K, 7o = 1.2 x 107 5. Raman (phonon bottleneck)
process parameters in the low-temperature limit are 7 = CT™: n = 1.3,
C =426 K" s (inset).
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K™ s™'. However, for the pure Raman process typical values
are n = 7-9; subnormal n-values are more typical of the
phonon bottleneck process which obeys an analogous
formula.

The frequency dependence of the AC susceptibility com-
ponents for 2 is shown in Fig. 11. Two peaks referring to the
LF and HF relaxation processes are well seen. Again the two-set
Debye model was successful in the data fitting. Despite the
different chromophore and different structure motif, system 2
exhibits relaxation properties analogous to 1: the relaxation
time for the LF channel is as long as 7 = 1.5(2) s and that for
the HF is 7yr = 0.82(3) ms at 7= 2.0 K, and 71y = 0.36. The adia-
batic susceptibility is very different, however: zero is observed
for 1 while it is substantial for 2, escaping progressively with
temperature. The shift of the adiabatic susceptibility is well
seen in the Argand diagram drawn in Fig. 12.

The analysis of the Arrhenius-like plot gave the relaxation
parameters for the high-temperature and the low-temperature
regime as follows: U/ky = 95 K, 7, = 5.5 x 10~ *> s for the Orbach
process, and n = 1.6, C = 412 K" s* for the Raman (phonon
bottleneck) process. Again, a perfect fit has been obtained
using eqn (3) with parameters U = 83(8) K, 7, = 0.7 X 10~ s,
AB™ =1.9(2) x 10° K" s7' T, n = 7.5(18) and C = 0.43 K"
s
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Fig. 11 Frequency dependence of the AC susceptibility components for
2 at Bpc = 0.3 T and fixed temperature. Lines — fitted with the two-set
Debye model.
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Fig. 12 Argand diagram (left) and the Arrhenius-like plot (right) for 2.
Orbach-process parameters in the high-temperature limit are 7 = 7o exp
(UlkgT): Ulkg = 95 K, 70 = 5.5 x 107 s. Raman (phonon-bottleneck)
process parameters in the low-temperature limit are 7> = CT™ n = 1.6,
C =412 K" 57 (inset).
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The AC susceptibility data for 3 are different from the pre-
vious cases (Fig. 13 and 14). One dominating peak is seen at
the out-of-phase component positioned at f ~ 100 Hz and
above. Because of shoulders, the data fitting requires a three-
set Debye model whose parameters are listed in Table S7.}

Multiple relaxation channels in mononuclear Co(u) based
SIMs have been recognized in a number of studies.’® '°* These
systems possess aromatic rings and a rich system of short
intermolecular contacts, like hydrogen bonds, n-n stacking,
n-H interactions, etc. On heating, oligonuclear entities (blocks,
plaquettes, and/or finite chains) relaxing slowly disintegrate to
mononuclear (traditional) SIMs. Such an interpretation is sup-
ported by doping experiments into the diamagnetic Zn matrix.
There is also a strong dependence of the LF relaxation channel
upon the external magnetic field that acts as a “gluing” factor
in the formation of the oligonuclear entities relaxing slowly.

The dynamic magnetic properties of three complexes under
study can also be compared with analogous systems posses-
sing hexacoordinated Co(u) ions (see Table 1). Many examples
of such complexes presented in the literature exhibit SMM or
SIM behaviour with one or two (sometimes three) relaxation
modes and effective energy barriers for spin reversal typically
in the range of 20-50 K. However, it should be noted that the
spin-reversal barriers U = 103 K (1) or 95 K (2) are among the
largest observed for other cobalt(u) field-induced SIMs or
SMMs presented in the literature. This barrier to spin reversal
which is responsible for the Orbach process of slow magnetic

20
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Fig. 13 Frequency dependence of the AC susceptibility components
for 3 at Bpc = 0.4 T and fixed temperature. Lines — fitted with the three-
set Debye model.
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Fig. 14 Argand diagram (left) and the Arrhenius-like plot (right) for 3.
Dashed lines — guide to the eye.
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Table 1 Comparison of the key characteristics of related complexes
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zJ'|hc/em™
Compound J/hclem™ Bpc/T Branch 7(1.9 K)/s Ulkg/K 7o/8 Ref.
[Co(bim),(tem), ¢ ~0 0.25 40.3 106
[Co(bmim),(tem),]” ~0 0.25 28.8 106
[Co(abpt),(tem), ] 0.3 86 1.4x107° 107
[Co(4-bzpy),Cl,] -0.031 0.4 HF 273 x107° 108
IF 43.5x107°
LF 394 x107°
[Co(4-bzpy)4(SCN),]* ~0 0.4 HF 282 x107° 27.7 0.31x107° 108
LF 63.9x107°
[Co"Co™(LH,),(CH;CO0)(H,0)](H,0); ¢ —0.069 0.4 HF 60.5x107° 24.4 0.59 x 107° 109
LF 182 x 107°
[Co(pypz)(dca)(H,0)],-n(dca) —0.0057 0.4 HF 1.09 x 107 103 1.2x107" This work
LF 1.9(7)
[Coa(pypz)s(N3),] —0.028 0.3 HF 0.95%x 107 95 5.5x107"? This work
+17.8(7) LF 2.1(8)
[Co(pypz).](tcm), —0.0049 0.3 HF 1.3x107° This work
IF 13.7 x 1073
LF 0.9(11)
[Co(pypz)Cly] -0.073 0.35 HF 237 x107° 49 1.4x107° 85
LF 0.93(13)
[Co(pypz)(NCS),] -0.029 0.40 HF 17.0 x10°° 85
IF 3.0x107°
LF 4.9(24)
[Co(pypz)(NCO),] —0.019 0.20 HF 1.84 x 1073 25.3 4.5x1077 85
LF 0.55(14)

“bim = 1-benzylimidazole. ® bmim = 1-benzyl-2-methylbenzimidazole. ¢ abpt = 4-amino-3,5-bis(2-pyridyl)-1,2,4-triazole; tem = tricyanomethanide.
9 4-bzpy = 4-benzylpyridine. ¢ LH = 2-{[(2-hydroxy-3-methoxyphenyl)methylene]Jamino}-2-(hydroxymethyl)-1,3-propanediol.

relaxation is not always exclusively related to the D anisotropy
parameter as U = |D|(S*> — */,). For example, our SIMs 1 (with a
very high energy barrier) and 3, which are both hexacoordinate
Co(n) complexes with an elongated octahedral geometry,
possess the orbitally (nearly) degenerate ground term (e.g. “E)
for which the spin-Hamiltonian formalism fails and thus the
D-parameter is undefined. This fact was confirmed by mag-
netic and HF-EPR spectroscopic measurements and also
theoretical calculations. Moreover, the large U value observed
in the dimeric complex 2 does not meet the typical conditions
assigned to SMM, such as a high spin and large negative D
value. This Co(u) system possesses a positive and rather small
D-value which may suggest that the occurrence and dynamics
of relaxation processes depend on more varied and complex
parameters. Angular distortion, steric effects, and short inter-
molecular contacts leading to dimer or chain formation can
result in unpredictable deceleration or acceleration of slow
magnetic relaxation. Note that also S = 1 spin systems with
undefined D-parameter can exhibit slow magnetic relaxation
as documented by a few examples.'**7'>

An additional value of our research is also demonstrating
the role of a multicoordinate pypz ligand in the construction
of SMM or SIM magnets. This ligand can act as a tridentate
ligand and adopt various geometry modes ( penta- or hexacoor-
dinated) depending on the halogen or pseudohalogen anion
(see Table 1). Introduction into the Co(u) coordination sphere
of halido or pseudohalido ligands allows a fine-tuning and
effective modulation of magnetic anisotropy, and consequently
may lead to enhancement of the energy barrier. As a result all

This journal is © the Partner Organisations 2020

complexes in our [Co(pypz)X,] series where X = CI7, NCS~,
NCO™, N;7, tecm™, and dca™ show a field-induced relaxation
process with two relaxation channels in 1, 2 and [Co( pypz)Cl,],
[Co(pypz)(NCO),] or three channels in 3 and [Co(pypz)(NCS),],
with an energy barrier much higher for the hexacoordinate
than pentacoordinate Co(u) complexes. The strategy we use
can be useful in constructing new magnetic materials with a
great variety of structural motifs and interesting magnetic pro-
perties such as multichannel relaxation processes with a large
energy barrier.

Conclusions

In summary, the effect of N-donor ligands in combination
with halido or pseudohalido ligands on the construction of
SMMs or SIMs was investigated. Three new Co(u) complexes
with distorted octahedral geometries and different topologies
have been synthesized and structurally characterized. The DC
magnetic data show a sizable magnetic anisotropy, which was
confirmed by HF EPR measurements and ab initio
calculations.

The AC susceptibility measurements reveal that the hexa-
coordinate complexes 1 through 3 exhibit an exceptionally
long relaxation time for the low-frequency channel upon appli-
cation of an external field Bpc = 0.4, 0.3, and 0.4 T, respectively
at low temperature 7' = 1.9 K: 7rr = 1.9, 2.1 and 0.9 s. These
complexes exhibit the largest field-induced spin-reversal
barrier among the cobalt(u) SIMs or SMMs. This barrier is not
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exclusively related to the D anisotropy parameter, as due to the
orbitally degenerate ground term the spin-Hamiltonian form-
alism fails and the D-parameter is undefined (1 and 3). The
D-parameter adopts a very low and positive value in 2. This is
an agreement with the thesis done by E. Ruiz et al.,''° that the
magnitude of the anisotropy barrier in SMM is mainly deter-
mined by the strength of the spin-orbit coupling and cannot
be engineered by independently optimizing D and S. Further
studies on cobalt(u), nickel(n) and manganese(u) complexes
using 2,6-bis(pyrazol-1-yl)pyridine and halido or pseudohalido
ligands will be carried out in the near future in order to inves-
tigate the relationship between the substitution pattern/steric
effects and the relaxation dynamics of these relatively simple
anisotropic systems.
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