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ABSTRACT: We report a new class of four dimeric Co(II)
complexes [Co,(bbpen)(X),] (H,bbpen = N,N’-bis(2-hydroxy-
benzyl)-N,N’-bis(2-methylpyridyl)ethylenediamine) [X~ = SCN
(1), Cl (2), Br (3), and I (4)] with different coordination geometry
of two Co(II) centers (trigonal-prismatic and pseudo-tetrahedral) and
their magnetic study. Interestingly, the two Co(II) centers show two
different types of magnetic anisotropy. State of the art ab initio
CASSCF analysis reveals that the six-coordinate or the trigonal-
prismatic Co(II) center possesses a consistently large negative axial
zero-field splitting (negative D) parameter (~—60 cm™'), while the
four-coordinate or the pseudo-tetrahedral Co(II) center exhibits a
range of D values from +13 to —23 cm™'. Ab initio calculations
employing the lines model were used to estimate the magnetic
exchange as both the Co(II) centers possess significant magnetic
anisotropy. All the complexes display rare ferromagnetic interaction, and the strength of this interaction decreases as the ligand field
on the pseudo-tetrahedral Co(II) center decreases from SCN~ > CI~ > Br™ > I".
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B INTRODUCTION

The phenomenon of magnetic exchange is highly important in
the field of single-molecule magnets (excluding single-ion
magnets (SIMs)) and magnetically coupled metal—organic

magnetic property was explained by dimeric molecular

structure of copper acetate as obtained from single-crystal X-
. .67 .

ray diffraction.”” Thereafter, many dinuclear complexes of

first-row transition metal ions such as Fe(IIl),* Cr(II) and
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frameworks (MOFs) as it controls the overall magnetic
behavior of these complexes.' Magnetic exchange coupling
can fairly reduce quantum tunneling of magnetization between
the ground states and can force relaxations to occur through
the thermal paths.” This can significantly enhance the energy
barrier of the relaxation pathways in magnetically coupled
polymetallic complexes.” Applications of these polymetallic
complexes in the field of information storage, spintronics, low-
temperature magnetic refrigeration, and quantum computing
make them a material of great interest.’

Magnetic exchange of these systems largely depends on
factors like type of bridging ligand (oxo, phenoxo, azide,
carboxylates, dicynamato, and cyanide), metal—ligand bond
length, dihedral angles between the coordination planes,
torsion angles, bond angles created by bridging atoms, and
so on.”" Binuclear or trinuclear units are the most basic
structural unit for polymetallic complexes.”

Thus, understanding and exploration of the relationship
between magnetic exchange and structure of those basic units
(magneto-structural correlation) can provide a platform for
probing and modulating the magnetic property of polymetallic
complexes.””

The anomalous paramagnetic behavior of “monomeric”
copper acetate was the elementary work in this field. The
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Cr(111),” Mn(II) and Mn(III),"" and Ni(II)!' have been
reported, and their magneto-structural correlations have been
studied. The theoretical approach to support the experimental
observation has become an important tool that can provide
detailed mechanism of the magnetic exchange (J) and
electronic structure of these complexes.lz’13 For example,
DFT calculations were used by Berg et al. to understand the
mechanism of magnetic exchange in Mn(I1I) dimers.”® On the
other hand, understanding of exchange mechanism for an
anisotropic system is complicated as it is very difficult to
separate the exchange coupling constant and anisotropic
parameters.'* Therefore, tuning of exchange coupling
(especially ferromagnetic interaction) with the anisotropy is
one of the most challenging tasks in the field of molecular
magnetism as both have a significant impact on slow magnetic
relaxation.” In this regard, Co(II) has emerged as a promising
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candidate for the synthesis of the single-molecule magnets
(SMMs) due to its giant magnetic anisotropy and resilient ZFS
pararneter.lé’17

Numerous Co(II) dinuclear complexes have been explored
to understand the magnetic anisotropy and exchange
interactions.® But in most of them, both the cobalt centers
had the same coordination environment with less distortion
around the metal centers from ideal geometries (e.g., O;,) and
show antiferromagnetic exchange interaction.”” In addition,
many polymetallic cobalt clusters have been reported where all
the cobalt centers are not present in the same geometry, and
the magnetic exchange of such systems is unrevealed." In this
paper we report a new class of four dimeric Co(II) complexes
[Co,(bbpen)(X),] (H2bbpen = N,N’-bis(2-hydroxybenzyl)-
N,N’-bis(2-methylpyridyl)ethylenediamine) [X = SCN~ (1),
CI™ (2), Br™ (3), and I" (4)] with two different coordination
geometry of Co(II) centers (trigonal-prismatic and pseudo-
tetrahedral). Magnetic studies and ab initio calculations reveal
the presence of ferromagnetic exchange interactions between
the two metal centers, which can be tuned by varying the
terminal ligands from pseudo-halide SCN™ to halides CI~, Br™,
and I". In addition, the switching of magnetic anisotropy was
also observed with the changing of ligand field for the four-
coordinate Co(II) center. Therefore, for the first time we
report tuning of both ferromagnetic exchange interaction and
anisotropy parameters in dinuclear Co(Il) complexes, where
Co(Il) centers are coordinated in two different ligand
environments.

B RESULTS AND DISCUSSION

Crystallography. Complex 1 crystallizes in monoclinic
P2,/n space group with asymmetric unit composed of one
dinuclear complex and one acetonitrile molecule (for detailed
information see Table S1). The single unit of ligand bbpen®~
binds in a x° fashion to Col and in a x* fashion to Co2,
whereas the other two coordination sites of the Co2 are
occupied by pseudo-halide SCN™ and halides X~ (Cl, Br, and
I) (Figures 1 and 2). In the dinuclear unit, the two cobalt
centers are bridged with the y-phenoxide group of the ligand
bbpen®~. In the hexacoordinated cobalt center of complex 1,

Figure 1. Crystal structure of 1 (asymmetric unit) viewed as a ball-
and-stick model. Color codes: pink = Co, red = O, blue = N, and light
gray = C (hydrogens are omitted for clarity).

C12

cni

Figure 2. Crystal structure of 2 (asymmetric unit) viewed as a ball-
and-stick model. Color codes: pink = Co, red = O, blue = N, light gray
= C, and green = chloride (hydrogens are omitted for clarity).

the three trans angles are ZN1—Col—02 = 156.72°(6),
£N2—Col—-N3 = 151.00°(7), and £01—-Col—-N4 =
159.27°(6), represent the distortion around the Col metal
center from the octahedral geometry (trans angles must be
180° for perfect O, geometry). The bond angle around the
four-coordinate cobalt center in complex 1 is ZN6—Co02—N$
= 113.76°(8) and for chelated £O1—-Co02—01 = 83.52°(6)
also signifies the high distortion from the tetrahedral geometry
(angles must be 109.5° for perfect T; geometry).

The continuous shape measurement (CShM)*® revealed
that the hexacoordinated and tetracoordinated centers have
trigonal-prismatic geometry and pseudo-tetrahedral geometry
with an deviation factor of 4.347 and 1.869, respectively.

Complexes 2 and 3 crystallize in the triclinic space group P-
1, and 4 crystallizes in monoclinic space group C2/c.
Complexes 2—4 have one binuclear unit without any solvent
molecule in the asymmetric unit. As complexes 2—4 share
many structural features, we have taken complex 2 as
representative for complexes 3 and 4 for further narration of
the crystal structure. Two molecules are present in the triclinic
unit cell of complex 2 (an enantiomeric pair) (Figure S1).
Bond lengths and angles relating to the coordination at the
metals are given in Table S2. In the hexacoordinated cobalt
center of complex 2 the three trans angles are ZN1-Col1—-02
= 158.08°(10), £N2—Col—N3 = 152.18°(12), and 201—
Col—N4 = 161.38°(10) which represent the very high degree
of distortion from octahedral geometry. This is supported by
the CShM with the deviation factor of 4.752, which is zero for
perfect O, geometry. A complete result of geometric analysis is
shown in Table S3.

In complex 2 the second cobalt center (four-coordinate) is
also highly distorted from the ideal T,; geometry (like the
previously reported Zn analogue complex'®) as confirmed by
the CShM with a deviation factor of 2.655. The £Cl1-Co2—
CI2 bond angle is 113.92°(5), and for chelated £ZO1—Co2—
02 the bond angle is 83.39°(10). The Co2—01 and Co2—02
bond lengths are shorter than the Co2—Cll and Co2—-CI2
bonds, introducing further asymmetry to the four-coordinate
Co(Il) site. Shape analyses reveal trigonal-prismatic and
pseudo-tetrahedral geometries around six- and four-coordinate
cobalt centers in complexes 3 and 4, respectively (a detailed
shape analysis is given in Tables S3 and S4).
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In all the complexes the pyridine rings and the phenoxide-
functionalized benzene rings of bbpen®~ have intramolecular
77 interactions, and in complex 2 the distances between the
7-rings are 3.605 and 3.962 A, as shown in Figure S2. For other
complexes, the 77 stacking details are given in Table SS. All
the complexes have strong CH--7 interactions between the
Tshen Of one asymmetric unit of the complex with hydrogens
(H from CH, of ethylenediamine) of another asymmetric unit
to form a dimeric structure (Figure S3). For complex 1 the
CH:--7 distance is 2.697 A, and for complexes 2, 3, and 4 it is
2.739, 2.617, and 2.679 A, respectively. Two chlorides in one
unit of complex 2 are in H--Cl interaction with the four
neighboring dinuclear units of the complex 2 (Figure S4), and
the pattern is further extended to form a strong 3D packed
structure (Figure SS). The average of H--Cl interaction (H-
bonding) is 3.124 A in complex 2; however, in complexes 3
and 4 it is 3.257 A (H---Br interaction) and 3.355 A (H--I
interaction), respectively.

Magnetic Characterization. The temperature depend-
ence of direct current (dc) magnetic susceptibility data was
measured for all complexes in the temperature range 2—300 K
under an applied field of 0.1T. The phase purity of the bulk
samples has been confirmed by good agreement of the powder
X-ray diffraction pattern with the simulated one obtained from
the single-crystal structure data (Figure S6). The room
temperature yy T values (yy = molar magnetic susceptibility)
were obtained as 6.74, 6.29, 6.18, and 6.05 cm® mol™! K for
complexes 1—4, respectively (Figures 3 and 4). For all the
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Figure 3. Plot of the y\,T vs T for complex 1 in an applied field of 0.1
T.

complexes the T values were higher than the spin-only value
as expected for two cobalt centers (Co™, § =3/2, g=2.0,and
yuT = 1.87 cm® mol™ K for one cobalt center) because of
their considerable contribution to the orbital angular
momentum.

In all the complexes, upon cooling the temperature from 300
K, the yyT value slowly increases and reaches a maxima, which
represents the ferromagnetic interaction between the two
cobalt centers. For complex 1 the maximum was observed as
7.96 cm® mol™! K at 24 K; on further lowering the temperature
it decreases rapidly due to the anisotropic nature of the Co"
center and reaches a value of 6.31 cm® mol™ K at 2 K. For
complexes 2—4, the ferromagnetic interactions lead to the

11950
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Figure 4. Plot of the y T vs T for complexes 2—4 in an applied field
of 0.1 T.

increase of the T value with decreasing temperature, and the
maxima reach a value of 6.89 (2), 6.83 (3), and 6.40 cm® mol™
K (4) at different temperatures 32 (2), 33 (3), and 40 K (4),
respectively. In addition, lowering the temperature, the y\T
value sharply decreases to 4.8 (2), 4.9 (3), and 4.2 cm® mol™
K (4) at 2 K and indicates the presence of significant magnetic
anisotropy in all the complexes. On the other hand, it was also
observed that the strength of the ferromagnetic exchange
interaction between two cobalt centers gradually decreases
from complexes 1—4 as the extent of increase as well as the
peak maxima of y/T value decreases in the same order. This is
probably due to the different ligand field strength around the
Td Co" centers, which may result in different d-orbital splitting
and overlap integral between two cobalt centers which controls
the overall exchange interaction in the studied compounds. We
have measured the field dependence of magnetization for all
complexes in the range of field 0—7 T at different temperatures
of 2, 4, and 6 K. The M vs H (Figure S and Figure S7a—c)
isotherms show that the magnetization value did not reach
saturation at 2 K even at 7 T. Probably, the highest available
field (7 T) may not be sufficient to fully populate the excited
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Figure S. M/Nug vs H plot for complex 1 at the indicated

temperatures (inset: reduced magnetization plot).
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Table 1. CASSCF Computed Spin-Hamiltonian Parameters of the Four Complexes

complex Do, (em™) Dy, (em™)
1 —60.4 13.9
2 —58.2 15.1
3 —-62.9 —-17.6
4 —53.8 —22.7

E/DO,,’ E/DT,] & 8y & (0) 8w & & (T,)
0.11, 0.23 2.09, 221, 2.84 241,232, 2.21
0.12, 032 2.09, 221, 2.82 2.53, 2.40, 2.28
0.13, 0.10 207,221, 2.86 232, 2.38, 2.58
0.09, 0.06 2.11, 2.20, 2.77 232, 2.39, 2.65

states to reach magnetization saturation for the studied
complexes. In addition, it was observed that the highest
magnetization values are in the range 4.70—5.32 up for
complexes 1—4 which are relatively lower than the expected
value (6.6 and g = 2.2 for two cobalt) as the plateau has not
been reached in the magnetization plot at 7 T. The
nonsuperimposable nature of the reduced magnetization plot
M vs H/T for 1—4 also signified the presence of high
anisotropy in all complexes (Figure 5 and Figure S7a—c).

Considering the dinuclear structure of all the complexes, we
performed the fitting with PHI*' software to quantify the
exchange coupling parameter (J,,). However, no good fit was
obtained with the acceptable parameters (2—300 K) for
complexes 1—4. There are reports of some relevant phenoxide-
bridged Co(II)-based dinuclear complexes.”” For example,
Massoud et al. reported an antiferromagnetically coupled
Co(II)-based dinuclear complex where both the metal centers
are present in distorted O}, geometry.”*® A fitting procedure of
the susceptibility data resulted in an exchange value of —8.38
cm™! with a zero-field splitting (ZFS) parameter (D) of 25.7
ecm™' and g = 2.39. The results confirmed the moderate
antiferromagnetic exchange between Co(II) atoms and the
substantial role of magnetic anisotropy as deduced from the
axial ZFS parameter. Similarly, Lin et al. also reported a
phenoxide-bridged bicobalt complex with an octahedral
geometry of both metal Co(Il) atoms.””’ The experimental
magnetic data were analyzed by Lines’ model which leads to
the exchange value (J) —4.22 cm™'. So the reported
phenoxide-bridged Co(II)-based dinuclear complexes have a
single anisotropy parameter due to the same geometry and
ligand field around the metal centers. At the same time, the
two Co(II) centers of the dinuclear complexes reported in this
work have different symmetry which leads to different types of
magnetic anisotropy. Thus, it is more difficult to fit (both the
susceptibility and magnetization data) and extract the
anisotropic parameters as well as exchange coupling constant
for the studied complexes. To understand the anisotropy of the
system, we have performed ab initio calculations (vide infra)
individually for two cobalt centers in all the complexes. The
concurrent simulation of both the dc magnetic susceptibility
and magnetization data using the poly_aniso program reveals
the presence of ferromagnetic interaction between the cobalt
centers, which decreases from complexes 1—4. In addition, the
presence of easy-axis anisotropy has been observed in six-
coordinate Co(II) centers, whereas four-coordinate Co(II)
centers possess two types of magnetic anisotropy (easy-plane
anisotropy for 1 and 2, easy-axis anisotropy for 3 and 4) which
are also consistent with reported complexes.

In addition, the alternating current (ac) susceptibility
measurements were performed to check the relaxation
dynamics of the studied complexes (for 1 and 4). However,
no out-of-phase ac signals were observed, which may be due to
the strong intermolecular interaction and shorter Co—Co
distances (Table S6) leading to the faster relaxation through

QTM, spin—spin, or spin—lattice relaxation process in these
dinuclear compounds (Figure S8a,b).**

Theoretical Studies. Molecules 1—4 have a different
source of anisotropy which is difficult to extract. The
octahedral Co(II) ions are expected to have unquenched
orbital contribution arising from the ground state, while the
four-coordinate Co(II) is known to yield very large anisotropy
due to out-of-state contributions. Additionally, as they are
bridged by the oxo group, the exchange coupling between the
two metals is expected to be significant, complicating the
magnetic properties of these simple dinuclear systems. To
extract the relevant spin-Hamiltonian parameters on the local
paramagnetic centers (see the Computational Details section),
independently, we have decided to perform ab initio
calculations on 1—4 (X-ray structures) based on multi-
configurational CASSCF methods which are known to yield
a good numerical estimate of the single-ion anisotropy (see
Table 1). Hence, during these calculations one of the Co(II)
centers was replaced by a diamagnetic Zn(II) ion. We have
also performed calculations on DFT-optimized geometries, but
these tend to alter the ZFS of tetrahedral Co(Il) center
significantly (see the Supporting Information and Table S7 for
details).”’ Furthermore, computationally expensive NEVPT2
calculations have been performed on the four complexes to
confirm the sign of D values obtained from the CASSCF
method (see Table S8). NEVPT2 correction of the ZES
parameters slightly reduces the magnitude of D on the
octahedral sites; however, on the tetrahedral sites, it remains
the same. For the ab initio treatment of exchange coupling and
wave function analysis, we have restricted ourselves to the less
expensive CASSCEF level of theory.

The calculated values suggest that all the hexacoordinated
Co(II) centers show negative or easy-axis anisotropy with a D
value around —60 cm™'. Easy-axis anisotropy in six-coordinate
Co(II) complexes with a small rhombic anisotropy (low E/D
or E/D < 0.2) suggests a trigonal-prismatic or antiprismatic
(TRP) geometry around the Co(II) center with the anisotropy
axis along the trigonal or Cy-axis.”* Indeed, the EHA (effective
Hamiltonian approach) computed D,, axes of all six-coordinate
Co(II) centers in 1—4 are aligned along the pseudo-C;-axis of
the molecules (see Figure S9).

The negative D in the case of TRP geometry for Co(II)
species can also be rationalized from its CASSCF-LFT d-
orbital splitting diagram (shown in Figure 6). The first excited
state, which arises from the dominant same My valued d,>_ to
d,, electronic transition, contributes significantly to the
negative D value estimated. This is confirmed from the
multiconfigurational wave function analysis (see Table $9).*°
While all the six-coordinate Co(II) centers yield very similar D
values, there is some difference among these values, and these
are due to small structural changes associated with complexes
1—4. Particularly the ground state to excited state gap directly
correlates to the magnitude of the D value computed with
complex 3 possessing the smallest gap and complex 4
possessing the largest gap (see Table S10).
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Figure 6. CASSCF-LFT splitting diagram at the six-coordinate Co(II)
site for complex 1.

While the six-coordinate Co(II) centers in all four
complexes show consistent negative D parameters, four-
coordinate Co(II) centers show a drastic change in the D
values ranging from +14 cm ™' in complex 1 to —23 cm™’ in
complex 4. Unlike six-coordinate Co(II), here the D,
orientation switches its direction from complexes 1 and 2 to
complexes 3 and 4 when the sign of D also switches from
positive to negative D values (see Figure S9). This switching in
the sign of Dy and in orientation is reflected in a high E/D
value of complex 2, where the Dpy remains in the borderline
region.

This observation can be rationalized by careful analysis of
the tetrahedral site d-orbital splitting diagram shown in Figure

7. This variation in Dy, is expected as the ligand field strength
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Figure 7. CASSCF ligand splitting diagram of pseudo-tetrahedral
Co(II) centers of the four complexes.

decreases from SCN > Cl > Br > L. The orbital splitting pattern
also drastically changes as we go from ClI™ to Br™. The first four
excited electronic states primarily contribute to the overall D
values of these four-coordinate Co(II) centers. Out of these, in
complexes 1 and 2, the major contribution toward positive D,

arises due to the spin—orbit coupling from the first excited
state which is 2894 and 2110 cm™" apart from the ground state

for complexes 1 and 2, respectively (see Tables S11 and S12).
This electronic excitation dominantly contributes toward this
positive Dy, corresponds to dominant different M; level d,, —

do_y transition. On the other hand, in complexes 3 and 4

negative Dy, appears due to the SOC with the dominating first

excited state contributions which are 1890 and 1602 cm™,

respectively, destabilized from the ground electronic state. The
first excited state here is due to the dominant d,>_? — d,, same
M level electronic excitation (see Table S13). Thus, a heavier
atom substitution at the tetrahedral Co(II) center leads to
negative D value, and this phenomenon is noted earlier in
tetrahedral Co(II) complexes.”® Although the bond angle of
£X—Co—X (X = SCN, Cl, Br, and I) remains almost the same
in the four complexes 1—4, which are in the 113°~115° range,
the Co—X bond length increases from 1.95 A in complex 1 to
2.60 A in complex 4 due to the decrease of the donor strength.
This trigger change in AILFT d-orbital splitting pattern and
change in both sign and magnitude in Dr, values.**>5%¢

Next, we switched our attention to describe the nature of the
magnetic exchange between the two Co(II) centers. From the
anisotropic studies reported above, it is clear that both the
Co(II) centers have significant ZFS, especially six-coordinate
centers where the energy gap between the ground and first
excited state Kramers doublets (KDs) is close to 100 cm™'.
This large ZFS gap suggests that an isotropic description of
exchange Hamiltonian extracted from density functional
methods would be inappropriate in these complexes. There-
fore, we have extracted the ] values using the lines model using
the POLY ANISO routine.”” In this method, the anisotropic
exchange interaction between the metal sites is calculated with
an isotropic description in the sense that the effective
Hamiltonian is calculated on the basis of products of the
wave functions corresponds to the chosen low-lying Kramers
levels (of each of the Co centers).

Thus, we have computed the exchange coupling along with
the SINGLE_ANISO values considering the lines (Heisenberg
+ Ising) model using the spin-Hamiltonian

A A 1 A ~
A= Doh[sz2 - S5+ 1)] +Eo (8, - 8

)

2

)

A 1 ~ ~
+ DTd[SZZ - 355+ 1)} +En (8 -5,

- ]‘rotSOh.STd +2)

Here, jiotrepresents the complete tensor of the exchange

interaction between the two Co(II) centers. The full exchange
Hamiltonian contains the (an)isotropic exchange part, the
antisymmetric exchange (Dzialoshinski—Moriya interaction)
term, and the dipolar interaction term. Here, because of the
presence of pseudo-C,, symmetry of the complexes, the
antisymmetric exchange is neglected. Pseudo-spins S;and S,
were allowed to couple to generate the final exchange-coupled
states. The last term represents the intermolecular exchange
term (z]') which was used to obtain a reasonable fit of yT at a
very low temperature.

The SINGLE ANISO computed D values for both the
anisotropic centers and POLY_ANISO fitted exchange
parameters on the X-ray structures have been tabulated in
Table 2. During the POLY ANISO fit, we have only varied the
exchange coupling parameter J, (Jior = Jox + ]dip); all other
parameters like D, E, g, g, and g, values were fixed from
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Table 2. CASSCF-RASSI-SO_SINGLE_ ANISO Computed
Local ZFS Parameters on the Four Complexes and

POLY ANISO Computed Coupling Interactions (g-Factors
Have Been Taken from Table 1)

CASSCE D(0;)  CASSCE D(T)  Juot = Jox + Jaip 2]
=) cm)

complex (em™) (cm (em™)
1 —61.1 139 280 ~0.01
2 -593 153 12.0 ~0.02
3 —64.1 -180 9.0 —0.07
4 =55.5 —23.0 7.5 —0.08

SINGLE_ANISO calculations. Dipolar contributions expected
due to the asymmetry of the Co(II) centers were found to be
very small (<0.1 cm™) for all the complexes. The
POLY ANISO fit shows a nice agreement with the
experimental yT vs T and M vs H curves for all the complexes
(Figures 3 and 4, Figure S10). The fit yields a ferromagnetic
coupling between two Co(II) centers; the computed CASSCF
orbitals for both centers also suggest significant orbital
orthogonality as the one center Co(Il) ion is in six-
coordination with the unpaired electron remaining in d,, d,.,
and d,, orbitals while in the other four-coordinate Co(II) ion
they remain in d;2_» d,,, and d,, (for complex 1) orbitals. The
low-lying exchanged coupled spin—orbit states of the four
complexes are shown in Figure S11. The tunnel splitting values
for all the complexes for the ground state non-Kramers pairs is
significantly high (>0.4), which eliminates the possibility of
observance of zero/dc field ac signals in all the complexes.
The orbital plots shown in Figures 6 and 7 reveal that the
possible overlap that could contribute to antiferromagnetic
coupling is d, |d,, overlap while all other SOMOs are expected
to have very little overlap or orthogonal leading to moderate
ferromagnetic coupling. The ], value shows a very high
ferromagnetic coupling of 28 cm™ in the case of complex 1,
while it decreases to less than half at complex 2 in 12 cm™ and
then decreases slightly at 9 and 7.5 cm™" for complexes 3 and
4, respectively. As the Co—O—Co angle remains similar for
complexes 1—4, the difference in coupling estimated is due to
the variation in the orbital occupation. As we move from
complex 1 to complex 4, the orbital ordering in the tetrahedral
Co(II) site alters offering a possible d,Id,, overlap on top of
the existing d,ld,, overlap, enhancing the antiferromagnetic
contribution to the J and hence decreasing the net
ferromagnetic coupling observed. In addition to the exchange
contribution to the net J values, the dipolar contribution exists,
and this is correlated to the distance and the orientation of the
major magnetic anisotropy axes. Significantly enough, the D_,
and g, axis of the tetrahedral Co(II) ions for complexes 1—4
are tilted with respect to each other. For complex 1, the D,,
axes of both Co(II) ions are nearly collinear while they are
nearly perpendicular to each other in complex 4 (see Figure
S9). These differences reveal variation in the dipolar
contributions which are reflected in the estimated ] values.

B CONCLUSION

In this study, we report ferromagnetic exchange interaction in
four Co(II) dinuclear complexes of general formulas
[Co,(bbpen)(X),] (H,bbpen = N,N’-bis(2-hydroxybenzyl)-
N,N’-bis(2-methylpyridyl)ethylenediamine) [X = SCN~ (1),
Cl™ (2), Br™ (3), and I" (4)] with two different (hexa and
tetra)coordination environment. Magnetic measurements and
ab initio calculations disclose easy-axis anisotropy for six-

coordinate geometry in all complexes whereas a switching of
anisotropy from easy plane (1 and 2) to easy-axis (3 and 4)
was observed for the four-coordinate cobalt center. Further the
extent of ferromagnetic interaction decreases from complexes
1-4. The ligand field strength of the terminal ligands on the
four-coordinate cobalt center mainly control the d orbital
energy splitting which further plays a pivotal role in switching
of anisotropy as well as in the extent of ferromagnetic
interaction as observed for complexes 1-4. Notably, this work
represents the first example of Co(II) dinuclear complexes,
where Co(II) centers are coordinated in two different ligand
environments. Moreover, a change in the ligand donor strength
not only has the ability to alter the magnetic anisotropy but
also the exchange coupling operating between two Co(II)
centers. Finally, this work opens a new window to design
highly anisotropic dinuclear Co(II) systems with ferromagnetic
exchange interaction which can improve the single molecule
magnet behavior.

B EXPERIMENTAL SECTION

Materials and Methods. Magnetic measurements were per-
formed by using a Quantum Design SQUID-VSM magnetometer.
The measured values were corrected for the experimentally measured
contribution of the sample holder, whereas the derived susceptibilities
were corrected for the diama§netic contribution of the sample,
estimated from Pascal’s tables.”® Elemental analysis was performed
with an Elementar Microvario Cube elemental analyzer. IR spectra
were recorded in KBr pellets with a PerkinElmer spectrometer.
Powder X-ray diffraction (PXRD) data were collected with a
PANalytical EMPYREAN instrument using Cu Ka radiation.

Experimental Details. Intensity data were collected on a Britker
APEX-II D8 venture diffractometer by using graphite monochro-
mated Mo Ka radiation (4 = 0.71073 A) at 140 K. Data collections
were performed by using @ and @ scans. Olex2” was used as the
graphical interface, and the structures were solved with the ShelXT>°
structure solution program using intrinsic phasing. The models were
refined with ShelXL*° with full matrix least-squares minimization on
F~. All non-hydrogen atoms were refined anisotropically. Crystallo-
graphic data for complex 1 have been summarized in Table S1. Bond
lengths and angles are listed in Tables S14 and S15.

Synthesis of Ligand. The ligand (H,L) was synthesized
according to the reported literature.”

Synthesis of 1. The ligand H,L (0.1 mmol, 45.6 mg) was
dissolved in S mL of dichloromethane, and triethylamine solution (0.2
mmol, 20.22 mg) was added with constant stirring; after S min
Co(SCN), (0.2 mmol, 35 mg) was added, and the reaction mixture
was heated for the next 2 h at 60 °C. After that, the reaction mixture
was filtered out, and the precipitate was dissolved again in fresh
acetonitrile. Good quality crystals suitable for SC-XRD were obtained
by the vapor diffusion of diethyl ether to the saturated solution of
precipitate in acetonitrile. Yield 56%. Elemental analysis data for 1
were calculated for C;,H;;Co,N,0,S,: C, 52.82; H, 4.29; N, 13.48; S,
8.81%. Found: C, 52.45; H, 4.21; N, 13.38; S, 8.88%.

Synthesis of 2. The ligand H,L (0.1 mmol, 45.6 mg) was
dissolved in S mL of dichloromethane, and triethylamine solution (0.2
mmol, 20.22 mg) was added with constant stirring; after S min CoCl,-
6H,0 (0.2 mmol, 47.8 mg) was added, and the reaction mixture was
heated for the next 2 h at 60 °C. After that, the reaction mixture was
filtered out, and the precipitate was dissolved in hot DMF. Good
quality crystals suitable for SC-XRD were obtained by the vapor
diffusion of diethyl to the saturated solution of precipitate in DMF.
Yield 67%. Elemental analysis data for 2 were calculated for
CyeH,4CLCO,N,O,: C, 52.44; H, 4.40; N, 8.74%. Found: C, 52.38;
H, 4.36; N, 8.61%.

Synthesis of 3. Complex 3 was prepared by following a similar
procedure as described for complex 2 using CoBr, (0.2 mmol, 43.6
mg) instead of Co(SCN),. Yield 49%. Elemental analysis data for 3
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were calculated for C,gH,¢Br,Co,N,O,: C, 46.05; H, 3.87; N, 7.67%.
Found: C, 45.90; H, 3.85; N, 7.57%.

Synthesis of 4. Complex 4 was prepared following a similar
procedure as was described for complex 2 by using Col, (0.2 mmol,
62.5 mg) instead of Co(SCN),. Yield 45%. Elemental analysis data for
4 was calculated for C,sH,3C0,I,N,0O,: C, 40.80; H, 3.42; N, 6.80%.
Found: C, 40.61; H, 3.41; N, 6.76%.

Computational Details. CASSCF-QDPT-EHA followed by ab
initio ligand field theory (AILFT) calculations have been performed
in ORCA 4.0.1 program software.> Scalar relativistic effects have
been taken into account during the calculations with the second-order
Douglas—Kroll-Hess (DKH) Hamiltonian. The DKH-contracted
version of basis sets like DKH-def2-TZVP for Co, Cl, Br, and S;
Sapporo-DKH3-TZP-2012 for I; DKH-def2-TZVP(-f) for N and O;
and DKH-def2-SVP for rest of the atoms were used during the
calculations. During local zero-field splitting calculations, one of the
cobalt centers was substituted with a diamagnetic zinc center. In the
CASSCEF step the seven metal electrons were optimized in five d-
orbitals with 10 quartet and 40 doublet roots. NEVPT2 (N-electron
valence state perturbation theory) calculations were also performed
on the top of CASSCF wave function to account for the dynamic
correlation. Spin—orbit coupling perturbation was considered with the
QDPT (quasi-degenerate perturbation theory) approach. Spin—spin
couplings have been neglected as they are very small and incorrectly
estimated through the CASSCF method. Final spin-Hamiltonian
parameters were computed with the universal effective Hamiltonian
approach (EHA).*

Additionally, CASSCF-RASSI-SO calculations have also been
performed by using the MOLCAS 8.0 program.** For this relativistic
contracted ANO-type orbitals were used from basis library ANO-
RCC...6s5p3d2flg for Co, ANO-RCC...5s4p2d1f for diamagnetic
counterpart Zn; ANO-RCC...4s3p2d for N and O; ANO-
RCC...5s4p2d for Cl; ANO-RCC---4s3pld for S; ANO-RCC...6s5p3d
for Br; ANO-RCC...6s5p3d1f for I; ANO-RCC..3s2p for C; and
ANO-RCC..2s for H. The Douglas—Kroll-Hess (DKH) Hamil-
tonian was employed during the calculations to account for the scalar
relativistic effect. In the configuration step similar roots, i.e., seven
electrons in five Co d-orbitals, were used and optimized with 10
quartets and 40 doublets. These states were allowed to mix and
interacted in the RASSI (restricted active space state interaction) step,
and subsequent spin—orbit (SO) coupling was also introduced in this
RASSI step. Local spin-Hamiltonian parameters like D, E/D, and g-
factors have been computed by using the SINGLE_ANISO module
from the EHA method.®® These were finally used to compute
anisotropic exchange parameter ] by using the POLY_ ANISO
module.”
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