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Comprehensive Summary

Precise modulation of the magnetic anisotropy of metal ions remains highly important for the development of high—performance
single-molecule magnets (SMMs). We herein reported the synthetic, structural, spectral, magnetic, and computational studies on
four mononuclear Co" complexes in a distorted octahedral environment. The change of the organosulfonate anions triggers
significant modification of the distorted octahedral CoNg coordination sphere, which enables us to tackle the influence of the
structural distortion on the magnetic anisotropy in these complexes. Magnetic measurements revealed that the four complexes
possess easy—plane magnetic anisotropy with large and positive zero-field splitting parameters, which decrease with the increasing
distortion of the pseudo—octahedral Co" coordination geometry. This correlation was further confirmed by high—frequency/—field
EPR (HF-EPR) spectra and theoretical calculations. Dynamic magnetic susceptibility measurements indicate that these complexes
both exhibit slow magnetic relaxation under an external dc field, indicating the field-induced single-ion magnets (SIMs) of the four
complexes. These results indicate that structural distortion plays an important role in the magnetic anisotropy of Co”complexes and
should be carefully considered in the design of molecular complexes with high magnetic anisotropy.
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Concise Report

Background and Originality Content

Single-molecule magnets (SMMs) have attracted continuous
intense attention for their potential applications in high—density
data—storage, quantum computing, and molecular spintronics.[”
For SMMs of the transition metal clusters, their energy barriers
(Ue) are mainly determined by their magnetic anisotropy (usually,
by a negative zero-field splitting parameter D) and ground-state
spin values (S) according to the equation Uy = SZ|D| or Ugs = (s>~
1/4)|D| for integer and half-integer spin, respectively. Early
strategies for high barriers were therefore devoted to preparing
polynuclear transition metal complexes possessing high S values.™
However, the focus has been shifted from prior multinuclear
SMMs of high S values to mononuclear SMMs (also known as
single-ion magnet, SIMs) of high magnetic anisotropy, which has
been proved to be most critical for the high performance of
SMMs.B4 Experimentally, these single-ion complexes are rela-
tively easier to synthesize with good control over their coordina-
tion environment and hence their magnetic anisotropy. Toward
this end, a handful of examples of transition metal (d-block) and
lanthanide (f-block) based SIMs of high performances have been
reported in the literature.*” Up to now, the energy barrier has
reached 450 cm™ for a 3d-SIM.'® However, predicting and con-
trolling the magnetic anisotropy is still very difficult, if not impos-
sible, because they are affected by various factors, such as mo-
lecular symmetry, ligand—field strength, spin-orbit coupling (SOC),
and so on.

After the pioneering work on trigonal pyramidal high-spin Fe'
complex with field-induced slow magnetic relaxation by Long and
co-workers in 2010,[8] 3d SIMs have been intensively studied,m
which led to the reports of numerous 3d SIMs with coordination
numbers from 2 to 8 and diverse coordination geometries.m
Among them, Co(ll) complexes represent the largest family of
SIMs, which can be attributed to their high stability and strong
magnetic anisotropy in various distorted geometries. Moreover,
the Kramers character of the Co" ion leads to the observation of
the slow magnetic relaxation regardless of the sign of D.M The
ample coordination modes and molecular symmetries of Co(ll)
complexes provide a great chance to tune the magnetic anisotro-
py. Substantial efforts have been devoted to manipulating the
ligand fields and the magnetic anisotropy of the Co" SIMs by
changing the coordination atoms and geometries.[“'m
sentative examples are those reported by Long,m] Dunbar,
Gao™ et al. These results revealed that in some circumstances,
such as in the tetrahedral geometry, heavier coordination atoms
can effectively enhance the magnetic anisotropy of Co(ll) ions. A
similar trend has also been reported by us in a series of pentago-
nal bipyramidal Co" sims.™

On the other hand, there are rare examples to tune the mag-
netic anisotropy via changing the structural distortion of metal
centers within the same first coordination sphere. As an
illustrative example, Gao and co-workers reported that the
magnetic anisotropy and Ugs can be finely modulated by the
periphery substituent of the ligands and the counter cations in a
family of star-shaped Co”Co”'3 complexes with distorted trigonal
prismatic geometry.[lsa] For these complexes, the approach to Ds,
symmetry is important to obtain a high magnetic anisotropy. A
delicate tune of the structural distortion through different anions
has also been achieved by Freedman and co-workers in a series of
pseudo—tetrahedral co" complexes, which triggered a very inter-
esting diminishing of E values and a transition from SIM to a po-
tential qubit.lle] Both examples suggested that the charge bal-
ancing ions can effectively adjust the coordination environment
of the metal centers, and thus the magnetic anisotropy, Ue,
and/or magnetic relaxation pathways of the molecular complex-
es.
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For these studies, the coordination ligands should be flexible
while maintaining the main coordination geometry of the metal
centers. In this regard, our continuously studied co" complexes
with pentagonal bipyramidal geometry are not suitable for this
purpose because of their rigid equatorial coordination plane
(which is beneficial for studying the effect of the axial ligands of
course).[”’m Thus, we focused our attention on six-coordinate
Co" ions whose coordination geometries can be octahedral, trig-
onal prismatic or trigonal antiprismatic with various structural
distortions. In addition, experimental and theoretical studies have
proven that the magnetic anisotropy of six—coordinated Co" ions
strongly correlated with the structural distortion of the coordina-
tion polyhedron.[m'w] In this work, we chose the tridentate ligand
2,6—bis(benzimidazol-2—-yl)pyridine (bzimpy, Scheme 1) to con-
struct the octahedron complexes. This ligand has a relatively
strong ligand field for Fe" ions and usually causes high-tempera-
ture spin transition;[zol while for the Co" ions, recent studies
showed that it favours the high spin state with considerable
magnetic anisotropy.m] As for counter anions, different from
usual inorganic anions, organosulfonate anions were chosen for
the current study. As there are a large number of different or-
ganosulfonate anions with different shapes and sizes, these ani-
ons could lead to subtle modification of the coordination geome-
try of the Co" center. |n addition, the sulfonate anions can have
charge-assisted hydrogen bonds with the two hydrogen atoms in
the benzimidazole N-H groups, which might also have an impact
on the Co" coordination environment.

Herein, we reported the syntheses and characterization of
four mononuclear Co" compounds with distorted octahedral ge-
ometry, namely [Co"(bzimpy)z][DPAS]z-ZCHgoH (1), [Co"(bzimpy)z]-
[ABSAJ,-2CH3;0H-H,0 (2), [Co"(bzimpy),][OTf],-2CH;0H-2H,0 (3),
and [Co"(bzimpy),][MQJ,-2CH;0H-6H,0 (4) (Scheme 1, DPAS™ = 4-
(phenylamino)benzenesulfonate anion, ABSA™ = 4-aminoazoben-
zene-4'-sulfonic anion, OTf = trifluoromethanesulfinate anion,
MQ = methyl orange anion). All four complexes have similar oc-
tahedral Ng coordination spheres, while the structural distortion
can be tuned by different organosulfonate anions. Magnetic
measurements revealed that the four complexes possess large
easy-plane magnetic anisotropy, which was further supported by
high-frequency/-field electron paramagnetic resonance (HF-EPR)
spectra and theoretical calculations. We found that the D values
in complexes 1—4 increase following the decreasing trend of the
structural distortion. Due to the large magnetic anisotropy,
field-induced slow magnetic relaxation was observed, indicating
that complexes 1—4 are field-induced SIMs.

Scheme 1 Structures of the ligand and organosulfonates used to prepare
complexes 1—4
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Results and Discussion

Crystal structures

Single-crystal X-ray diffraction analyses revealed that complex
1 crystallized in the monoclinic space group C2/c, 2 in the mono-
clinic space group Cc, and 3 and 4 both in the triclinic space group
P 1 (Table 1). In the asymmetric units of 1—4, complex 1 contains
half of a complete [Co(bzimpy)]2+ cation, one anion, and one lat-
tice methanol molecule, while the other three complexes contain
one complete cation and two counter organosulfonate anions and
the solvent molecules (Figure S3). As depicted in Figure 1, all four
complexes are mononuclear coordination compounds with the
same [Co”(bzimpy)]2+ cation charge-balanced by different organo-
sulfonate anions (DPAS™ for 1, ABSA™ for 2, OTf for 3, and MQ for
4, Figure 1). In all cases, the Co” centers lie in a highly distorted
octahedral coordination environment with six donor N atoms
from two tridentate bzimpy ligands in a bis-meridional fashion.
The average Co—N bond distances in four complexes are 2.110(3),
2.118(2), 2.126(4), and 2.136(2) A for 1—4, respectively, exhibit-
ing a negligibly sequential increase from 1 to 4 (Table 2). These
Co—N bond lengths are typical for high spin Co®* ions.> ! |n
addition, the Co—Ngygine bonds are all significantly shorter than
those Co—Ninigazol PONds, consistent with other similar structures
built from tridentate ligands such as terpy, 2,6-di{pyrazol-1yl}pyri-
dine (bpp), and so on.? 1o quantify the distorted coordination
geometry of the Co" centers, the continuous shape measure de-
viations (CShMs) were calculated by SHAPE 2.0,[25] giving 3.679,
4.269, 4.735, and 5.434 regarding the ideal octahedron (OC) and
11.764, 9.592, 9.018, and 7.181 to the ideal trigonal prism (TRP)
for compounds 1—4, respectively (Table S1). These results indi-
cate the Co” centers in 1—4 are in the OC<>TRP deformation
pathway but much closer to the severely distorted octahedral
geometry. In addition, parameters I (defined as the sum of the
deviation from 90° of the 12 N—Co—N angles of the CoNg octahe-
dron) and O (defined as the sum of the deviation from 60° of the
24 trigonal angles of the projection of the CoNg octahedron onto
its trigonal faces) were also calculated for 1—4 (Table 2). Obvi-
ously, the increasing trend of all these parameters of complexes 1
to 4 (Table 2) confirms the increasing structural distortion of their
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coordination geometry of the Co" centers. As will be discussed in
the magnetic properties, this organosulfonate anions tuned
structural distortion significantly modifies the magnetic anisotro-
py of the Co™ ions in 1—4. Moreover, the crystal packing dia-
grams show that these mononuclear units in 1—4 are well-iso-
lated from one another in the solid state with the shortest inter-
molecular Co--Co distances being 10.633, 10.485, 9.890, and
9.913 A for 1—4, respectively (Figure $4). These Co---Co distances
are longer than those of the majority of Co"-based SIMs, !
which can be attributed to the presence of bulky organosulfonate
anions. This should minimize the possible influence of the inter-
molecular dipole-dipole interactions on their magnetic properties,
leaving the distortion of the coordination environment the key
factor in the magnetic anisotropy.

Static magnetic properties

Variable-temperature magnetic susceptibility data of 1—4 in

Figure 1 Molecular structures of complexes 1—4. Hydrogen atoms and
solvent molecules are omitted for clarity. Color code: Co, purplish-red; S,
orange; O, red; N, blue; C, gray.

Table 1 Data collection and structure refinement parameters for complexes 1—4

Compound 1 2 3 4

Formula Ce4Hs2CoN1,05S, Ce4HssCoON1604S, C42H33CoFgN1003S> CecH74CON16014S,
Formular weight 1240.22 1316.29 1047.87 1462.48
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group C2/c Cc P1 P1

a/A 13.6818(15) 18.3685(18) 13.5804(12) 14.0408(9)
b/A 29.071(3) 22.306(2) 13.8854(14) 15.9986(10)
c/A 15.0718(15) 16.4386(16) 14.9383(16) 17.8951(12)
a/(°) 90 90 95.052(3) 91.344(2)
8/(°) 94.935(4) 108.804(2) 108.276(2) 108.584(2)
v/(°) 90 90 116.571(3) 106.466(2)
V/):\3 5972.4(1) 6375.9(11) 2304.2(4) 3625.2(4)

z 4 4 2 2

T/K 123 123 123 123
pca\cd/(gcm_s) 1.379 1.371 1.510 1.340
u(Mo—Kot)/mm_1 0.424 0.405 0.551 0.368

F (000) 2572 2732 1074 1530
Rla/szb 0.0718 0.0400 0.0584 0.0964
(I>20(1)) 0.1649 0.1000 0.1212 0.2514
R1/WR, 0.1280 0.00491 0.1007 0.150

(all data) 0.1906 0.1064 0.1372 0.2823
GOF on F 1.013 1.029 1.021 1.045
Max/min (e-A”%) 0.56/-0.44 0.28/-0.26 0.95/-0.57 1.86 /-1.10

“Ri=3 Fol-IFc /3|Fol; WR, = {SIW(Fo'~F)1/SIW(Fo*) 1}
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Table 2 Selected bond lengths (A) and distortion parameters for the
coordination polyhedron in complexes 1—4

Complexes
1 2 3 a4

Col—N1 2.089(4) 2.069(4) 2.079(3) 2.099(4)
Col—N2 2.077(4) 2.066(5) 2.094(3) 2.096(4)
Col—N3 2.105(3) 2.151(5) 2.128(3) 2.143(4)
Col—N4 2.142(3) 2.152(5) 2.143(3) 2.135(4)
Col—N5 2.105(3)"  2.144(4) 2.133(3) 2.173(4)
Col—N6 2.142(3)%  2.123(4) 2.178(3) 2.179(4)
CoO—Naverage  2.110 2.118 2.126 2.135
cshm’ 3.679 4.269 4.735 5.434
b 119.92 125.27 130.18 134.97
e° 384.63 44267 480.11 534.08

“ Continuous shape measure values. ?5 is the sum of the deviation from 90°
of the 12 cis angles of the CoNg octahedron. “ @ is the sum of the 24
unique N-Co-N angles measured on the projection of two triangular faces
of the octahedron along their common pseudo-3-fold axis. *: Co(1)-
N(3)#1, *: Co(1)-N(4)#2, symmetry transformations used to generate
equivalent atoms: #1 —x + 1, y, —z + 1/2.

the temperature range of 2—300 K were collected under a direct
current (dc) field of 1 kOe (Figure 2). At 300 K, the T values of
1—4 are 3.07, 2.85, 2.82, and 3.02 cma-mol_l-K, respectively, cor-
responding to a non-interacting high-spin S = 3/2 co" with g=
2.538, 2.465, 2.455, and 2.559. These room-temperature xuT
values and g values are within the usual range for octahedral co"
complexes with significant magnetic anisotropy,[m] which can be
ascribed to the orbital angular momentum contribution and
strong spin-orbit coupling of the Co ions in these four complexes.
Upon cooling from 300 K, the x,T values continuously decrease to
minima values (1.71 (1), 1.56 (2), 1.63 (3), and 1.71 (4) cm*mol™K)
at 2 K. This trend is in accordance with the reported mononuclear
octahedral Co" complexes of significant magnetic anisotropy.m In
addition, field-dependent magnetization data for 1—4 were
measured at 2, 3, and 5 K with fields up to 70 kOe (inset of Figure
3). These curves show typical paramagnetic behaviour and the
largest values under 70 kOe at 2 K reach 2.36, 2.26, 2.25, and 2.20
ug for 1—4, respectively.

To quantify the magnetic anisotropy of 1—4, both the mag-
netic susceptibility data over 2—300 K and the magnetization

data at 2, 3, and 5 K were fitted simultaneously using PHIP pro-
gram with the following spin Hamiltonian:

P . SG+D 62 a 4

A=D[s,— 2]+ EGSZ - $3) + 1,9°'B (1)

where D and E represent the axial and rhombic ZFS parameters; S
and B represent the spin operator and magnetic field vectors,
respectively. During the fitting procedure, we noticed that if g,, g,
g, and D values were all set to free parameters, no reasonable
values could be obtained, no matter the initial assighment of
easy-axis or easy-plane magnetic anisotropy. However, if g, was
set to be equal to g, and g, was fixed to 2.0, simultaneous fits of
both the magnetic susceptibility and the magnetization curves
gave satisfactory results with an initial set of easy- plane magnetic
anisotropy (Figure 2). In addition, we found that the fits were not
sensitive to the sign of the E parameters, indicating a negligible
contribution of transverse anisotropy. The best fits of the data
were summarized in Table 3. For all compounds, the large positive
D values and the fact that g, is larger than g, indicate the
easy-plane magnetic anisotropy for 1—4. We noticed that the D
values decrease from 1 to 4, indicating the decreasing trend of
the easy-plane magnetic anisotropy from 1 to 4. In fact, though all
our complexes show positive D values, there are several octahe-
dral complexes with negative D reported in the literature, 2277
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Figure 2 Temperature-dependent magnetic susceptibility data for 1—4
measured at 1 kOe. Inset: the magnetization curves for 1—4 measured at
2, 3, and 5 K. The green solid lines represent the best fits by PHI and the
red line for the ab initio calculation results.

25

2.0 .!‘s
2 1.5 f‘ ° 7T
= g e 6T
4 e 5T
1.04 ;.' 4T
3T
0.5- e 27
e 1T

0 5 10 15 20 25 30 35
(HIT) 1 (kOe/K)
Figure 3 Low-temperature magnetization data for 4 collected in the
temperature range of 2—10 K under various applied dc fields of 1—7 T.
The solid lines correspond to the best fits obtained with Anisofit2.0.

Furthermore, the reduced magnetization data for 1—4 were
measured at magnetic fields of 1—70 kOe in the temperature
range of 2—10 K (Figure 3, and Figure S5). These curves exhibit
separation, indicating also strong magnetic anisotropy of the oc-
tahedral Co" centers. The curves can be fitted very well by Aniso-
fitz.o,[zsl giving the D, E, and isotropic g values as listed in Table 3.
Although the resulting D values are somewhat smaller than those
obtained from the PHI fitting, they are all positive with the same
decreasing trend from 1 to 4. Therefore, both fitting results sug-
gest the easy-plane type of the magnetic anisotropy in 1—4,
which was also supported by the high field electronic paramag-
netic resonance (HF-EPR) results and ab initio calculations (vide
infra).

HF-EPR studies

To extract the magnetic anisotropy parameters, high-fre-
quency and high-filed electron paramagnetic resonance (HF-EPR)
experiments were performed on ground crystal samples of 1—4 in
the frequency range of 60—260 GHz at 2 K. All the HF-EPR spectra
are characteristic of high-spin (S = 3/2) Co" ions with large mag-
netic anisotropy. The field-dependent HF-EPR values at 170 GHz
measured at 2 K together with corresponding powder-pattern

Chin. J. Chem. 2022, 40, 2193—2202
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Table 3 Comparison of the magnetic parameters for 1—4 derived from a) 1 v=170 GHz b) 2 =170 GHz
different experimental data — SimD>0 “ SimD>0
Complexes Y
1 2 3 4 Expt. ‘—\/"dm
PHI
D/cm_l 99.0 77.2 62.7 58.9 SimD<0
|E/D]| 0.052 0.001 0.001 0.001 SimD<0
Try 2.643 2.569 2.572 2.701 o e
Gativedt) 2.0 2.0 2.0 2.0 0 2 4 H/Ts 8 10 0 2 4 6 HIBT 10 12 14
Anisofit 2.0 Energy / cm” Energy / cm”
p/em™ 76 54 46 41 10 24+ 6 8 10 g8 24 & 8 S0
|E/D| 0.068 0.015 0.08 0.005 o 1 z o] 2 z
Giso 2.525 2.455 2.425 2.592 3 5
HF-EPR £ ° y| &° y
|E/D| 0.024 0.031 0.038 0.041 2 4] / 24 /
Try 2.43 2.40 2.40 2.44 = X =, /-/'x/
g; 2.07 2.06 2.06 2.12
00 50 1F62:q u;ni‘;lGﬁozo 250 300 00 50 1greque1nielG§|go 250 300
simulations based on both positive and negative D values, which
were generated using an S = 3/2 spin Hamiltonian (eq. 1), were  ¢) [3 v=1r06Hz | d)[ 4 =170 GHz
depicted in Figure 4. It's clear that for all compounds the simula- ‘ " simD>0 | S D50
tion lines agree well with experimental spectra only when positive L\(
D values were applied, strongly confirming the easy-plane mag- ey \\/T
netic anisotropy in all four compounds. It should be noted that
the HF-EPR spectra were simulated with the estimated D values S M
from the SQUID measurements (Table 3) as the large D values
prevent the observation of the transitions between levels of Mg =
+3/2 and +1/2 in the frequency range (260 GHz, around 9 cm ™) of . . . . . ——
our measurements. Furthermore, the variable-frequency reso- 0 2 Yot & 0 z ot &
nances were combined to construct a two-dimensional map of Energy /cm” Energy / cm'”
resonant field versus frequency and transition energy (Figure 4). A 0 + 4 v 108 4 £ + $ e
least-square fit was carried out on the entire array of HF-EPR res- 8 3 z 8 z
onances, leading to the best-fit of the full-setting spin Hamiltoni- ';f E,
an parameters (Table 3). In the process, the D parameters were 'i:e' ﬁf‘_: )
firstly fixed to the values found by PHI program based on dc mag- %4 '/,/'/'{ %, 4 ’/./.{
netic susceptibility and magnetization. = ] r,./"'x/ = i I/./-"{
From the above experiments, we can see that the D values of
1—4 decrease monotonously, while the distortion of the octahe- P e e i e S e e
dral coordination geometry increases at the same time. Larger Frequency  GHz Frequency / GHz
distortion leads to a smaller D value. It's worth noting that the Figure 4 (a) HF-EPR spectra at 170 GHz of 1—4 with its simulations at 2 K.

same trend was also verified by Colacio and co-workers in a family
of Co"Y" SIMs with easy-plane magnetic anisotropy.”sb] To have a
good comparison with the reported octahedral Co" SIMs, the
magnetic properties of these complexes, including the ZFS pa-
rameters and energy barriers, are summarized in Table S2
(Supporting Information). As can be seen, for distorted octahedral
co" complexes, the sign of D can be either positive or negative,
depending on the electronic structure of the ligands and
coordination spheres. Generally, it’s rather difficult to draw any
conclusion on the relationship between magnetic anisotropy and
the local coordination environment. For example, the positive D
values of the present complexes are opposite to the observed
negative values of three octahedral Co" SIMs with similar CoN,0,
coordination environments reported by Powell and co-workers.®9
However, in their complexes, though the coordination geometry
was finely tuned, the electron-withdrawing/donating effect was
also induced by ligand substitution. Therefore, no clear correla-
tion between structural distortion and magnetic anisotropy can
be deduced. From this perspective, the present series of
compounds 1—4 provide a suitable case to study the effect of the
structural distortion on the magnetic anisotropy as the CoNg
environment was maintained for all complexes.

Dynamic magnetic properties

To probe the dynamic magnetic behavior of 1—4, frequency-
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The blue traces are spectra simulated using the positive D values, while
the red trace is the spectra simulated using the negative D values. (b)
Resonance field vs. microwave frequency (quantum energy) of EPR transi-
tions for 1—4. Green, blue, and red curves are the simulations using the
best—fitted spin Hamiltonian parameters with the magnetic field parallel
to the x, y, and z axis of the ZFS tensor, respectively. The vertical line rep-
resents the frequency (170 GHz) used in (a) at which the spectra were
recorded.

dependent alternating current (ac) susceptibility measurements
were performed at 2 K under various applied dc fields (0—4000
Oe) (Figure S6). In the absence of dc field, no out-of-phase ac
signal (x") was observed for all complexes, which is probably due
to fast quantum tunnelling of the magnetization (QTM) through
the thermal relaxation barrier between the degenerate ground
+1/2 levels. However, frequency-dependent ac signals were
observed clearly upon application of static dc fields, indicating the
efficient suppression of the QTM effect. The peak position of x”
remains almost unchanged as the dc field increases until around
1000 Oe, and then moves to higher frequencies upon further
increase of the dc field, which is likely due to the increased
relaxation rate by direct relaxation procession. Cole—Cole plots at
different fields were then plotted (Figure S7) and fitted by the
generalized Debye model,m] giving the field-dependent relaxation
time t (Figure S8, Tables S3—S6). From the plot of T vs. H (Figure
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S8), the maxima of T were found under 800, 1000, 1200, and 1000
Oe for 1—4, respectively. Therefore, to keep consistent and
comparable with literature results (Table S2), a 1000 Oe dc field
was chosen for the detailed ac measurements in the temperature
range of 1.8 to 6 K for all four compounds (Figure 5 and Figure S9).
These data were used to construct the Cole-Cole plots for 1—4 at
different temperatures (Figure S10), which show typical semicir-
cles at low temperatures and can be fitted again to give the values
and distribution of the relaxation time (t and a, Tables S7—S10).
The obtained a values are in the range of 0—0.35, 0—0.25,
0.07—0.28, and 0—0.22 for 1—4, respectively, suggesting the
relatively narrow distribution of the relaxation time. From the
above data, the Arrhenius plots [In(t) vs T_l] were constructed
(Figure 6) and analyzed by fitting the high-temperature data using
the Arrhenius law T = ty-exp(U.s/ksT). This gives the energy barrier
Ue = 13.6, 12.1, 18.1 and 18.2 em™ (19.6, 17.4, 26.1, and 26.2 K)
with the pre-exponential factor tp = 5.0 x 10 7.0x10° 3.0x 107,
3.3x107° s for 1—4, respectively. These U values are comparable
to the reported octahedral Co" SIMs (Table S2), whose energy
barriers are usually less than 30 K."%? From these results, it can
be seen that there is no clear tread for U.s and 1, values (espe-
cially considering the obvious trend for their D values). Notably,
despite their large magnitude of D, their U. is far considerably
smaller than the theoretical values estimated by 2(D2 + 352)1/2_[2]
Furthermore, the magnetic relaxation processes of SIMs
usually involve multiple pathways, which are direct, QTM, Raman,
and Orbach relaxation processes.BO] The following equation can
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Figure 5 Frequency dependence of the out-of-phase (x”) part of the ac
magnetic susceptibilities for 1—4 collected under a 1 kOe dc field over the
temperature range of 1.8 to 6.0 K.
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Figure 6 Arrhenius plots with the In(t) vs T for 1—4. The green line
shows fits of the data in the range of 4.6—6 K to the Arrhenius law 1 =
t0exp(Uest/ksT), assuming the Orbach relaxation mechanism. The red line
represents fits to the data using eq 2.

be used to include multiple relaxation pathways:
B -
e+ CT™ + 79 exp(—Uesr/ksT) (2)

1+B,

! = AHT +

where the A, B;, B,, C, and n are coefficients for the corre-
sponding relaxation process and H, T, T, U, and kg have their
usual meanings as mentioned above. The first two terms refer to
the field-dependent direct and QTM processes, while the latter
two terms represent the contributions of the two-phonon Raman
and Orbach mechanisms.

According to Kramers degeneracy theory, QTM is usually
forbidden due to spin-parity effects.”® However, significant
rhombic ZFS interactions and hyperfine or dipolar interactions can
cause a substantial unsuppressed QTM effect.”’™ In some cases,
QTM can be deduced from the almost flat region in the In(t) vs. 7!
plot at low temperatures.m As for the distinctive curvature of In(t)
vs. T at low temperatures, magnetic relaxation is likely domi-
nated by two-phonon Raman and/or direct (spin-lattice or spin-
phonon bottleneck) relaxation mechanism.™ To avoid over-
parameterization, the coefficients related to the direct and QTM
relaxation processes (A, By, and B,) can be determined from the
field-dependence of the relaxation time at 2 K (Figure S8), where
the contribution of the two-phonon Raman and Orbach relaxation
should be negligible. The obtained values were listed in Table 4.
Then, the parameters of A, B,, and B, were fixed and the
Arrhenius plots of 1—4 were fitted using eq. 2, and the obtained
values of C, n, and U, were listed also in Table 3. For Kramers
ions, the Raman coefficient n should equal to 9, however, the
values between 1 and 6 are acceptable and frequently reported
when both acoustic and optical phonons participate in Raman
process.m] For the present four complexes, the n values vary
from 2.6 to 5.0, suggesting the presence of an optical acoustic
Raman process involving a virtual state. From this process, the
obtained Ugk's for 1—4 is still much lower than the theoretical

Table 4 Summary of the Obtained Parameters of the Magnetic
Relaxation for Complexes 1-4.

A/(sHKTY) By/sT B,/kOe”  C/(s™K") n Uert/K
1 2.7x107  1.49 4.2x107 153.6 2.6 26
2 29x107  1.83 3.4x107 42.7 3.8 432
3 1.0x107  0.54 1.29x10™ 26.1 3.5 36
4 13x107 044 7.5x107 2.3 5.0 31.8

© 2022 SIOC, CAS, Shanghai, & WILEY-VCH GmbH
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values between the Mg = +1/2 and M = +3/2 states.

Theoretical calculations

To provide an insight into the origin of magnetic anisotropy for
complexes 1—4, correlated ab initio calculations by traditional
theoretical methods were performed. Here, complete-active-
space self-consistent field (CASSCF) calculations with MOLCAS
8.0,[33] complete active space second-order multiconfigurational
perturbation theory (XMS—CASPTZ)[34] considering the effect of
the dynamic electron correlation based on complete-active-space
self-consistent field (CASSCF) method with MOLCAS 8.25 were
used to analyze the magnetic anisotropy of the four complexes.
Detailed computational methods are given in Supporting
Information. The calculated results of D and E and g—tensors of
1—4 were listed in Table 5. As can be seen, the calculated D
values based on the two kinds of theoretical methods are positive,
and also the g, and g, values are both larger than the g, values,
further supporting the easy-plane magnetic anisotropy of
complexes 1—4. Importantly, the D values resulting from both
CASSCF and XMS—CASPT2 unambiguously follow a decreasing
trend from 1 to 4, which agrees well with the trend obtained
above from the magnetic and HF-EPR data.

Table 5 Comparison of the spin hamiltonian parameters for complexes
1—4 derived from ab initio calculations

Complexes

1 2 3 4
CASSCF with MOLCAS 8.0
D/cm71 94.7 69.5 49.3 45.7
|E/D]| 0.076 0.106 0.129 0.319
gx 2.727 2.675 2.625 2.712
ay 2.576 2.509 2.448 2.351
g: 1.866 2.021 2.070 2.085
XMS—CASPT2 with MOLCAS 8.2
D/cm71 64.9 52.2 34.8 38.1
|E/D]| 0.068 0.015 0.08 0.005
gx 2.742 2.572 2.638 2.712
ay 2.341 2.494 2.487 2.484
g: 1.915 1.974 1.995 1.975
NEVPT2 with Orca 3.03
Dfcm™ 67.5 48.7 32.1 34.6
|E/D]| 0.061 0.041 0.296 0.049

Using these parameters, the magnetic susceptibilities of these
four complexes were calculated. These calculated curves
reproduced the experimental dc data nicely, which makes the
extracted ZFS parameters more credible (Figure 2). As shown in
Figure 7, the orientations of the g,, g,, g, on Co" ions of complexes
1—4 were also calculated. The hard axes (g,) and the easy axes (gy,
g,) in these four complexes exhibit distinct distribution without
any obvious rule.

To deeply analyze their magnetic anisotropies, ORCA 3.03
calculations™ were performed with N-Electron Valence State
Perturbation Theory (NEVPT2) method. All calculations were
performed with triple-{ with one polarization function TZVvpEe
basis set for all atoms. Tight convergence criteria were used to
ensure that the results are well converged concerning technical
parameters. The effective Hamiltonian implemented in ORCA was
used to extract the ZFS parameters D and E (Table 5), where the
calculated D values are all positive. The calculation results almost
suggest the same variation trend of D values though the D value
of complex 4 (34.8) is a little larger than that of complex 3 (32.1).
In fact, the D values of complexes 3 and 4 are very close in both
the three theoretical methods. However, this indistinct difference

Chin. J. Chem. 2022, 40, 2193—2202
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is distinguished by the fitting results from experimental data
(SQUID and HF-EPR).

a) \ b) "

Figure 7 Orientations of the g, g,, and g, on Co" ions of complexes 1—4.

The main perturbative contributions of four quartet excited
states and the first doublet excited state to D and E of complexes
1—4 using NEVPT2 were also listed in Table S11, where the first
and second quartet excited states have the similar positive
contributions to the magnitude of D for 1—4. The fourth quartet
excited state has a larger negative contribution to D for 3—4 than
1—2, which leads to the smaller D values of 3—4. The largest
contribution to D of 1 from the first doublet excited state is
responsible for its largest D value. The similar opposite
contribution to E from the first and second quartet excited states
leads to their small values for complexes 1, 2, and 4. But, the
negative contribution to E from the second quartet excited state is
much smaller than the positive contribution from the first state
for 3, which leads to its largest E value.

Conclusions

© 2022 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

In summary, experimental and computational studies were
performed on a new family of mononuclear Co" compounds to
probe the effect of structural distortion on the magnetic aniso-
tropy of the Co" centers in the octahedral geometry. Experimen-
tally, their local coordination environment can be successfully
perturbed by different organosulfonate anions, resulting in a fine
modification of the structural distortion degree. The same CoNg
coordination geometry from the same ligands leaves the distor-
tion of the coordination geometry the sole variable affecting the
magnetic anisotropy. Easy-plane magnetic anisotropy with large
positive D values was confirmed experimentally and theoretically.
Because of the significant magnetic anisotropy, all four complexes
show the field-induced slow magnetic relaxation behavior. The
easy-plane magnetic anisotropy of these co" complexes was
found strongly correlated to structural distortion of octahedral
geometry: the larger distortion from the octahedral geometry, the
smaller D values. These results indicate that structural distortion
plays an important role in the magnetic anisotropy of co"
complexes and should be carefully considered in the design of
highly anisotropic molecular systems including SIMs.
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Concise Report

Experimental

Synthesis and characterization

All reagents were obtained from commercially available
sources and used as received unless otherwise noted.
2,6-Bis(benzimidazole-2-yl) pyridine was synthesized following
the previously reported method.””® The crystals of 1—4 for single-
crystal X-ray analyses were prepared by the following methods.
Their phase purity was confirmed by PXRD spectra (Figure S1) and
elemental analysis. Thermal gravimetric analyses were performed
to probe the thermal stability of 1—4 under a nitrogen atmos-
phere (Figure S2). All complexes release their solvent molecules at
increasing temperatures. The weight losses of the samples (5.1%
(1), 6.1% (2), 10.1% (3), 12.9% (4)) correspond well with the cal-
culated values (5.3% (1), 6.4% (2), 9.7% (3), and 11.9% for 1—4,
respectively).

Compound 1 was synthesized using the following procedure:
the 36.5 mg (0.1 mmol) portion of Co(ClO,),-6H,0 and the 60 mg
(0.2 mmol) portion of bzimpy were dissolved with a mixed solvent
containing 8 mL of acetonitrile and 8 mL of methanol. Then, a
solution of NaDPAS (50 mg, 0.2 mmol) in 4 mL water was added,
and the resulting mixture was stirred with continuous heating up
to the boiling point for a few minutes. After natural cooling, the
final solution was filtrated by a Shimadzu filter (MX 0.22 um).
Orange crystals suitable for single-crystal X-ray diffraction were
obtained after slow evaporation for a week. Compounds 2—4
were prepared following the analogous procedures, using differ-
ent sodium organosulfonates.

[Co(bzimpy),][DPAS],-2CH;0H (1). Yield: 58%. Elemental
analysis (%) for CgsHs,CoN;,0S,: C, 61.98; H, 4.23; N, 13.55.
Found: C, 61.81, H, 4.49; N, 13.78. IR (KBr) v: 3341(s), 3219(s),
3056(s), 2988(s), 2902(s), 2767(s), 1626(s), 1599(vs), 1573(s),
1505(s), 1494(s), 1459(vs), 1422(w), 1389(w), 1318(s), 1303(w),
1217(s), 1199(w), 1173(vs), 1115(vs), 1028(vs), 1005(vs), 995(w),
968(w), 845(s), 762(w), 742(vs), 690(w), 624(vs), 571(s) em ™.

[Co(bzimpy),][ABSA],-2CH;0H-H,0 (2). Yield 52%. Elemental
analysis (%) for CgsHsgCoNqg04S,: C, 58.39; H, 4.29; N, 17.02.
Found: C, 58.47, H, 4.32; N, 17.38. IR (KBr) v: 3301(s), 3185(s),
3053(s), 2877(s), 2766(s), 1604(s), 1589(vs), 1525(s), 1494(vs),
1459(vs), 1402(w), 1216(vs), 1147(s), 1121(vs), 1028(vs), 968(s),
930(w), 906(w), 844(s), 823(s), 763(w), 741(vs), 703(s), 690(s),
645(w), 621(w) cm .

[Co(bzimpy),][OTf],-2CH;0H-2H,0 (3). Yield: 48%. Elemental
analySiS (%) for C42H38C0F6N100852: C, 48.14; H, 3.65; N, 13.37.
Found: C, 48.21, H, 3.80; N, 13.58. IR (KBr) v: 3060(s), 2968(s),
2874(s), 2752(s), 2648(s), 1607(w), 1574(s), 1494(s), 1460(vs),
1377(w), 1318(vs), 1303(w), 1268(w), 1234(w), 1146(vs), 1117(w),
1073(vs), 1004(vs), 967(s), 929(w), 906(w), 845(s), 821(s), 803(w),
762(w), 741(s), 691(w), 628(w), 597(s), 584(s) cm .

[Co(bzimpy),]1[MQ],:2CH;0H-6H,0 (4). Yield: 59%. Elemental
analySiS (%) for C66H74C0N16014SZ: C, 55.11; H, 5.18; N, 15.58.
Found: C, 55.01, H, 3.60; N, 15.73. IR (KBr) v: 3416(s), 3057(s),
2990(s), 2899(s), 2802(s), 1601(vs), 1574(s), 1556(s), 1518(s),
1494(s), 1460(vs), 1447(s), 1419(s), 1362(vs), 1317(vs), 1200(s),
1171(s), 1142(s), 1114(vs), 1029(vs), 100(vs), 995(s), 845(w),
819(s), 745(s), 692(s), 618(s), 572(s) em ™
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