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Three two-dimensional Co' complexes, namely, [Co(dps),Cll, (1), [Co(dps),Br.l, (2), and [Co(dps)a(H,0),
-15«(H20)4], (3) (Where dps = 4,4'-dipyridyl sulfide), have been synthesized using a rationally designed syn-
thetic approach and characterized structurally and magnetically. Although they crystallize in different space
groups, these compounds all have similar two-dimensional (4,4) layer structures where the Co®" centers
are bridged by the bis(monodentate) ligand dps. In addition, the coordination geometry of the Co?* centers
is of a general CoN4X, octahedral environment formed by four equatorial N atoms from four dps ligands
and two X atoms (X = Cl, Br, and O atoms for 1-3, respectively) in the axial positions. Ab initio calculations
revealed that due to the strong spin-orbit coupling, the spin Hamiltonian containing the zero-field splitting
parameters D and E cannot be used to describe their magnetic anisotropy. According to the calculation,
the g, values for the spin-orbit ground doublets of 1-3 are larger than the g, and g, values, which indicates
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the easy-axis magnetic anisotropy of these compounds. Due to the existence of the magnetic anisotropy,
field-induced single-ion magnet behavior can be observed in all these complexes. This work illustrated that
care should be taken to interpret the magnetic data of octahedral Co"" compounds. In addition, extended
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frameworks with long and flexible organic spacers are good candidates for the construction of SIMs with
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Introduction

Single-molecule magnets (SMMs) have been extensively stud-
ied in the past two decades as new candidates for high-
density data storage, spintronics and quantum computing.
After the first discovery of the phenomenon in the Mn,, com-
pound,’ early efforts in this area had been focused on the
polynuclear transition metal complexes with large total spin
value S, as the effective energy barrier Ut of the polynuclear
SMMs is proportional to §.° However, it subsequently turned
out that the crucial parameter to enhance the performance of
SMMs is actually the magnetic anisotropy, rather than the to-
tal ground spin S. In fact, for polynuclear clusters, the mag-
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different axial ligands and different magnetic properties.

netic anisotropy decreases as the S increases, leading to even
worse SMM behaviors for most clusters of very large S
values.*

To better understand and even control the magnetic
anisotropy, extensive efforts have been dedicated to the syn-
thesis of a new class of mononuclear SMMs, also termed as
single-ion magnets (SIMs).> These mononuclear compounds
provide the advantage of tuning the magnetic anisotropy
based on the basic principles of the ligand field theory. Since
the first lanthanide-based SIM Tb™Pc, reported in 2003,””
both theoretical and experimental studies have produced
many outstanding lanthanide SIMs, several of which exhibit
very high U.gs and blocking temperatures (Tg),° including
the Ueg over 1000 cm™* and the current record of Ty (80 K)
above the boiling temperature of liquid nitrogen.®”

Besides the lanthanide SIMs, SIMs with 3d metal centers
have also aroused growing interest since the report of the
first Fe'' SIM by Long and co-workers in 2010.” Research
studies demonstrated that some mononuclear Cr",* Mn™°
COI/H,lo_lS FeI/H/HI,14 NiI/II/III,IS and even CuII (ref. 16) com-
plexes could exhibit slow magnetic relaxation in the absence
or presence of an external dc field. Among all the 3d-SIMs,
Co(u) based complexes are of special interest since the octa-
hedral Co" centers of the T state usually exhibit very large
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magnetic anisotropy. In addition, slow magnetic relaxation
under an external dc field can be observed in this Kramers
ion as long as significant magnetic anisotropy exists, either
an easy-axis or easy-plane type.'” Therefore, a large number
of Co-based SIMs with both positive and negative D values
were found in the literature.

To modulate the magnetic anisotropy of the 3d metal
ions, many efforts, including change of the coordination
numbers and the coordination atoms, have been made to
tune the electronic configurations of the metal centers. From
the early reports of the 3d-SIMs, a low coordination number
is believed to favour the strong magnetic anisotropy as it af-
fords a relatively weak ligand field by reducing the 3d orbital
splitting energy. Along this line, 3d SIMs with coordination
numbers from 2 to 6 have been reported, with the representa-
tive examples being the two-coordinate Fe' complexes
reported by Long and co-workers (U of up to 225 K)'*¢ and
the Co' compounds reported by Gao and coworkers.*’ Very
recently, J. R. Long et al. reported again a linear cobalt(n)
complex with maximal orbital angular momentum which
holds the current record for the Uy (450 cm™) of the 3d-
SIMs."”# Of course, 3d SIMs with higher coordination num-
bers such as 7 and 8 have also been reported, such as a series
of Co"™ complexes of a pentagonal bipyramid geometry
reported by our group’'®’ and others*** and the eight-
coordinate Co" SIM reported by Chen et al."*

Substituents of the coordination atoms are also a fruitful
way to modulate the electronic configurations of the metal
centers, as different donor atoms will lead to different ligand
field strengths and different magnetic anisotropies. Such a
strategy has been successfully demonstrated in a family of
tetrahedral complexes [Co(EPh),]>” (E = O, S, and Se)'f or
[Co(A)I,] (A = quinoline, PPh,, AsPh;),'¥ and pentagonal-
bipyramidal complexes [Co(tdmmb)L,] (L = H,0, CN, NCS
and SPh)."** In all these examples, soft coordination atoms
(Se, As, and S atoms) were proven to be able to lead to much
larger magnetic anisotropy. This substituent effect was also
noticed in other Co" complexes of different coordination ge-
ometries where the magnetic anisotropy can be significantly
enhanced via heavy halogenido coligand effects."’

Although most of the SIMs are structurally isolated mono-
nuclear complexes, SIM properties have also been explored in
the extended coordination polymers, such as in the one-
dimensional (1D),"” two-dimensional (2D),'® and even three-
dimensional (3D) Co" coordination frameworks.'®*’ In these
structures, long spacer ligands can on the one hand afford
the appropriate ligand field for observing SIM behaviour and
on the other hand prevent the magnetic interactions between
the metal nodes. Furthermore, modification of the coordina-
tion geometry of the metal nodes in coordination polymers is
sometimes rather easy to achieve. For examples, the inclusion
of the different guest molecules in a coordination polymer
can effectively tune the coordination geometry of the metal
center, which changes the SIM behaviour dramatically. As an
illustrative example, Pardo and Cano have investigated the ef-
fect of solvent guest molecules in 2D Co-based SIMs,"®* which
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is related to the intrinsic porous character of
multidimensional coordination polymers. Very recently, we
also reported two 2-fold interpenetrated 2D Co"-SIMs with
tunable SIM behaviours via the guest effect.'® In addition,
the coordination atoms of the metal center in the coordina-
tion polymer can also be altered while the framework struc-
ture is maintained. However, to the best of our knowledge,
the substituent of the ligand to rationally control SIM behav-
iour merely appeared in the mononuclear compounds
reported previously,'® while a similar strategy in coordination
polymers is yet to be investigated.

Inspired by the above-mentioned considerations, we
attempted to synthesize the 2D coordination polymers with
different axial coordinate atoms. In this work, using a flexible
organic spacer, 4,4-dipyridyl sulfide (dps), capable of
forming 2D frameworks and preventing magnetic interac-
tions between the Co" ions, we synthesized and characterized
three compounds, [Co(dps),Cl,], (1), [Co(dps),Br,], (2), and
[Co(dps),(H,0),1,-(Hz0)4)n (3). Although the structure of 1
has been reported before,” its magnetic properties were not
studied. All these compounds have similar 2D structures
where the Co*>* centers are bridged by dps ligands. The coor-
dination geometries of the Co”>' centers are of a general
CoN,X, octahedral environment of different axial coordina-
tion atoms (X = Cl, Br, and O atoms for 1-3, respectively).
Furthermore, magnetic studies revealed the field-induced
SIM behavior for all three complexes and theoretical calcula-
tions were employed to better understand their magnetic
properties.

Experimental section

All chemicals were commercially available and used as re-
ceived. Syntheses of 1-3 were described below. Physical mea-
surements and X-ray crystallography can be found in the
ESL7 Crystal data, selected bond lengths, and bond angles of
all the complexes are listed in Table S1 and Table S2.f The
continuous shape measure (CShMs) calculation results for
1-3 are provided in Table S3.}

[Co"(dps),Cl,].. (1)

The synthesis of complex 1 is slightly different from the liter-
ature reported method.'"> A mixture of dps (37.6 mg, 0.2
mmol) and CoCl,-6H,0 (23.7 mg, 0.1 mmol) was dissolved in
10 mL of methanol, stirred for several minutes, and filtered.
The resulting clear solution was then sealed and kept still in
the dark at 4 °C. Pink block crystals formed after 2 days. The
crystals were filtered and washed with water. Yield: ~25 mg,
49% based on CoCl,:6H,O. Elem. anal. -caled. for
CyoH;6N,CLS,Co: C, 47.44; H, 3.19; N, 11.07. Found: C,
47.40; H, 3.23; N, 11.26. IR (KBr, cm™): 3093 (w), 3051 (w),
3023 (w), 1581 (vs), 1534 (w), 1479 (vs), 1415 (s), 1401 (s),
1315 (w), 1211 (s), 1069 (w), 1060 (s), 1009 (w), 1003 (w), 993
(w), 831 (s), 815 (s), 722 (vs), 712 (W), 542 (s), 492 (s), 449 (W).
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[Co(dps),Br,],. (2)

A mixture of dps (37.6 mg, 0.2 mmol) and CoBr, (21 mg, 0.1
mmol) was dissolved in 10 mL of methanol/acetonitrile (1:1,
v/v). The resulting solution was stirred for 5 minutes, filtered,
and kept still for slow evaporation at room temperature. The
pink sheet crystals suitable for single crystal X-ray diffraction
formed in the bottom of a vial over 3 days. Yield: ~22 mg,
37% based on CoBr,. Elem. anal. calced. for C,oH;cN,Br,S,Co4:
C, 40.36; H, 2.71; N, 9.41. Found: C, 40.70; H, 2.76; N, 9.41.
IR (KBr, cm™): 3093 (w), 3051 (w), 3023 (w), 1581 (vs), 1534
(w), 1479 (vs), 1415 (s), 1401 (s), 1315 (w), 1211 (s), 1069 (W),
1060 (s), 1009 (w), 1003 (w), 993 (w), 831 (s), 815 (s), 722 (vs),
712 (w), 542 (s), 492 (s), 449 (w).

[Co(dps)2(H20),L:(H20)4]x (3)

Compound 3 was prepared by a similar method to that for 2,
except for the metal salt. dps (37.6 mg, 0.2 mmol) and Col,
(31 mg, 0.1 mmol) were dissolved in 10 mL of methanol/ace-
tonitrile (1:1, v/v). Orange block single crystals formed after
slow evaporation in a dark place for a week. The crystals were
filtered and washed with water. Yield: 34 mg, 53% based on
Col,. Elem. anal. caled for C,,H,gN,04S,Coq1,: C, 30.13; H,
3.54; N, 7.03. Found: C, 30.13; H, 3.55; N, 7.12. IR (KBr,
em™): 3384 (s), 3058 (s), 2653 (w), 2447 (w), 1938 (W), 1686
(w), 1619 (s), 1589 (vs), 1546 (s), 1540 (s), 1484 (vs), 1417 (vs),
1326 (w), 1318 (w), 1219 (s), 1107 (s), 1062 (vs), 1015 (s), 984
(w), 857 (w), 808 (vs), 742 (vs), 736 (W), 662 (W), 538 (s), 491
(vs), 431 (w).

Results and discussion

Complex 1 was synthesized by direct mixing of CoCl,-6H,O
with dps in methanol solution, while 2 and 3 were synthe-
sized by replacing CoCl,-6H,O with CoBr, and Col, in the
mixed solvents of methanol and acetonitrile. The phase pu-
rities of the bulk samples have been confirmed by PXRD
spectra and elemental analyses (Fig. S1t). The thermal stabil-
ity of the three compounds was probed by TGA under a nitro-
gen atmosphere (Fig. S27). The results indicated that 1 and 2
exhibited negligible mass loss at up to approximately 220 °C,
suggesting their high thermal stability as they have no crys-
tallized solvent molecules. For 3, the 14% weight loss below
100 °C can be attributed to the release of lattice water mole-
cules and coordinated water molecules, corresponding to the
removal of six water molecules (calculated weight loss is
13.5%).

We have also tried to replace the CI" and Br atoms in 1
and 2 with I atoms, hoping to prepare the neutral
[Co"(dps),1,], structure similar to that in 1 and 2. However, it
seems that the weakly coordinated I" anion cannot substitute
for the axial positions. Although we have tried different con-
ditions including different ratios of the starting materials,
different solvent systems and so on, the only product we
obtained was complex 3 where the axial coordination atoms
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are the H,O molecules and the I" anions just serve as counter
anions to the [Co"(dps),(H,0),]*" cation.

Crystal structures of 1-3

Although the structure of 1 was reported before, we re-
measured its structure for the sake of consistency. The crystal
systems and space groups for 1-3 are monoclinic P2,/c for 1,
orthorhombic Pccn for 2, and orthorhombic Pbca for 3 (Table
S1}). Although they have different space groups, 1-3 have
similar 2D framework structures, where the Co>" centers re-
siding in distorted octahedra are bridged by the long spacer
dps ligands. In both complexes 1 and 2, the asymmetric unit
contains half a Co>" ion, one dps molecule and one halogen
anion. While for 3, the asymmetric unit contains a Co** ion,
two dps molecules, two uncoordinated I, two coordinated
H,O and four uncoordinated H,O molecules (Fig. S3t). For
all three complexes, the Co>" ion resides in an N,X, (X = CI
for 1, Br for 2 and H,O for 3) coordination environment,
where the four N atoms are from four dps ligands in the
equatorial plane of a octahedron and the two X atoms are

Fig. 1 Coordination environments of the Co" ions in for 1 (a), 2 (b)
and 3 (c) (pink, Co; gray, C; blue, N; yellow, S; red, O; H atoms are
omitted for clarity).

This journal is © The Royal Society of Chemistry 2019
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from the two donor groups in the axial position (Fig. 1). The
Co-Nq bond lengths are 2.215(5) and 2.278(3) A for 1,
2.206(6) and 2.182(6) A for 2, and from 2.133(2) to 2.193(2) A
for 3, respectively. The N.q-Co-Nq bond angles for 1 to 3 are
all very close to each other (Table S27), while the X,—-Co-
Xaxial (X = Cl, Br, O) bond angles are very close to linearity, be-
ing 180.0(0), 177.87 and 178.63° for 1-3, respectively. As for
the Co—Xaxa bond lengths, the Co-O,. lengths in 3
[2.092(1) and 2.092(1) A] are significantly shorter than the
C0-Clayiar bond lengths in 1 [2.416(9) A] and the Co-Braya
lengths in 2 [2.569(6) A], resulting in a significantly axially
compressed octahedral geometry. In 1 and 2, the elongated
Co-X distances should correspond to the increasing ionic ra-
dius of the axial halogenido atoms and consequently cause
the axial elongation of the octahedral coordination sphere in
1 and 2. Furthermore, to evaluate the distortion of the coordi-
nation environment of the Co" ions, the continuous shape
measure (CShMs) parameters for 1-3 were calculated using
the Shape 2.1 pragram.>® As we can see from these CShMs
listed in Table S3,f although the coordination geometry of
1-3 can still be described as an octahedron, the deviation
from the ideal octahedron of O symmetry (for ideal O}, sym-
metry, CShM = 0) is quite large, with the CShM values of
7.146, 16.838 and 6.841 for 1-3, respectively.

Bridged by the bis(monodentate) bridging ligand dps, sim-
ilar 2D layers were formed in 1-3 (Fig. 2 and 3). Separated by
the dps ligands, the Co** ions in the sheet are well-isolated
in 1-3 with the shortest intralayer Co---Co distances of
11.259(3) A for 1, 11.060(7) A for 2 and 11.116(6) A for 3, re-
spectively. Although different coordinate atoms of 1-3 don't
change the structure too much, their 2D layers differ slightly.
We can see that the windows in the 2D layers in 1 and 2 are
almost square and those of 3 are rhombic. The Co-:-Co dis-
tances of the diagonals are 16.506(1) x 15.317(8) A for 1,
15.069(2) x 16.195(1) A for 2 and 18.298(5) x 12.802(8) A for
3, respectively.

Interestingly, it is also noticeable that the packing dia-
grams of 1-3 are different from each other, especially for
compound 2. In 1 and 3, the 2D layers are separated from
each other with a distance of 4.219(2) A for 1 and 6.414(4) A
for 3 between neighboring layers (Fig. S41). The layers packed
along the normal direction of the planes with an ABAB mode.

11.259(3)

b
L

Fig. 2 The 2D structures and intralayer Co---Co distances in 1 (a) and
2 (b).
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Fig. 3 The 2D structure and intralayer Co---Co distances in 3.

Due to this packing mode, the windows of the 2D layer
(Fig. 4a and b) were blocked by the neighboring layers,
resulting in no open channels of both 1 and 3 along the normal
direction of the planes (Fig. 4c and d). The shortest interlayer
Co-+-Co distances are 7.500(0) A for 1 and 8.992(8) A for 3.

In striking contrast, although the formula of 2 is very sim-
ilar to that of 1 except for the halogen atoms, the packing di-
agram of 2 is totally different. The most fascinating feature
for 2 is the occurrence of two-layer interwoven sheets
(Fig. 5a and b). One molecular framework threaded through
the centers of another independent network, forming double-
interpenetrated two-layer interwoven sheets, which are fur-
ther packed along the a axis with a separation distance of
8.856(6) A (Fig. S4t). The shortest Co---Co distance between
interpenetrated layers is 7.534(6) A as depicted in Fig. 5b.

To construct the SIMs in the coordination polymers, we
hope that the spin centers are well-isolated from each other
and the possible intermolecular magnetic interactions can be
eliminated. In the previously reported 3d SIMs concerning
the Co®" coordination polymers, the Co® ions are usually
separated efficiently leading to negligible, if any, magnetic ex-
change between the local spin carriers."” In fact, we noticed
in a series of 1D Co®* coordination polymers, that if the mag-
netic interaction cannot be neglected, even if it is very weak,

= O
—"oﬁ
[+

O

Fig. 4 Packing diagrams of 1 (a and c) and 3 (b and d) along the b and
c axes, showing the ABAB packing mode of these two complexes. The
shortest Co---Co distances between interlayer networks are presented
in the picture.
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Fig. 5
red colors viewed along the ¢ and a axes. (c) The schematic view of
the interpenetrated frameworks of 2.

(a and b) Two interpenetrated layers of 2 depicted in blue and

the SIM behavior will be suppressed and simple paramag-
netic behavior is observed.'”” In this work, the Co>" centers
in 1-3 are indeed well-isolated from each other, with the
shortest Co---Co distances being 7.500(0), 7.534(6) and
8.992(8) A for 1-3, respectively. These long distances make
the intermolecular dipole-dipole interactions negligible. In
addition, the non-conjugated character of the dps ligand also
hinders the super-exchange interaction through the dps li-
gand. Therefore, we believe that the different axial coordina-
tion atoms of the Co>" center are the main variable to deter-
mine their magnetic properties, such as the magnetic
anisotropy and slow magnetic relaxation.

Magnetic properties

The direct current (dc) magnetic susceptibility data of 1-3 in
the form of the y\T versus T plot (yy is the molar magnetic sus-
ceptibility per Co®" ion) were measured under a dc field of 1
kOe and are depicted in Fig. 6. The y\,T values at room temper-
ature for 1-3 are 3.41, 3.46, and 3.08 cm® mol ' K, respectively.
These values are at the upper limit of the usual range (2.1 to
3.4 ecm® mol™ K) expected from an isolated high-spin d” Co"
cation (S = 3/2) with significant orbital momentum contribu-
tion.”* As the temperature is lowered, the y\T values decrease
smoothly in the high temperature regime and then decrease
rapidly below 100 K to reach values of 2.05, 1.76 and 1.86 cm’
mol™ K at 2 K for 1, 2 and 3, respectively. Similar to the
reported compounds, the decrease of the yuT curves at low
temperature should be mainly due to the intrinsic magnetic
anisotropy of the Co" ions. In addition, the field dependent
magnetization data for 1-3 were measured at 2.0, 3.0 and 5.0 K
with fields up to 70 kOe (inset of Fig. 6). At 2 K, the largest
values of magnetization at 70 kOe (2.42 ug for 1, 2.31 yp for 2,
and 2.39 yg for 3) are well below the expected saturation value
for a Co™" center (3.0 ug for g = 2.0). All these data support the
presence of appreciable magnetic anisotropy originating from
the spin-orbit coupling and orbital contribution.

To probe the SIM behaviors in 1-3, measurements of tem-
perature and frequency dependence of the ac magnetic sus-
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Fig. 6 Temperature dependence of ymT (T) curves at 1 kOe for 1 (a), 2
(b) and 3 (c). Insets: Field dependent magnetization M(H) plots at
different temperatures. The red lines in the yuT curves and the lines in
all the M(H) curves are the ones with the simultaneous fitting using
PHI, while the blue lines in the yuT curves correspond to the ab initio
calculations.

ceptibility were performed. Under a zero dc field and a 2 Oe
ac field oscillating at frequencies between 1 and 1000 Hz, no
out-of-phase ac signal (y") was observed for all three com-
pounds (Fig. S61). This indicates very fast relaxation of the
magnetization, probably due to the quantum tunneling of
magnetization (QTM) as observed in the majority of Co™-
based SIMs, since the direct spin-phonon relaxation process
is forbidden for a Kramers ion under a pure electric field due
to the Van Vleck cancellation. However, when a small dc field
(200 Oe) was applied, all the complexes displayed a nonzero
x", indicating the efficient suppression of the QTM effect and
the occurrence of the field-induced SIM behavior of 1-3 (Fig.
S77). In order to determine the optimum dc field to suppress
the QTM effect, ac measurements under various dc fields
were performed. As depicted in Fig. S7,f the peak maxima of

This journal is © The Royal Society of Chemistry 2019
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x" move to higher values and lower frequencies upon increas-
ing fields until at around 1500 Oe for all the complexes, and
then move to higher frequencies when the field increases fur-
ther to 4500 Oe. This frequency dependent ac data can be
fitted by the generalized Debye model,>* giving the dc field
dependence of the magnetic relaxation time ¢ (Fig. 7 and S8
and Table S4t). Apparent peaks were observed at 1500 Oe for
1 and 2, and 2000 Oe for 3, respectively. For better compari-
son, temperature dependent ac measurements were further
performed under a 1500 Oe dc field for 1-3 and are shown in
Fig. 8 and S8.f

The Cole-Cole plots were then generated from the ac mag-
netic susceptibility data, and the magnetic relaxation times
(z) and their distribution parameters () at different tempera-
tures were extracted by fitting these Cole-Cole plots using the
generalized Debye model (Fig. 9 and Table S57). The obtained
o values are in the range of 0.07-0.18, 0.05-0.15, and 0.05-
0.24 for 1-3, respectively, suggesting the narrow distribution
of the relaxation time. The temperature dependent relaxation
time was then analyzed to extract the effective energy barrier
(Ueg)- The high temperature linear regime of the Arrhenius
plot (In(z) vs. T™') was fitted using the Arrhenius law 7 = 7,
exp(Ueg/kpT), giving the energy barrier Ue; = 8.64, 18.8, and
20.0 cm ™", with the pre-exponential factors 7, = 2.4 x 107>, 4.8
x 107° and 1.4 x 10~° s for 1-3, respectively (Fig. 9).

The deviation from Arrhenius behaviour in the low-
temperature region is usually attributed to the multiple relax-
ation pathways, including QTM, direct, Raman and Orbach
relaxation processes. Therefore, we also analyzed the temper-
ature dependence of the relaxation time using the following
expression eqn (1)

B, -1
———+ CT" +7, exp(-U_./k,T 1
1+ BH? o 'exp(~U g /ksT) (1)

' = AH'T +

where the first two terms correspond to the field-dependent
direct and QTM processes, the third term to a Raman process
and the last term to a thermally activated Orbach process. A,
B4, B,, C and n are coefficients, and H, T, 7,, U and kg have

0 1 ; 1 1
H/kOe

Fig. 7 Magnetic relaxation time at different dc magnetic fields and its
fitting by the sum of direct and QTM processes (see text).

This journal is © The Royal Society of Chemistry 2019

Paper

their usual definitions as mentioned before. As there are too
many parameters in the expression, we analyzed the relaxa-
tion processes in two steps. Firstly, for QTM and direct pro-
cesses, the coefficients were determined from the field-
dependent magnetic relaxation time (' = AH'T + B,/(1 +
B,H?)) and the results are listed in Table S6.f Then, these co-
efficients were fixed, and the Arrhenius plots of 1-3 were
fitted using eqn 1. The best fit parameters were obtained and
are listed in Table S6.; The observed barriers (Ues = 11.0,
28.9, and 25.3 cm™" for 1-3) are larger than the barriers con-
sidering only the thermally activated relaxation process. As
for the Raman parameters, the values were obtained in the
range n = 1-3 for all the compounds, which are smaller than
the expected value of 9 for Kramers ions, but when optical
and acoustic phonons are considered, n = 1-6 is reasonable.
It is noteworthy that all three complexes are poor field-
induced SIMs of similar properties. To gain more insights
into the magnetic anisotropy of these complexes, the mag-
netic data were further analyzed. First, the above obtained
temperature dependent susceptibility data and the field de-
pendent magnetization data at different temperatures were
analyzed simultaneously using the PHI program.>” The spin
Hamiltonian used for the fitting reads as follows:

H =D[S;” - S(S + 1)/3] + E(S,” - 8,%) + pg-S-B (2)

where ug is the Bohr magneton and D, E, S, and B represent
the axial and rhombic zero-field splitting parameters, the
spin operator, and magnetic field vectors, respectively. How-
ever, by fitting the data with free g, values, no satisfactory re-
sults can be obtained (Fig. S5t). Therefore, we considered
g-anisotropy by fixing g; to 2.0 and only g, was varied. The
best fits of the data gave D = 27.2(1) em™', E = 0.5(4) cm™",
and g, = 2.40(1) for 1; D = 28.0(9) cm ™, E = 0.5(2) em ™', and
gxy = 2.12(6) for 2; D = 9.5(5) em ', E = 0.5(2) em ', and g, =
2.20(8) for 3. We noticed that the fit is not sensitive to the
sign of D values. Either with positive or negative D, experi-
mental data could be obtained. However, negative D for 1-3
results in unreliable E and g parameters.

In addition, to fully understand their magnetic properties,
complete-active-space self-consistent field (CASSCF) calcula-
tions on the Co" fragments for complexes 1-3 on the basis of
X-ray determined geometries have been performed using the
MOLCAS 8.2 program package. Computational details are
given in the ESIj The calculated spin-free energies of the
lowest ten terms (S = 3/2), the energies of the first excited
spin-orbit state, and the weights of the five most important
spin-orbit-free states for the lowest two spin-orbit states of
the Co" ion of 1-3 are listed in Table S7 and Table $8.F From
these results, the y\T versus T plots of 1-3 were calculated
and are shown in Fig. 6, which agree with their experimental
curves. We can see that for complex 1, although the energy
difference between the lowest two spin-free states (Table S77)
is larger than that between the lowest two spin-orbit states
(Table S87), its spin-orbit ground state is composed of the
lowest three spin-free states, rather than the ground one. As
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H,, = 1500 Oe

H,, = 1500 Oe

Fig. 8 Frequency dependence of the ac magnetic susceptibilities for 1-3 collected under a 1500 Oe dc field over the temperature range of 2.0-

6.0 K.

for complexes 2 and 3, the energy differences between the
lowest two spin-free states (Table S771) are both smaller than
those between the lowest two spin-orbit states (Table S8t),
which are also composed of the lowest three spin-free states.
These results mean that the spin-orbit coupling of the Co"
centers in 1-3 is too strong and that we cannot use the zero-
field splitting parameters D and E (as in the spin Hamilto-
nian eqn (2)) to describe their magnetic anisotropies. In-
stead, the energy gap between the ground and first excited
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Fig. 9 Cole-Cole plots (a—c) for 1-3 with the fits to the generalized
Debye model and Arrhenius plots (d-f) with In(t) versus T~* for 1-3. The
red lines show the fits of the data to the Arrhenius law 7 = 7o exp(Uesf/
kgT), assuming the Orbach relaxation mechanism. The green lines
represent the fits to the data using eqn (1).
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spin-orbit states is responsible for the magnetic relaxation of
all three complexes.

In addition, the g (g, g, and g;) tensors of the ground and
first excited doublets of the Co™ of 1-3 were calculated and
are listed in Table S9t and the orientations of the local main
magnetic axes of the ground doublets in 1-3 are depicted in
Fig. 10. We can see that the calculated orientation of g, for 1
is along the Cl-Co-Cl direction, while those for 2 and 3 are
not along the direction of the axial ligands. Most importantly,
for all three complexes, the g, values are all larger than the g,
and g, values, indicating the easy-axis magnetic anisotropy for
all three complexes, rather than the easy-plane magnetic
anisotropy as suggested by positive D values. Furthermore,
the rather large g, and g, values for all these complexes might
cause the very significant quantum tunnelling of magnetiza-
tion and decrease the efficient energy barriers. From these re-
sults, we can see that although the axial coordination atoms
have an obvious influence on their structures and thus the
magnetic properties, we cannot come to a clear conclusion on
the relationship between the magnetic anisotropy and the ax-
ial ligands based on our current results.

Fig. 10 Calculated orientations of the local magnetic axes (g,: pink;
gy: plum; g.: green) of the ground doublets on Co'" ions of complexes
1-3.
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Conclusions

In summary, we reported here the syntheses and characteri-
zation of three two-dimensional cobalt(i) complexes with a
Co"N,X, (X = Cl, Br, and O) octahedral geometry. Due to the
different coordination abilities of the terminal ligands, the
coordination geometries, the 2D structures, and thus the
magnetic properties of these compounds can be modified. Al-
though all the complexes behave as field-induced SIMs, the
magnitudes of the relaxation barriers for 1-3 are quite small.
Ab initio calculations were employed to understand their
magnetic properties. The calculation results suggest very
strong spin-orbit coupling and the description of their mag-
netic properties using the spin Hamiltonian containing zero-
field splitting parameters D and E seems meaningless. This
work illustrated that care should be taken to interpret the
magnetic data of octahedral Co™ compounds and also to fore-
see the influence of the axial ligands on the magnetic aniso-
tropy of the Co" centers.
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