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ABSTRACT: It still remains a great challenge to design and construct framework-
structured weak ferromagnets with large canting angle which is an effective approach for
high performance magnets. According to the strategy of antisymmetric interaction
causing spin canting, we report the design of four cobalt compounds, which were tested
by X-ray single crystal diffraction, TGA, PXRD, and magnetic measurement. Single-
crystal structure analysis reveals that compound 1 has a 2D structure, complex 2 has a
3,4-connected 3D framework, and complex 3 exhibits a 3D net structure with rare 3,5-
connected 2-nodal #-SnF, topology and the solvent MeOH trapped in the 3D channels
as guests. The magnetic property of 3 is spin canting just as designed, with Ty about 4.0
K and large canting angle of 14.8°. Highly stable compound 3 sustains its framework in
air for more than 12 months, in which the guest MeOH molecules can be replaced by
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water to form complex 4.

1. INTRODUCTION

In recent years, molecule-based magnetic materials, with great
potential applications for high-density information storage,
quantum computing, and magnetic refrigeration, are the focus
for physical and chemical researchers."” In this field, frame-
work-structured weak ferromagnets are a new research hot
point, in which the framework structure is effective for long-
range ordering of spins.’ The desired spontaneous magnet-
ization will be gained as long as the canting angle (y) is large
enough. Up to the present, the canting angle in the framework
structure system usually is small; accordingly, the relevant weak
ferromagnets caused by spin canting do not have large
spontaneous magnetization.* Generally speaking, the phenom-
enon of spin canting is caused by two mechanisms, one by the
existence of single-ion magnetic anisotropy and the other by
antisymmetric interaction.” The antisymmetric interaction is
not convenient to control, while single-ion magnetic anisotropy
is easy to realize by using anisotropic metal ions such as Mn'",
Co",, and so on.*” From the structural point of view, the lack of
inversion center is necessary for spin canting in local symmetry
between the two coupling paramagnetic centers.* Thus, if a
ligand shows predicable asymmetric coordination modes, the
phenomenon of spin canting may occur. Some bridging ligands,
including dicyanamide, azido, and carboxylate, are potential
candidates for constructing spin canting complexes.® It is worth
mentioning that bridging ligands with asymmetric coordination
models are a good choice to obtain spin canting. A
representative example has been reported by Bu and his co-
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workers with the use of 3,4-dicyano-1,2,5-thiadiazolea Iigand.9
Enormous magnetic 3D frameworks with weak ferromagnetism
have been explored, but the canting angle larger than 5° is very
rare,**'* with only one sample reported with angles exceeding
10°.* Construction of framework-structured weak ferromagnet
with large canting angle still remains a great challenge.

Herein, on the basis of current research for a desired
framework-structured weak ferromagnet, the Co" jon with
single-ion magnetic anisotropy11 and pyrazine-2-carboxylate
(Pzc) as bridging ligand were selected. By varying the coligand
accommodated in the mother framework that is constructed by
Co™ and Pzc, we report here a case of magnetic modulation.
Our results suggest that the obtained cobalt complex
{[Co(Pzc)(HCOO)]-MeOH}, (3) with spin-canting behavior
presents a rare -SnF, net and exhibits weak ferromagnetism
with Ty about 4.0 K and a big canting angle of 14.8°. Our
further experiments suggest that complex 3 can transform to
complex 4, when the guest MeOH molecules are replaced by
water molecules by means of single-crystal-to-single-crystal
transformation.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. The chemical reagents used in these
experiments are analytical grade and used without further purification.
The X-ray powder diffraction (PXRD) of a sample was done by Rigaku
D/Max-2500 diffractometer at 40 kV, 100 mA for a Cu-target tube and
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Table 1. Crystal Data and Structure Refinement Results for 1—4

1 3 4
chemical formula C¢H,CICoN,0, C,oH,4CL,Co3NgO C,;HgCoN,O5 C¢HgCoN,Og¢
fw 249.52 776.10 259.08 263.07
space group P2,/n P4/ncc P2.2.2, P2,2.2,

a (A) 7.4930(15) 11.3528(16) 8.9978(18) 8.9199(18)
b (A) 10.348(2) 11.3528(16) 9.4638(19) 9.4566(19)
¢ (A) 11.220(2) 23.145(5) 10.433(2) 10.414(2)
a/deg 90.00 90.00 90.00 90.00
p/deg 94.62(3) 90.00 90.00 90.00
y/deg 90.00 90.00 90.00 90.00
V/A3 867.1(3) 2983.1(11) 888.4(3) 878.4(3)
z 4 4 4 4

D (gem™) 1911 1.728 1.937 1.989

u (mm™) 2.260 1.892 1.935 1.966

F (000) 500.0 1548 524 532

Ry 0.029 0.099 0.090 0.120
GOF 1.135 1.343 1253 1.396

T/K 293(2) 293(2) 293(2) 293(2)
R1° 0.0270 0.0841 0.0746 0.0885
wR2? 0.0635 0.1783 0.1902 0.2164

R = 3IIF| — IFA/SIE. PR, = [E[w(E,> — F2)*]/=w(E,2)* ]V~

a graphite monochromator. Thermal stability studies were taken using
a NETSCHZ STA 449C thermoanalyzer under N, (30—1000 °C
range) at a heating rate of 10 K/min. The magnetic measurement was
carried out on a Quantum Design MPMS-XL SQUID magnetometer
by using crushed crystals of the sample. The magnetic field was 7 T.
The diamagnetic susceptibility corrections were calculated from
Pascal’s constants; an experimental correction for the sample holder
was applied.

2.2. Syntheses. [Co(Pzc)CI(MeOH)],, (1). A mixture of pyrazine-2-
carboxylate acid (0.4 mmol), CoCl,-6H,0 (2 mmol), and methanol
(15 mL) was sealed in a Teflon-lined bomb, heated to 140 °C for 3
days, and then cooled to room temperature. Block-shaped purple
crystals of 1 were collected and washed sequentially by methanol.

{[Cos(Pzc),Cl,]-2H,0},, (2). A mixture of pyrazine-2-carboxylate acid
(0.8 mmol), CoCl,-6H,0 (2 mmol), and methanol (15 mL) was
sealed in a Teflon-lined bomb and heated under autogenous pressure
to 140 °C. After maintaining for 3 days, and then cooled to room
temperature, the complex 2 was collected and washed by methanol.

{[Co(Pzc)(HCOO)]-MeOHj},, (3). A mixture of pyrazine-2-carboxylate
acid (0.5 mmol), Co(HCO,),-4H,0 (1.5 mmol), and methanol (15
mL) was sealed in a Teflon-lined bomb and heated under autogenous
pressure to 140 °C for 3 days. It was then cooled to room temperature,
and the complex 3 was collected, washed with methanol, and dried.

{[Co(Pzc)(HCOO)]-2H,0},, (4). With the complex 3 in air for a few
months, the methanol molecules in the framework were replaced by
water molecules, and the complex {[Co(Pzc)(HCOO)]-MeOH}, (3)
undergoes a single-crystal-to-single-crystal structural transition to the
complex {[Co(Pzc)(HCOO)]-2H,0}, (4).

2.3. Single-Crystal X-ray Diffraction. Diffraction data collection
for complexes 1—4 were performed at 293(2) K on a Rigaku SCX-
mini diffractometer with Mo Ke radiation (1 = 0.710 73 A) by @ scan
mode. Rigaku CrystalClear'? program was applied to integrate the
diffraction profiles. The structures were solved by the direct method
and refined by full-matrix least-squares methods on F*, with all non-
hydrogen atoms refined with anisotropic thermal parameters (semi-
empirical absorption corrections were applied using SADABS
program)."® All of the metal atoms were located from the E-maps.
The hydrogen atoms of the ligands were generated theoretically onto
the specific atoms and refined isotropically with fixed thermal factors.
All calculations were solved by using the SHELXTL crystallographic
software. Crystallographic crystal data and refinement parameters are
summarized in Table 1. Selected bond lengths are listed in Table S1 of
the Supporting Information.
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3. RESULTS AND DISCUSSION

3.1. Synthesis, Structure, and Description of Com-
plexes 1—-3. During the experiments, three complexes were
obtained step by step. The complex [Co(Pzc)CI(MeOH)], (1)
containing one coordinated methanol molecule was synthesized
by mixing pyrazine-2-carboxylate acid and CoCl,-:6H,0O in
methanol solvent (complex 1 is unstable). With an adjustment
to the molar ratio of the reactants, 3D formwork {[Co;(Pzc),-
CL]-2H,0}, (2) supported by guest water molecules was
produced (complex 2 is unstable in humid air). The ratio of the
reactants is very important for getting different crystals of 1 and
2, despite those being synthesized under similar conditions.
Also, pure phase complex 2 (checked by PXRD, Supporting
Information Figure S1) could be obtained with ligand—metal
ratio of 2:5. The complex {{Co(Pzc)(HCOO)]-MeOH}, (3)
was gained by mixing the pyrazine-2-carboxylate acid and
Co(HCO,),-4H,0 in the methanol solvent (complex 3 is
stable). In this work, we aimed to get the magnetic materials;
however, we found complex 1 was unstable and out of the
testing requirement of other measurement. We speculate that
the instability of complex 1 is caused by the methanol molecule
participating in the coordination, and the instability of 2 is due
to the coordination of the chloride anions which are easy to
decoordinate in humid condition. Aimed at solving these
problems, we change the reactants and introduced the bridging
molecules (formate anions) which can make the molecule
framework stable. Finally, the stable complex 3 was gained, and
structural analysis shows that formate anions participate in the
coordination and bridge the metal ions forming a 3D net with
rare 3,5-connected 2-nodal f-SnF, topology.14 Thermal
stability studies indicate complex 3 has high thermal stability
and decomposes above 300 °C (Supporting Information Figure
S$2a). Its phase purity was confirmed by PXRD (Supporting
Information Figure S2b), and the magnetic measurement
reveals that complex 3 exhibits weak ferromagnetic with Ty
about 4.0 K and big canting angle of 14.8°.

[Co(Pzc)CI(MeOH)],, (1). Complex 1 crystallizes in mono-
clinic space group P2,/n with an asymmetric unit consisting of
one crystallographically independent Co" center, one deproto-
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Figure 1. (a) Coordination modes of Co" ions and linkage of the Pzc anions in 1. Symmetry mode: A, 1.5 —x, —0.5+y,1.5 -2z B,2 —x, 1 —y,1 —
z,C 1.5 —x05+y 1.5 -2z D, —0.5 +x, 0.5 —y 0.5 + z; E, 0.5 + x, 0.5 — y, —0.5 + z. (b) The two-dimensional layer structure of complex 1. (c)
Complex 1 collapses quickly when putting the crystals in the air at room temperature; it will lose crystallinity completely in about 72 h.
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Figure 2. (a) Coordination modes of Co" ions and linkage of the Pzc in 2. Symmetry mode: A, 0.5 — &, 1.5 —y,2; B, —0.5+ 5,05+ x,05 -z C, 1
—»1-%05-2zD,-05+y,1-x—2%E 05—y 1+x2zF —x2-y-2G -1+505—-x2H05+x2—-505—-2zL15-y1+xz],
—x, —0.5 +, 0.5 — z; K, =1 + y, 1.5 — x, z. (b) The 3D structure of 2 with water molecules filled in the channels of the cages. (c) The picture of
complex 2 in the air at room temperature at different time.

nated ligand Pzc anion, one chlorine anion, and one anion adopts a y; coordination mode to bridge three Co" jons,

coordinated methanol molecule. The Co" ion is coordinated
by one inorganic chloride atom, one methanol oxygen atom,
two oxygen atoms, and two nitrogen atoms from three Pzc
anions forming a distorted octahedral geometry with normal
bond lengths (Supporting Information Table S1). Each Pzc

while the chlorine atom and the methanol molecule both take
the axis positions to coordinate to the Co" ion [bond lengths:
Col—CI2 = 2.3759 (10) A, Col—01 = 2.1627 (18) A] (Figure

1a). In this way, every Co" is connecting to three Pzc anions,

dx.doi.org/10.1021/ic502177k | Inorg. Chem. 2014, 53, 13042—13048
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Figure 3. (a) Coordination modes of Co" ions and linkage of the Pzc in 3. Symmetry mode: A, —x, =0.5+ y, 0.5 —z; B, 1 — %, 0.5 +y,0.5 — z; C,

05—-%2-%05+2zD,—x05+y05—-zE1
(b) Along ¢ direction, the methanol molecule filled channels.

—x%—05+y2zF05-%2-y5-05+2zG,-05+x25-y1-2zH05+x25-y1—=z

and every Pzc anion is linking three metal ions, to form a 2D
layer structure (Figure 1b).

{[Cos(Pzc),Cl,]-2H,0}, (2). Complex 2 crystallizes in the
tetragonal space group P4/ncc, and the asymmetric unit of 2
contains one and a half crystallographic Co" ions, two Pzc
anions, one chlorine anion, and two solvated water molecules.
Col is coordinated by two chloride anions and four nitrogen
atoms from four Pzc anions. Co2 is coordinated by four Pzc
anions, in which two Pzc anions take chelating mode. The Pzc
anion adopts a y; coordination mode to bridge Col, Co2, and
Co2G ions. The Pzc anion chelates to Co2 ion via 1-position
N1 atom and a carboxylate O1 atom, and coordinates to Col
and Co2G in a monodentate fashion via the 4-position N2
atom and the other carboxylate O2 atom of the syn—anti
carboxylate, respectively (Figure 2a). It is worth noticing that
an elongated octahedral cage was formed by four Co2 ions, two
Col ions, and four Pzc anions (Supporting Information Figure
S3a), and linked by Col ions generating a 1D chain
(Supporting Information Figure S3b). The 1D chains share
Co2 ions forming a 3D net structure with water molecules filled
in the channels of the cages (Figure 2b). Also, the whole
framework could be viewed as 3,4-connected topology net
(Supporting Information Figure S3c).

{[Co(Pzc)(HCOO)]-MeOH},, (3). Complex 3 has a 3D
structure with the space group of P2,2,2,. In the crystallo-
graphic asymmetric unit, there exists one crystallographically
independent Co" ion, one Pzc anion, one formate anion, and
one solvated methanol molecule (Figure 3a). Each Co" lies in a
general position with a distorted octahedral geometry
constructed by two nitrogen atoms, two oxygen atoms of
three Pzc anions, and two oxygen atoms of two formate anions.
The Pzc taking p; mode coordinates to two Co' ions in
monodentate model by one carboxylate oxygen and 4-position
nitrogen, and to the third Co" ion in a chelating fashion via the
other carboxylate oxygen and 1-position nitrogen (Figure 3b).
The Pzc cobalt network exhibits a (10, 3)-a* net (Supporting
Information Figure S4a), which is different from the (10,3)-d
net in {[Ni(Pzc)CI(H,0)]-MeOH},."”*> In b direction, the
formate anions take anti—anti bridging mode linking two Co"
ions, which strengthens the net (Supporting Information
Figures S4b and SS). From the point of view of topology, in
the 3D structure, the Pzc linked three Co™ ions could be viewed

13045

as 3-connected nodes, while the Co" ion was defined as 5-
connected nodes due to Co' ions bridged by the formate
anions which are not linked by the Pzc directly. Thus, the
whole network exhibits a rare 3, S-connected 2-nodal f-SnF,
topology with Schlifli symbol {5*6}{5*6%7%-8} (Supporting
Information Figure S4b)."*

Herein, we need to further summarize the process of
obtaining stable framework. As is shown in Figure 4, the design

HCOOH

/ ~ MeOH f Cl (

/ /

)

: e
Unstable: ————Stable

Figure 4. Stability of framework structures is different when different
solvent molecules participate in the coordination. In complex 1,
methanol molecules participate in the coordination, and the 2D
framework structure is unstable. In complex 2, chlorine anion
participates in the coordination instead of methanol molecules, and
the 3D framework structure is still unstable. In complex 3 the formate
anions participate in the coordination, and the 3D framework structure
of 3 is stable.

and synthesis of the stable framework is realized step-by-step.
In 1, as terminal groups, the methanol molecules coordinate to
Col! centers; thus, further extension of the 2D network is
impossible. When exposed to the air, complex 1 collapses
quickly at room temperature, and loses its crystalline state in
about 72 h (Figure 1c). Such instability may be caused by the
terminal coordination groups of methanol molecules. In the
further exploration of the stable structures, compound 2 was
obtained. In 2, by adjusting the molar ratio of initial reactants,
the terminal methanol molecules in 1 are driven off from the
structure, and the Cl atoms are introduced to coordinate to
Co'"" centers. Subsequently, compound 2 extends itself into 3D
3,4-connected framework supported by guest water molecules.

dx.doi.org/10.1021/ic502177k | Inorg. Chem. 2014, 53, 13042—13048
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It is found that compound 2 exhibits higher stability as
compared with 1. It loses its crystalline state gradually in 10
days. As is shown in Figure 2c, the stability of this structure has
been improved greatly. With further exploration, with the hope
of introducing bridging ligands to further strengthen the whole
structure, Co(HCO,),-4H,0 was used instead of CoCl,-6H,0.
As expected, the formate anions in 3 participate in the
construction of the whole 3D framework. Stable an experiment
shows that complex 3 is stable and could remain crystalline for
more than 12 months. From the structural design and stability
of complexes 1—3, we can see that the auxiliary ligand-directed
strategy is an effective method for gaining stable magnetic
frameworks. Moreover, due to the host—guest structural
characteristics of the frameworks, it is possible to design and
construct other multifunctional magnetic materials by changing
the guest molecules.

3.2. Magnetic Properties. Variable-temperature suscepti-
bilities on pure powder samples of 2 were collected under an
external field of 1 kOe. y,, versus T and y, T versus T plots
were shown in Supporting Information Figure S6 and Figure 5.
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Figure S. y,,T vs T plots of 2. Inset: field dependent magnetization at
2.0 K of 2, and the red line is the curve of the Brillouin function.

The y,,T product at 300 K is 8.44 cm® K mol™" and is a typical
value of the three high spin Co" ions with strong spin—orbit
coupling in octahedral geometry.'® Also, the y,T curve
decreases smoothly with cooling and gives a value of 4.78
cm® K mol™" at 2 K. The susceptibilities above 30 K following
the Curie—Weiss law (Supporting Information Figure S7)
defined the constant of ® = —10.31 K. The field-dependent
magnetizations follow the Brillouin function (S = '/,, g = 4.3)
and reach saturation at 7 T. In the structure, the syn—anti
carboxylate bridged Co2 ions give a 4,4 net, and then the Co2
ions of the 4,4 nets were linked with the Col ions by pyrazine
ring to construct a 3D framework of complex 2. It is worth
noticing that a Weiss constant —10.31 K of 2 is larger than the
value —20 K of one isolated high-spin Co" ion with the
contribution of spin—orbit coupling,'"'” so the ferromagnetic
coupling contributions should be expected in 2. A ferrimagnetic
state would be present if the magnetic interactions conducted
by the carboxylate groups are ferromagnetic and those by the
pyrazine ring are antiferromagnetic. That is inconsistent with
the tendency of y,,T and field dependent magnetization at 2 K.
Thus, the magnetic interactions should be antiferromagnetically
conducted by synsyn carboxylate,'® and ferromagnetic by
pyrazine ring.

Variable-temperature susceptibilities of complex 3 were
investigated on powder samples in temperature range of 2—
300 K under an applied field of 2 kOe. As shown in Supporting
Information Figure S8 and Figure 6, the y,, versus T plots have
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Figure 6. y,, T vs T plots of 3. Inset: the ZFC and FC magnetization

measurements at 2—10 K with applied field 20 Oe.

a increase below 20 K, and the y,,T plots have a value of 3.40
cm® K mol™ at 300 K, which is a typical value of one Colion
located in an octahedral environment.'® Above 40 K the
susceptibility data could be fitted by the Curie—Weiss law and
give a Weiss constant ® = —21.20 K (Supporting Information
Figure S9). The initial decrease of y,,T product on cooling and
the negative value of Weiss constant should be due to the
antiferromagnetic interactions and single ion effect of the
octahedral Co" ions.'"'”?**! Each Co" ion in 3 was connected
to eight neighbors through two anti—anti formate anions and
three Pzc ligands. Antiferromagnetic interactions should be
conducted by the syn—syn carboxylate and formate anions in
anti—anti fashion. Weak ferro- or antiferromagnetic magnetic
interactions were transferred through the pyrazine rings for
long exchange distances. The trend of the y, T plots with a
minimum is typical behavior of weak ferromagnets.”” The
presence of spontaneous magnetization is suggested by the
sharp peak at 4 K. Also, the long-range order was further
confirmed by the zero-field cooled (ZFC) and field cooled
(FC) magnetization collected at 20 Oe (Figure 6 inset). The
ZFC and FC magnetization curves diverge below 4.0 K,
confirmed the presence of spontaneous magnetization. In order
to further comprehend the characteristic at low temperature, ac
susceptibilities were measured in different ac frequencies (10—
1000 Hz) with oscillating field of 3.5 Oe. Both the in- and out-
of-phase signals are strong (Supporting Information Figure
$10). The in-phase signals y,," show peaks at 4.2 K, and the
peaks of y.” are unsymmetrical and have little frequency
dependence. That may be attributed to the moving of the
domain walls** and/or the orbital liquid behavior,>* which has
also been found in recently reported canting systems, 42

The canted antiferromagnetic order was also confirmed by
the magnetization M(H) at low temperature 2 K (inset of
Figure 7). At very low field, the magnetization increases quickly
to 0.6 Nf, and then increases linearly to 1.44 Nf at 50 kOe.
The value of 1.44 Nf is much less than the value of 2.15 Nf for
a Co" ion at 2 K (S = '/, g = 4.3), which confirms the
antiferromagnetic interaction between the metal ions in 3. The
intercept of the linear part of the magnetization curve in high
field gives a value of 0.57 Nf. That value could be taken as the
compensating magnetization (M,) arising from the canted
antiferromagnetic spins. Thus, a canting angle of 14.8° can be
estirrzlgted roughly, on the basis of the equation 6 = tan™"(M,/
M,).

As is discussed above, complex 3 is a 3D host—guest stable
framework. To achieve the functional design of magnetic
materials, the framework requires tunable host—guest character-
istics. In our following experiments, we further confirmed that

dx.doi.org/10.1021/ic502177k | Inorg. Chem. 2014, 53, 13042—13048
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Figure 7. Hysteresis loop of 3 at 2 K. Inset left: Detailed hysteresis
loop of 3 at low field range. Inset right: Field dependent magnetization
of 3 at 20 K

the solvent methanol molecules in complex 3 could be replaced
by water molecules, and then complex 4 was gained. The
coordination condition of Co" ions and linkage modes of the
Pzc in 4 are shown in Figure 8. The 3D framework structure of
4 is similar to that of 3 but with free water molecules filled in
the channels. It is worth pointing out that such crystal-to-crystal
transformation opens the way to synthesize a large family of
multifunctional magnetic materials. Here we should further

a)

ColE  O1w@ Co1B

Figure 8. (a) Coordination modes of Co" ions and linkage of the Pzc
in 4. Symmetry mode: A, —x, —=0.5 +,0.5 —z; B, 1 —x, —0.5 + y, 0.5
-z C05—% -y, —05+z D, —x,—05+» 05—z E, 1—x05+
%05 —-2F 0S5 —x —-y05+z G, —05+x —05 -y, —z H, 0.5 +
%, —0.5 — y, —z. (b) The 3D framework of complex 4 with the water
molecules dotted in the tunnel.

point out that according to the diverse extendable ligands (such
as pyridine-carboxylate, 4-carboxyphenoxyacetic acid, pyrimi-
dine-carboxylate, imidazole-carboxylate, etc.)”'’ and aniso-
tropic metal ions (Co™, Fel, Nil, etc.),4c’6’7 it could be
expected that such a spin canting strategy would expand the
functional design of magnetic materials, and relevant work has
been undertaken.

4. CONCLUSIONS

A formate anion auxiliary-coordination strategy for designing
and fabricating stable magnetic framework has been developed
by using pyrazine-2-carboxylate and Co" ions. Complex 3 has a
3D net structure with rare 3,5-connected 2-nodal f-SnF,
topology, and the solvent MeOH molecules are filled in the
3D channel as guests. The magnetic properties of 3 include
spin canting just as designed with Ty about 4.0 K and a large
canting angle of 14.8°. Moreover, the guest MeOH molecules
in 3 can be replaced by water molecules to form new crystal
materials 4. This work may further provide reference in the
field of designing magnetic materials and guidance in related

fields.
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Selected bond lengths, TGA, PXRD, additional structural
figures, Curie—Weiss plot, y, vs T plot, and ac magnetic
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material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: horryzhao@yahoo.com.
*E-mail: fuchenliutj@yahoo.com.
*E-mail: zhkang@suda.edu.cn.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge the financial support from the National
Natural Science Foundation of China (Nos. 21471112,
21101114, and 20801041).

B REFERENCES

(1) Wang, X.-Y.; Wang, Z.-M,; Gao, S. Inorg. Chem. 2008, 47, 5720—
5726.

(2) (a) Cheng, L; Zhang, W.-X;; Ye, B.-H,; Lin, J.-B.; Chen, X.-M.
Eur. ]. Inorg. Chem. 2007, 18, 2668—2676. (b) Chen, Q.; Chang, Z.;
Song, W.-C,; Song, H.; Song, H.-B.; Hu, T.-L.; Bu, X.-H. Angew. Chem.,,
Int. Ed. 2013, 52, 11550—11553. (c) Gao, E.-Q.; Cheng, A.-L,; Xu, Y.-
X; He, M-Y; Yan, C-H. Inorg. Chem. 2005, 44, 8822—883S.
(d) Thallmair, S.; Bauer, W.; Weber, B. Polyhedron. 2009, 28, 1796—
1801. (e) Zhao, J.-P.; Hu, B.-W,; Yang, Q; Hu, T.-L.; Bu, X.-H. Inorg.
Chem. 2009, 48, 7111-7116.

(3) (a) Moriya, T. Phys. Rev. 1960, 120, 91—98. (b) Moriya, T. Phys.
Rev. 1960, 117, 635—647. (c) Dzialoshinski, 1. J. Phys. Chem. Solids.
1958, 4, 241—25S. (d) Batten, S. R.; Murray, K. S. Coord. Chem. Rev.
2003, 246, 103—130.

(4) (a) Feyerherm, R;; Loose, A.; Ishida, T.; Nogami, T.; Kreitlow, J.;
Baabe, D,; Litterst, F. J.; Siillow, S.; Klauss, H. H.; Doll, K. Phys. Rev. B
2004, 69, 134427.1-134427.8. (b) Bernot, K.; Luzon, J.; Sessoli, R;;
Vindigni, A.; Thion, J.; Richeter, S.; Leclercq, D.; Larionova, J.; van der
Lee, A. J. Am. Chem. Soc. 2008, 130, 1619—1627. (c) Weng, D.-F;
Wang, Z.-M.; Gao, S. Chem. Soc. Rev. 2011, 40, 3157—3181.

dx.doi.org/10.1021/ic502177k | Inorg. Chem. 2014, 53, 13042—13048


http://pubs.acs.org
http://pubs.acs.org
mailto:horryzhao@yahoo.com
mailto:fuchenliutj@yahoo.com
mailto:zhkang@suda.edu.cn

Inorganic Chemistry

(S) Carlin, R. L. Magnetochemistry; Springer-Verlag: Berlin, 1986; pp
148—154.

(6) (2) Yoon, J. H; Ryu, D. W.; Kim, H. C; Yoon, S. W.; Suh, B. J;
Hong, C. S. Chem.—Eur. ]. 2009, 15, 3661—3665. (b) Yuan, M.; Gao,
S.; Sun, H.-L; Su, G. Inorg. Chem. 2004, 43, 8221—8223. (c) Yuan, M,;
Zhao, F.; Zhang, W,; Pan, F; Wang, Z.-M,; Gao, S. Chem.—Eur. ].
2007, 13, 2937—2952.

(7) (a) Huang, Z.-L.; Drillon, M.; Masciocchi, N.; Sironi, A.; Zhao, J.-
T.; Rabu, P.; Panissod, P. Chem. Mater. 2000, 12, 2805—2812.
(b) Salah, M. B.; Vilminot, S,; André, G; Bourée-Vigneron, F.;
Richard-Plouet, M.; Mhiri, T.; Kurmoo, M. Chem. Mater. 2005, 17,
2612—-2621. (c) Palii, A. V; Reu, O. S.; Ostrovsky, S. M.; Klokishner,
S. I; Tsukerblat, B. S.; Sun, Z.-M.; Mao, J.-G.; Prosvirin, A. V.; Zhao,
H.-H.; Dunbar, K. R. J. Am. Chem. Soc. 2008, 130, 14729—14738.

(8) (a) Schlueter, J. A;; Manson, J. L.; Hyzer, K. A; Geiser, U. Inorg.
Chem. 2004, 43, 4100—4102. (b) Yang, Q.; Zhao, J.-P.; Hu, B.-W,;
Zhang, X.-F.; Bu, X.-H. Inorg. Chem. 2010, 49, 3746—3751. (c) Zhao,
J-P.; Yang, Q; Han, S.-D.; Han, J.; Zhao, R.; Hu, B.-W,; Bu, X-H.
Dalton Trans. 2013, 42, 8201—8204.

(9) Li, J-R; Yu, Q; Tao, Y,; Bu, X.-H,; Ribas, J.; Batten, S. R. Chem.
Commun. 2007, 22, 2290—2292.

(10) (a) Zhao, J.-P; Yang, Q.; Liu, Z.-Y,; Zhao, R; Hu, B-W,; Dy,
M, Chang, Z.; Bu, X.-H. Chem. Commun. 2012, 48, 6568—6570.
(b) Wang, X.-Y.; Wang, L.; Wang, Z.-M,; Gao, S. J. Am. Chem. Soc.
2006, 128, 674—675. (c) Wang, Z.-Y.; Zhang, B.; Otsuka, T.; Inoue,
K.; Kobayashi, H; Kurmoo, M. Dalton Trans. 2004, 2209—2216.
(d) Gao, E.-Q; Liu, P.-P.; Wang, Y.-Q.; Yue, Q.; Wang, Q.-L. Chem.—
Eur. J. 2009, 15, 1217—-1226.

(11) Kurmoo, M. Chem. Soc. Rev. 2009, 38, 1353—1379.

(12) Crystal Clear and Crystal Structure; Rigaku/MSC: The
Woodlands, TX, 2008.

(13) Sheldrick, G.-M. SHELXTL NT Version S.1. Program for Solution
and Refinement of Crystal Structures; University of Gottingen:
Gottingen, Germany, 1997.

(14) (a) Reticular Chemistry Structure Resource (RCSR), http://
rcsr.anueduau/. (b) Euclidean Patterns in Non-Euclidean Tilings
(EPINET), http://epinet.anu.edu.au/. (c) Blatov, V.-A.; Shevchenko,
A.-P. TOPOS 4.0; Samara State University: Samara, Russia. (d) Wells,
A.-F. Three-Dimensional Nets and Polyhedra; Wiley-Interscience: New
York, 1977.

(15) Yang, Q.; Zhao, J.-P.; Liu, Z.-Y. J. Solid State Chem. 2012, 196,
52-57.

(16) Drago, R. S. In Physical Methods for Chemists, 2nd ed.; Saunders
College Pub: Philadelphia, PA, 1992.

(17) (a) Mabbs, F. E.; Machin, D. J. Magnetism and Transition Metal
Complexes; Chapman and Hall: London, 1973; pp 3907-3913.
(b) Lines, M. E. J. Chem. Phys. 1971, SS, 2977—2984.

(18) (a) Wang, Z,; Zhang, B.; Kurmoo, M.; Green, M. A.; Fujiwara,
H.; Otsuka, T.; Kobayashi, H. Inorg. Chem. 2005, 44, 1230—1237.
(b) Rettig, S. J.; Thompson, R. C; Trotter, J.; Xia, S. Inorg. Chem.
1999, 38, 1360—1363. (c) Zhao, J.-P.; Han, S.-D.; Zhao, R;; Yang, Q;
Chang, Z.; Bu, X.-H. Inorg. Chem. 2013, 52, 2862—2869.

(19) Jiao, Y.-K; Li, X.-P; Zhao, C; Zhao, J.-P,; Liu, F.-C. Inorg.
Chem. Commun. 2013, 36, 56—S58.

(20) (a) Wu, D.-Y;; Guo, D.; Song, Y.; Huang, W.; Duan, C.-Y;
Meng, Q.-].; Sato, O. Inorg. Chem. 2009, 48, 854—860. (b) Herchel, R;;
Boda, R. Dalton Trans. 2005, 1352—1353. (c) Marshall, S. R;
Rheingold, A. L.; Dawe, L. N.; Shum, W. W,; Kitamura, C.; Miller, J. S.
Inorg. Chem. 2002, 41, 3599—3601.

(21) (a) Safiudo, E. C.; Cauchy, T.; Ruiz, E.; Laye, R. H.; Roubeau,
O,; Teat, S. J.; Aromi, G. Inorg. Chem. 2007, 46, 9045—9047. (b) Liu,
F.-C; Zeng, Y.-F.; Zhao, J.-P.; Hu, B.-W,; Bu, X.-H.; Ribas, J.; Batten,
S. R. Inorg. Chem. Commun. 2007, 10, 129—132. (¢) Konar, S
Mukherjee, P. S.; Drew, M. G. B;; Ribas, J,; Chaudhuri, N. R. Inorg.
Chem. 2003, 42, 2545—2552.

(22) Kahn, O. Molecular Magnetism; VCH: New York, 1993; pp 31—
40.

(23) (a) Haase, W.; Wrébel, S. Relaxation Phenomena: Liquid Crystals,
Magnetic Systems, Polymers, High-Tc Superconductors, Metallic Glasses;

13048

Springer-Verlag: New York, 2003. (b) Humphrey, S. M.; Alberola, A.;
Goémez Garcia, C. J.; Wood, P. T. Chem. Commun. 2006, 1607—1609.
(c) Zheng, L-M,; Gao, S.; Yin, P.; Xin, X.-Q. Inorg. Chem. 2004, 43,
2151-2156. (d) Liu, X.-T.; Wang, X.-Y.; Zhang, W.-X; Cui, P.; Gao,
S. Adv. Mater. 2006, 18, 2852—2856.

(24) (a) Feiner, L. F.; Oles, A. M.; Zaanen. J. Phys. Rev. Lett. 1997,
78, 2799—2802. (b) Khaliullin, G.; Maekawa, S. Phys. Rev. Lett. 2000,
8S, 3950—3953. (c) Fritsh, V.; Hemberger, J.; Biittgen, N.; Scheidt, E.
W.; Krug von Nidda, H. A.; Loidl, A.; Tsurkan, V. Phys. Rev. Lett. 2004,
92, 116401.1—116401.4. (d) Ishihara, S.; Yamanaka, M.; Nagaosa, N.
Phys. Rev. B 1997, 56, 686—692. (&) Khomskii, D. L; Mostovoy, M. V.
J. Phys. A 2003, 36, 9197—9207.

(25) Cheng, X.-H.; Xue, W.; Zhang, W.-X,; Chen, X.-M. Chem. Mater.
2008, 20, 5345—5350.

(26) (a) Palacio, F.; Andres, M.; Horne, R.; Duyneveldt, A.-J. J. Magn.
Magn. Mater. 1986, 54, 1487—1488. (b) Feng, M.-L.; Prosvirin, A. V.;
Mao, J.-G.; Dunbar, K. R. Chem.—Eur. J. 2006, 12, 8312—8323.

dx.doi.org/10.1021/ic502177k | Inorg. Chem. 2014, 53, 13042—13048


http://rcsr.anu.edu.au/
http://rcsr.anu.edu.au/
http://epinet.anu.edu.au/

