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Complex Long-Range Magnetic Ordering Behaviors in Anisotropic
Cobalt(II)-Azide Multilayer Systems

En-Qing Gao,*'! Pei-Pei Liu,™ Yan-Qin Wang,”! Qi Yue,"”! and Qing-Lun Wang™'

Abstract: The crystal structures and
magnetic properties of two new Co
molecular magnets, [Co(N;),(btzb)] (1)
and [Co(Nj),(btze),] (2), are described
and discussed (btzb =1.4-bis(tetrazol-1-
yl)butane and btze =1,4-bis(tetrazol-1-
yl)ethane). In the materials, (4,4) layers
with p-1,3-azide bridges are cross-
linked by the monolayered btzb bridg-
ing ligands or spaced by bilayered btze
terminal ligands to give a 3D (1) or 2D
(2) coordination network with signifi-
cantly different interlayer separations
(10.6 vs. 152 A). The observation that
the layers in 1 and 2 are almost identi-
cal have not only allowed us to deter-

poses its influences on their magnetic
behavior, but also helps us understand
the complex magnetic behavior of each
structure. In the high-temperature
range (>25K), almost identical mag-
netic behaviors, typical of 2D antiferro-
magnetic systems, are observed for 1
and 2. At low temperature they exhibit
unusual and different behaviors that
combine spin canting (weak ferromag-
netism), metamagnetism, and stepped
hysteresis. It has been found that the
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interlayer separation has little influ-
ence on the ordering temperature (23
vs. 22 K), but imposes very-strong in-
fluence on the metamagnetic critical
field (6500 vs. 450 Oe), the coercivity
(7500 vs. 650 Oe), and the hysteresis-
step size. It may also play an adjusting
role in determining the canting angle.
Taking into account the strong aniso-
tropy of the systems and the interlayer
dipolar interactions, we have reasona-
bly interpreted the unusual metamag-
netic and hysteresis behaviors and the
differences between 1 and 2. In partic-
ularly, the stepped hysteresis loops
have been explained by two weak fer-

mine how the interlayer separation im-

Introduction

The field of molecular magnets has attracted much attention
and seen great progress in recent years.'! The most majority
of molecular magnets studied so far consist of extended co-
ordination networks or discrete polynuclear clusters in
which paramagnetic metal ions are held in close proximity
by short bridging ligands, which allow for sufficiently strong
magnetic exchange. The structures may be varied or tailored
by incorporating different auxiliary ligands. Given the con-
siderable diversity of coordination and supramolecular
chemistry and the powerful tool of crystal engineering,
chemists in this field have been able to obtain many new
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romagnetic states.

magnetic materials, for example, the newly-emerged single-
molecule and single-chain magnets.?! Additionally, these
materials have offered great opportunities to better under-
stand fundamental magnetic phenomena, such as long-range
ordering (LRO), spin canting, metamagnetism, anisotropy,
relaxation dynamics, and quantum tunneling of magnetiza-
tion.”l As far as LRO is concerned, some complex and
exotic behaviors have been revealed in molecular systems,
for example, the presence of multiple areas of bistability or
multi-stepped hysteresis,”®! and the combination of magnetic
properties and other functions.!¥

The diversities of molecular-magnetic materials in struc-
ture and magnetism have been well illustrated by metal-
azide systems."! The azide ion can adopt various bridging
modes (u-1,1, p-1,3, p-1,1,1 etc.), and can efficiently mediate
ferro- (F) or antiferromagnetic (AF) coupling. By incorpo-
rating different organic ligands, a large variety of polymeric
metal-azide compounds with different magnetic behaviors
have been reported. The metal-azide networks in these com-
pounds are mostly one- (1D) and two-dimensional (2D),
and rarely three-dimensional (3D).”) In recent years, in the
hope of enhancing the ORL behaviors, some 3D materials
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in which 2D azide-bridged layers are cross-linked by organic
bridging ligands have been synthesized by us and others."")
Generally speaking, the bulk magnetic properties of the
multilayer compounds with large interlayer separations,
whether the metal-azide layers are chemically isolated!'*!!!
or interlinked®, are primarily dependent upon the interlay-
er structures, but can be dramatically influenced by the
weak interlayer interactions. How does the interlayer inter-
action itself influence bulk magnetic properties? This is a
fundamental question for the engineering of molecular mag-
netic materials. It is highly desirable to obtain a series of
materials with identical metal-azide layers but different in-
terlayer separations. Consequently, one can determine which
influences are exclusively imposed by the interlayer factors
on magnetic properties. This is a difficult task owing to the
complexity of the metal-azide systems. Although the versa-
tility of azide coordination offers us rich chemistry and mag-
netism, it also challenges crystal engineering. As shown by
previous studies,>’** 4 a minor variation in the coligand or
synthetic conditions can unpredictably lead to significant
changes in the metal-azide network, which may be reflected
in intralayer parameters, the coordination mode, the topolo-
gy or even the network dimensionality. For different layers
with different interlayer separations, one cannot unambigu-
ously determine whether (or to what extent) a change in
bulk properties is owed to the variation in the interlayer
factor. Therefore, although a number of metal-azide multi-
layer compounds have been synthesized,®®!l the exact
magnetic effects of interlayer changes are still waiting to be
unveiled.®®’ Recently we have obtained two Cu' com-
pounds that consist of almost identical azide layers linked
by organic ligands of different lengths.® They both behave
as metamagnets below T-=4 K, and it has been demonstrat-
ed that the influence of interlayer distances is only imposed
on the metamagnetic critical fields.

Along this line, we focus our attention on Co" systems,
which usually possess strong magnetic anisotropy. It is
known that anisotropy plays important roles in spin canting,
metamagnetism,!'”! hysteresis (coercivity),!'”! and relaxation
dynamics.! So Co" systems often exhibit exotic magnetic
behaviors.®**'l Although our previous work on the nearly
isotropic Cu"-azide systems has shown that the influence of
the interlayer interaction is reflected in metamagnetic criti-
cal fields,”® it should be interesting to inspect how the inter-
layer interaction imposes its influences in the strongly aniso-
tropic Co"-azide system. On the other hand, compared to
the weakly anisotropic M"-azide systems (M=Mn, Ni and
Cu),F! the Co" analoguesP**1°%1 are seldom studied.
Systematic investigations on systems with almost identical
intralayer factors but distinct interlayer factors would help
us to better understand the magnetochemistry in the com-
plex systems. In this paper, we report the syntheses, struc-
ture and magnetic properties of two new Co" compounds,
[Co(N;),(btzb)] (1, 3D structure, btzb=1,4-bis(tetrazol-1-
yl)butane) and [Co(N;),(btze),] (2, 2D structure, btze =1,4-
bis(tetrazol-1-yl)ethane). Both compounds exhibit complex
magnetic behaviors combining spin canting (weak ferromag-
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netism), metamagnetism and exotic hysteresis. Fortunately,
although different in overall network dimensionality, 1 and
2 contain almost identical layers and have distinct interlayer
separations. This allows us to perform the magnetic analyses
outlined above.

Results

Synthesis and IR spectra: The compounds are prepared by
reacting cobalt chloride, sodium azide, and appropriate bis-
(tetrazole) ligands (btze and btzb) in aqueous solutions at
room temperature. The reactions using btzb are somewhat
insensitive to the starting Co:btzb molar ratio (1:2 or 1:1)
and always give compound 1 with Co:btzb=1:1. We were
unable to synthesize a compound with Co:btze=1:1. In-
stead, compound 2 was obtained by using the starting ratio
Co:btze=1:2. The phase purity of both compounds has
been confirmed by powder X-ray diffraction. Both com-
pounds exhibit a very strong IR band at about 7=
2075 cm™!, owing to the v,(N;) vibration. The medium band
at about #=3130 cm™! is characteristic of the v(C—H) vibra-
tion in the tetrazole ring.

Crystal structures: Compounds 1 and 2 have different sto-
ichiometries and exhibit 3D and 2D coordination networks,
respectively. However, they do crystallize in the same space
group (P2,/c) and contain almost identical 2D Co"-azide
layers, so the two structures are described together for the
convenience of comparisons.

The coordination environments of the metal ion and li-
gands are shown in Figure 1. In both compounds, the unique
metal ion resides at an inversion center and is coordinated
by six nitrogen atoms from four azide ions and two bis(tet-
razole) ligands. The N—Co—N angles are very close to 90°
(from 88.1 to 91.9°), and the Co—Nia0. bond distances
[Col-N4, 2.127(4) A in 1 and 2.139(2) A in 2) fall between
the asymmetric Co—N,,q4. distances [about 2.10 (Col—NT1)
and 2.16 A (Co1-N3) in both compounds]. These structural
parameters suggest a pseudo-octahedral geometry with
slight elongation along one N,,qc—C0o—N,,q. axis and slight
compression along the other N,;;c—Co—N,,. axis. The
quasi-linear azide ions in each structure are all crystallo-
graphically equivalent and join neighboring metal ions in
the p-1,3 (or end-to-end, EE) bridging mode. Consequently,
each metal ion is linked to four neighbors through four
azide bridges to generate a 2D (4,4) layer parallel to the bc
plane (Figure 2a). The layer has rhombic windows, with the
acute Co--Co--Co angles being 65.2° in 1 and 64.6° in 2. The
Co—N—N—-N-Co moiety has asymmetric Co—N bond lengths
and Co—N—N angles and assumes a gauche conformation, as
suggested by the Co—N-+-N—Co torsion angles (t). All these
parameters can impose influences on the magnetic behav-
iors.” For clarity, the relevant parameters for 1 and 2 are
summarized and compared in Table 1, together with those
for the two previous compounds containing similar Co'-
azide layers.* " It turns out that 1 and 2 show only minor
differences in the intralayer parameters, but the differences
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Figure 1. The coordination environments of the metal ion and ligands in
compounds a) 1 and b) 2. Symmetry code: A 1—x, 0.5+y, 1.5-z; B 1—x,
-y, 1-z; Cx, =0.5—y, =0.54+z; D 2—x, 1—y, 1—=z.

from the previous compounds is somewhat more significant.
An important difference lies in the coordination geometry:
the axial elongation of the Co" octahedron in 1 or 2 is along
one of the N,,qc—Co—N,,q linkages, whereas the elongation
in the previous compounds is along N;—Co—N; (L repre-
sents the organic auxiliary ligands), with all the Co—N_ 4.
bond lengths being shorter than Co—N;. In all these com-
pounds, the adjacent Co atoms bridged by azide are related
by the crystallographic 2-fold screw axis, and this inevitably
make the adjacent coordination polyhedrons slant with re-
spect to each other. Thus, throughout the layer, two sets of
relatively slanted polyhedrons alternate along the azide
bridges. To characterize the relative slanting, we calculated
the dihedral angles (J) between neighboring [CoN,] planes
defined by azide nitrogen atoms. As expected, the dihedral
angles are closely related to the Co—N-N—Co torsion angle
(). As can be seen from Table 1, the 7 and 6 values for 1
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Figure 2. a) An azide-bridged (4,4) Co" layer in 1. The layer in 2 is simi-
lar. b) The 3D structure in 1. ¢) The 3D net observed in 1, where the self-
penetration is highlighted by thicker dark gray rods.

Table 1. Some structural and magnetic data for compounds with Co-
azide (4,4) layers.

Compound"! 1 2 3 4
M—N,iqc [A] 2.100(2), 2.103(2), 2.125, 2.113,
2.158(4) 2.158(3) 2133 2142
M-N, [A]™ 2.127(4) 2.139(2) 2172 2.185
M-N-N [°] 145.65(16), 146.15(13), 149.2, 150.0,
119.01(15) 120.30(12) 1282 121.1
Tyvnenn [°] 122.5 123.7 84.9 131.0
O[] 62.1 61.2 833 55.5
MM [A] 5.794 5.842 5.848 5.932
M--M [A] 10.633 15172 11.73 10.97
a [°]" 6.4 9.9 15 52
Tc [K] 23 22 11 10
He [Oe]®! 6500 500 NAM NAM
He [Oe]! 7500 650 120 bl
Ref. this work this work [11] [8d]

[a] Compound 3: [Co(Ns),(4acpy),],, with 4acpy =4-acetylpyridine; com-
pound 4: [Co(N;),(bpg)],, with bpg=meso-a,B-bis(4-pyridyl)glycol.
[b] N is the coordinated atom from appropriate organic ligands. [c] The
dihedral angle between neighboring [CoN,] planes defined by azide ni-
trogen atoms. [d] The distances spanned by the single azide bridge.
[e] The shortest Co--Co distance between layers. [f] Spin-canting angle.
The typical value of g.;=4.3 for Co" ""™12! was used for the estimation.
[g] The critical field for metamagnetic transition at 2 K. [h] Not applica-
ble. [i] Coercive field at 2 K. [j] Not reported.
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and 2 are very similar but evidently different from those for
the previous compounds.

Despite of the similarity in layer structures, compound 1
and 2 differ in the interlayer sense. In 1, each btzb ligand
binds two Co" ions from neighboring layers, and hence the
inorganic Co"-azide layers are pillared into a hybrid 3D ar-
chitecture (Figure 2b). The organic ligands reside on inver-
sion centers and assume a zigzag-like shape with the (CH,),
spacer between tetrazole rings taking the GTG conforma-
tion (G =gauche, T=transoid). The centrosymmetric zigzag
shape requires that the two metal polyhedrons it links be
aligned in parallel. Therefore, to adapt to the two relatively
slanted sets of coordination polyhedrons in the layers, the
bridging ligands between the layers are also systematically
slanted in two criss-cross directions. As a result, the shortest
interlayer Co--Co distance (10.633(4) A, equal to the a-axis
of the unit cell) is much shorter than that spanned by the
pillar (1233 A). Another result of the criss-cross arrange-
ment of the bridging ligands is the occurrence of self-pene-
tration in the net. Self-penetration (or self-catenation, self-
entanglement) is a special type of supramolecular entangle-
ments that is still a rare occurrence, but has evoked increas-
ing interest in recent years.'”! The simplified 3D net is illus-
trated in Figure 2c. The short Schlifli symbol for this 6-con-
nected net is 4'6'°8. Each 6-membered chair-like ring (the
shortest interlayer circuit) involving two interlayer linkers
(btzb) in one direction is threaded by two linkers in the
other direction, resulting in self-catenation between the in-
terlayer circuits (highlighted in dark gray in Figure 2c¢).

By contrast, the 2D layers in 2 are not linked into a 3D
network, because the btze ligand ligates only one metal ion
using one of its two tetrazole rings. The ligand assumes a
gauche conformation with the N7—C2—C3—N8 torsion angle
being 60.5° to give a bent shape that is incompatible with in-
terlayer connection. The ligands stick out of each layer on
both sides, and form an organic bilayer with no interdigita-
tion and no evident interactions stronger than the van der
Waals force. Consequently, as compared in Figure 3, the
non-bridging btze ligand leads to a much larger interlayer
spacing than the bridging btzb ligand, although btze is short-
er. The shortest interlayer Co-Co distance is 15.17 A, which
is the longest of the known compounds with Co"-azide
layers (Table 1).

Magnetic properties: The magnetic susceptibilities (y) of 1
and 2 were measured on polycrystalline samples under
1 kOe in the 2-300 K range (Figure 4). The two compounds
display similar behavior, especially in the high-temperature
range. The yT values per Co" at 300 K are about 2.83 emuK
mol™" for both, in the normal range for octahedral Co" with
an unquenched orbital momentum. As the temperature is
lowered, the y value first increases smoothly, then rises
abruptly in the region of 25-15 K, and finally approaches
saturation upon further cooling. The values at 2 K are 1.15
and 1.69 emumol™ for 1 and 2, respectively. On the other
hand, the yT value first decreases smoothly to a minimum at
about 30 K, then rises rapidly to a sharp maximum at 20 K
(xT=19.7 and 29.0 emuKmol ™' for 1 and 2, respectively),
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Figure 3. A comparison of the interlayer relationship in a) 1 and b) 2.
The distances refer to shortest interlayer Co--Co distances.
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Figure 4. Thermal variation of magnetic susceptibilities of 1 (2, 0) and 2
(a, @) at 1kOe, shown as y7, y, x ' versus T plots. The solid straight
lines in the inset are the fits to the Curie-Weiss law. Other lines are only
a guide for the eye.

and finally drops rapidly owing to saturation effects. The y
versus T plots above 60 K follow the Curie-Weiss law with
C=3.36(3) emuKmol™, §=-59.34)K for 1, and C=
3.40(3) emuKmol ™, §=—-542(3) K for 2, respectively. The
large negative Weiss constants (6) and the initial decrease of
xT could be a result of the concurrent operation of the spin-
orbital coupling of Co" ions, ligand field effects, and the AF
coupling between adjacent Co" ions through the EE azide
bridges. However, the steep rises in y and yT at low temper-
ature clearly indicate that a kind of spontaneous magnetiza-
tion emerges. This phenomenon in an AF system could be
attributed to weak ferromagnetism, owing to spin canting
(also called “canted antiferromagnetism”):l'"” the AF cou-
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pled spins from different sublattices are not perfectly anti-
parallel, but canted to each other, and the resulting net mo-
ments are correlated in a ferromagnetic-like fashion and de-
velop into LRO below the critical temperature.

To characterize the low-temperature behaviors of 1 and 2,
FC (field-cooled) and ZFC (zero-field-cooled) magnetiza-
tion measurements were performed under different fields
(Figure 5, both M(T) and y(T) (x=MI/H) curves are plotted
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Figure 5. The y and M versus T plots of zero-field-cooled (2, 0) and
field-cooled (A, @) magnetizations for 1 (a and b) and 2 (c and d) at dif-
ferent fields. The lines are a guide for the eye.

to reveal the details). As expected for spin canted systems,
the low-temperature FC susceptibilities for both compounds
are strongly dependent upon the field applied, and the
values at 20 Oe are much higher than those at higher fields
(Figure 5a,c). At all the fields measured, the FC magnetiza-
tion rises rapidly below ~25 K and approaches the satura-
tion value below 20 K, suggesting that the field-cooling pro-
cedure creates a weak ferromagnetic (WF) state in which
the spin-canted AF layers are ferromagnetically ordered (F-
ordered). The critical temperatures were estimated to be
T.=23.0(1) K (1) and 22.1(1) K (2), at which the FC dM/dT
derivative curves exhibit sharp minima. The 7, values are
confirmed by the observation that the ZFC and FC curves
measured at 20 Oe merge at 23 K for 1 and 22 K for 2. No-
tably, the FC saturation magnetization of 2 is higher than
that of 1 under the same field. The difference is more evi-
dent at lower filed, and at 20 Oe and below 20 K, the FC
value of 2 is 10 times higher than that of 1 (compare Fig-
ure 5a and c). For both compounds, the initial ZFC magneti-
zation at 20 Oe is very weak, increases very slowly upon
warming up to 19 K for 1 and 8 K for 2, and then undergoes
a rapid increase merge into FC curves at 7. Similar behav-
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iors were also observed for 1 at 500 Oe, but the rapid rise of
the ZFC magnetization begins earlier (at lower temperature,
6 K). At higher fields (5 kOe for 1 and 700 Oe for 2), the
ZFC magnetization increases rapidly to the maximum value
upon warming from 2 K. These observations may suggest
that an AF-ordered state is reached in the ZFC sample and
can undergo a field-induced metamagnetic transition. This
will be commented in the discussion section.

The thermal dependence of the ac susceptibilities of 1 and
2 were measured at frequencies 1, 10, 100, and 1000 Hz. As
can be seen from Figure 6, both in-phase (') and out-of

" 3 -1
2" /em”mol
©
>
I
N
<

14 16 18 20 22 24 26 28

Figure 6. Thermal dependence of the real (y') and imaginary components
(¢") of the ac susceptibilities of 1 and 2 at different frequency. The lines
are a guide for the eye.

-phase components ()”’) of the susceptibilities exhibit
maxima at about 22.7 K for 1 and 21.9 K for 2, close to the
T, values), and the maximum position is independent of fre-
quency. This confirms the occurrence of ferromagnetic-like
LRO. As found in dc measurements, 2 gives much stronger
ac signals than 1. It is noted that the y’ and y” peaks at 1,
10, and 100 Hz are unsymmetrical in shape, with the low-
temperature sides showing some dependence upon the fre-
quency (it is less appreciable in 1). This indicates the pres-
ence of some dynamic relaxation process. The fact that the
x' and y" peaks at the high frequency of 1 kHz are almost
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symmetric may suggest that the alternation of the ac field at
1 kHz is too fast to evoke the dynamic process. As a tenta-
tive explanation, we presume that the dynamic behavior
arises from the restricted movement of domain walls upon
approaching 7. Further studies are needed to clarify the
exact mechanism.

Further information comes from the field-dependent iso-
thermal magnetization measurements (Figure 7). For both
compounds, the magnetization at 2 K increases slowly and
linearly with the field at high field region, and the values of
0.52Np (1) and 0.58 Nf (2) at 50 kOe is far from saturation.
These features are consistent with the AF nature of the in-
tralayer interactions between neighboring metal ions. The
saturation magnetization (M,) for a pseudoctahedral Co"
ion at very low temperature (<20 K) is usually 2.1-2.5 Nf§
with S,;=1/2 and g.,;=4.1-5.0."!%1 Extrapolating the high-
field linear parts of the magnetization curves to zero field
give magnetization values of 0.24 and 0.37 Nf for 1 and 2,
respectively. Taking the values as the magnetization (M,,)
arising from spin canting, the canting angle (o) could be es-
timated to be in the ranges of 5.5-6.6° for 1 and 8.5-10.1°
for 2, according to the equation sina=M,/M, The values
are among the largest canting angles reported for weak fer-
romagnets.""™™'”! The larger canting angle for 2 is consistent
with its higher values of FC saturation magnetization and ac

50 40 -30 -20 10 O 10 20 30 40 50

H/kOe

Figure 7. a) Isothermal magnetization of 1 at 2K (o: initial magnetiza-
tion, e: loop). Inset: magnetization plots for 1 at different temperatures
(@: 15K and A: 22 K). b) Isothermal magnetization of 2 at 2 K (o: initial
magnetization, e@: loop). Inset: The low-field blow-up of the plot for 2 at
2 K. The lines are a guide for the eye.
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susceptibility. As shown in Figure 7, the initial M(H) curve
measured on a ZFC sample of 1 exhibits the sigmoid shape
typical of metamagnetism, which is often observed in layer
or chain systems with anisotropy and competing interac-
tions:"” The slow increase of magnetization in the low field
region (0-2.5kOe) suggests the AF ordering of the spin-
canted layers, and the rapid rise in the 3-9 kOe region indi-
cates that the interlayer AF ordering can be broken up by
the applied field to generate a WF state in which the spin-
canted layers are F-ordered. The critical field for the AF-to-
F transition at 2 K was estimated to be 6.5 kOe, at which
the dM/dH curve exhibits a maximum. A blow-up (Fig-
ure 7b, inset) of the low field region of the initial M(H)
curve of 2 also suggests metamagnetism, but the critical
field is much lower (500 Oe).

At 2 K, both compounds exhibit hysteresis loops, related
to the anisotropy of Co™. Compound 1 behaves as a hard
magnet with a large coercive field of 7.5 kOe and a remnant
magnetization of 0.23 Nf (1.3 x10° cm® Oe mol '), whereas 2
is much softer, with a much smaller coercive field (650 Oe)
and a comparable remnant magnetization (0.18 Nf=1.0x
10° cm*Oemol ™). The large coercive field for 1, to our
knowledge, is the highest for azide-derived materials.>:" ! A
notably feature common to the two materials is that the hys-
teresis loop exhibits two reproducible steps when sweeping
the field from one end to the other end of the loop. The
first step occurs in a narrow range (+£100Oe for 1 and
slightly narrower for 2) across the zero field, whereas the
second step crosses the M =0 axis and corresponds to the
reversal of magnetization, with the critical fields (==
8.0kOe for 1 and +£700Oe for 2, estimated from the
maxima of the dM/dH curves) being close to the coercive
fields. The step size (the magnitude of magnetization de-
crease) of the first step for 2 (0.37 to 0.06 Nf) is much
larger than that (0.24 to 0.20 Nf) for 1.

Isothermal magnetization plots were also obtained at 15
and 22 K for 1 (Figure 7a, inset). At 15 K, the metamagnetic
transition is still evident from the low-field sigmoid shape of
the initial M(H) curve, but the critical field is reduced to a
much smaller value (=150 Oe, only one forticth of the
value at 2 K), The steps in the hysteresis loop are still pres-
ent but nearly indiscernible. The coercive field is also much
weaker (180 Oe) than that at 2 K, although the remnant
magnetization (0.18 Nf) is comparable. At 22 K, the meta-
magnetic characteristic disappears, and instead, the initial
magnetization increases very rapidly in the field range from
0 to 100 Oe, as observed for a simple weak ferromagnet.
The steps in the hysteresis loop also disappear, and the coer-
cive field and the remnant magnetization are negligibly
small.

Discussion
We have described two inorganic-organic hybrid compounds

with almost identical Co-azide layers but distinct interlayer
separations defined by monolayered bridging ligands (1)
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and bilayered non-bridging ligands (2). In the high-tempera-
ture range (>25 K) the two compounds exhibit almost iden-
tical magnetic behaviors, characteristic of 2D AF systems,
simply reflecting their similarity in layer structures and the
weakness of interlayer interaction. However, at low temper-
atures, they exhibit complex and different LRO behaviors
combining spin canting, metamagnetism, and stepped hyste-
resis.

Of primary importance is the spin canting. Generally, spin
canting can arise from two mechanisms:™ i) The antisym-
metric Dzyaloshinsky-Moriya (DM) interaction, which ener-
getically favors the perpendicular alignment for the interact-
ing spins; ii) different anisotropy axes at neighboring metal
sites, which energetically favors the canting of neighboring
spins with respect to each other. Both mechanisms require
that the relevant metal sites cannot be related by a center of
symmetry and the DM mechanism also requires g-factor
anisotropy. It is well known that pseudo-octahedral Co™ has
strong magnetic anisotropy (including resulting from un-
quenched orbital momentum and spin-orbit coupling. In the
layers of 1 and 2, neighboring Co" ions are not related by a
center of symmetry and their coordination polyhedrons
(hence the anisotropy axes) are slanted with respect to each
other. Therefore, both mechanisms favor a spin-canting
structure for the Co"-azide layer. Interlayer interactions
may evoke 3D magnetic ordering. The F ordering of the
spin-canted layers generates a WF state, whereas the AF or-
dering generates an AF state, in which the canting is hidden.
Metamagnetism occurs if the AF state changes into a WF
state under a sufficiently strong field. As will be shown, 1
and 2 exhibit more complex behaviors than a typical meta-
magnet.

Before discussing the metamagnetic behavior, we would
like to give some remarks on the ordering temperature. De-
spite the distinct interlayer distances in 1 and 2 (10.6 vs.
152 A), the two compounds have similar T values (23 vs.
22K). LRO in molecular materials can be evoked by
i) quantum exchange interaction mediated through bridges,
hydrogen bonds or conjugated m electrons, and ii) through-
space dipolar interactions. The former interaction, which is
known to vanish extremely rapidly with the distance, can
hardly justify the relative high 7 and its insensitivity to in-
tralayer spacing. Considering the large interlayer spacing in
1 and 2, the saturated (CH,), linker in 1 and the weak
van der Waals interlayer force, the LRO behaviors observed
here should be promoted by dipolar interactions, which
have long-range effects.'™ It has been proposed that the
dipole interaction between layers leads to 3D ordering when
the intralayer correlation length reaches a threshold
value.'™ Because the correlation length diverges exponen-
tially with the temperature, the temperature at which the
threshold is reached depends only weakly upon interlayer
spacing, but mainly upon the divergence rate of the intralay-
er correlation length, which in turn depends upon intralayer
magnetic exchange. This model has been proposed to ex-
plain the ordering of the ferromagnetic layers in compounds
Cu,(OH);(RCOO0),™ and it seems applicable to the present
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WF Co"-azide systems in which the intralayer correlation
length should depend upon the intralayer factors including
AF exchange, antisymmetric exchange and other factors
that can influence the spin canting structure.

It could be informative to include other compounds with
Co"-azide (4,4) layers in the discussion. Only two have been
reported previously: one (3) is 2D with 4-acetylpyridine as
non-bridging interlayer spacers,’! and the other (4) is 3D
with meso-a,B-bis(4-pyridyl)glycol as interlayer linkers.’
The relevant magneto-structural data are listed in Table 1.
As can be seen, 3 and 4 show some evident intralayer differ-
ences from 1 and 2, with the interlayer distances being
slightly larger than that in 1, and they also exhibit weak fer-
romagnetism as result of spin canting, but with much lower
T¢ values. This confirms that 7 values for these compounds
are almost independent of interlayer spacing, but dependent
upon intralayer structure. Because of the rarity of the exam-
ples and the complexity arising from spin canting and Co"
anisotropy, we cannot conclude any warranted magneto-
structural correlations between the T values and the intra-
layer parameters.

Now let us return to the topic of the metamagnetic behav-
iors. The ZFC M(T) and M(H) curves of 1 and 2 can be
easily understood by considering that a sufficiently strong
field can induce a metamagnetic transition from AF to WF
states, but the FC M(T) curves are atypical of metamagnets.
The low-filed FC M(T) curve for a metamagnet usually
shows a maximum, owing to the magnetic transition from
paramagnetic to AF ordering. The maximum disappears if
the applied field is strong enough to prevent AF ordering
but induce F ordering. However, the FC curves of 1 and 2
show no decrease down to 2 K even at a field much lower
than the critical field. This does not really contradict meta-
magnetism, and can be well explained by assuming that the
AF state generated in the ZFC samples and the WF state in
FC samples are both stabilized by internal anisotropy fields.
As mentioned, here the interlayer magnetic ordering is
driven by dipolar interactions, which is strongly anisotropic
in nature.’®™ Such interactions, in combination with the in-
tralayer interactions and single-ion anisotropy, set up an ani-
sotropy field in the ordered state. The anisotropy field sta-
bilizes the state and has to be overcome to break up the in-
terlayer ordering. The anisotropy field can reach a signifi-
cant strength at very low temperature (as evidenced by the
high metamagnetic critical field of 1 at 2 K), but it decreases
very rapidly as temperature increases (as evidenced by the
much lower critical field of 1 at 15 K) as a result of the ther-
mal effects on correlation length and anisotropy. Actually,
the M(H) curve of 1 at 22 K does not show discernible met-
amagnetic characteristics, and the magnetization increases
very rapidly upon applying a weak field. This suggests that
the AF ordering is not set on at around 7. Therefore, when
a field-cooling procedure is applied, a very low field can
induce the F ordering of the layers at 7. Once generated,
the WF state is stabilized by an internal anisotropy field,
which also increases rapidly upon cooling and prevents the
state from changing into the AF state. The stability of the
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WF state is confirmed by hysteresis measurements. Once
magnetized, the WF state does not revert to the original AF
state upon lowering the field to zero (see below). To finish
the discussion on metamagnetism, we comment that the dif-
ference between 1 and 2 in critical field is evidently attribut-
ed to their difference in interlayer spacing: an increase in
the interlayer separation leads to a remarkable reduction in
the anisotropy field, and hence a lower critical field is
needed to break up the AF ordering. This is consistent with
the previous finding on Cu" systems,® but here the spacing
dependence is much more significant. In the previous Cu"
systems, the spacing increase from 10.9 to 11.6 A leads to a
variation of the critical field from 700 and 300 Oe, By con-
trast, the spacing increase from 10.5 to 15.2 A in the present
system leads to a reduction of the critical field from the
large value of 6.5 kOe to as small as 450 Oe. It is apparent
that the different anisotropy of Cu™ and Co" is important in
determining the metamagnetic properties and their depend-
ence on interlayer spacing.

It is worth noting that the hysteresis loops of 1 and 2 at
2 K exhibits two reproducible steps when sweeping the field
from one end to the other end, the first around zero field
and the other close to the coercive filed. This feature has
been observed for two hydroxide-bridged Co" layer com-
pounds, but no interpretation was provided.” This could
not be due to small admixture of an impurity phases, consid-
ering that the bulk phase purity has been confirmed by X-
ray diffraction and that the steps in 1 and 2 are quite evident
and very different. The differences between the two com-
pounds lie in step sizes (decreases in magnetization) and the
second-step positions (coercive fields) step. It is well known
that some single-molecule magnets show hysteresis steps at
zero and non-zero fields with regular intervals, owing to
QTM through the anisotropy barrier.”” This is not the case
here. Here we propose a tentative interpretation as follows,
which explains not only the occurrence of the steps but also
the differences between 1 and 2. The basic idea is that there
are two different WF states. i) The field-induced metamag-
netic transition from the AF state generates a WF1 state,
for which the magnetization is stabilized by the external
field. ii)) When the applied field is switched off, the WF1
state relaxes to a different WF state (WF2) with smaller
magnetization (roughly 0.20 Np for 1 and 0.06 N for 2),
perhaps by some reorientation of microdomains. This is the
zero-field step (WF1—WEF2). iii) The WEF?2 state is the stable
state at zero field and at small opposite fields. When the
field applied in the opposite direction is increased to a cer-
tain value, the reversal of magnetization occurs and the
WF1 state is recovered, but with negative magnetization.
This is the second step (WF2—WF1), for which the critical
field corresponding to the coercive field. Summarizing, the
stepped hysteresis loop may be described as a WF1—
WF2—-WF1—-WF2—WF1 cycle of phase transitions upon
cycling the field. It is noticeable that the original AF state is
not involved in the cycle. The AF state can be recovered
only by warming the magnetized sample to above T and
then cooling it under zero field. The above model is reason-
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able based on the following considerations. The fact that the
WF1—-WEF2 transition occurs at zero field for both com-
pounds, independent of interlayer spacing, suggests that this
transition dose not involve the breaking of the interlayer F
ordering that is related to interlayer dipolar interactions.
Otherwise, a field would be needed, the strength depending
upon the interlayer spacing. It is likely that the WF1 state at
low field assumes a multidomain structure, which is created
by an anisotropy field exceeding the applied field. Then the
WF1—-WEF2 step may corresponds to some reorientation of
the microdomains upon decreasing the applied field to zero,
and the interlayer F ordering is retained within the domains
in the WF2 state. The WF?2 state is stabilized by the internal
anisotropy field related to interlayer dipolar interactions,
and to induce the WF2—WF1 step (the reversal of magneti-
zation), a sufficiently strong external field overcoming the
internal field is needed. This justifies the coercivity of the
materials. Clearly, the coercivity is strongly dependent upon
the interlayer interaction and hence upon the interlayer sep-
aration, in good agreement with the greatly different coer-
cive fields of 1 and 2. The fact the magnetization for 2 at
WF?2 is much weaker than that for 1 at WF2 are also consis-
tent with the model: larger interlayer spacing leads to
weaker anisotropy field and hence stabilizes weaker magnet-
izations.

The hysteresis loops of 1 at 15 and 22 K suggest that the
hysteresis coercive field decrease rapidly with temperature.
The thermal effect is similar to that for the metamagnetic
critical field. At 22 K, the absence of the metamagnetic tran-
sition and the hysteresis steps indicates the AF and WF2
states no longer exists, because the anisotropy fields that sta-
bilize the states are vanishingly small at this temperature. To
complete the remarks on hysteresis, we note that compound
3 does not exhibit stepped hysteresis, and the coercivity
(120 Oe, polycrystalline sample at 2 K) is much weaker (the
hysteresis behavior of 4 was not reported).''® The great dif-
ferences of 3 from the present compounds, which are diffi-
cult to justify, illustrate the great impact of intralayer struc-
tures (combined with other factors). It must be noted that
the hysteresis behaviors are influenced by particle shape
and size,™”! Further studies, including magnetic characteriza-
tion on single crystals and neutron diffraction on deuterated
materials, are needed to confirm the above interpretation.

Finally, a few remarks on canting angles are worthwhile.
According to the mechanisms of spin canting, the canting
angle should mainly depend upon intralayer factors. Howev-
er, from the data listed in Table 1, we cannot find any relia-
ble correlation between the canting angles and the intralay-
er factors. Given the almost identical layer structures in 1
and 2, we presume that the evident difference in canting
angles (6.4° for 1 and 9.9° for 2) is related to the anisotropic
interlayer dipolar interactions, which may play an adjusting
role. But it must be noted that these values of canting
angles are rough estimations.
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Conclusions

We have described two multilayer molecular magnets in
which azide-bridged Co™ layers are interlinked (1) by the
btzb bidentate ligands or spaced (2) by the bilayered btze
monodentate ligands. At high temperature (>25 K), almost
identical magnetic behaviors typical of 2D AF systems are
observed for 1 and 2. Whereas at lower temperature, they
exhibit unusual LRO behaviors combining spin canting
(weak ferromagnetism), metamagnetism and stepped hyste-
resis. The structural feature contained within these two mul-
tilayer Co™ molecular magnets is that the two compounds
have almost identical layer structures but with distinct inter-
layer separations (10.6 vs. 15.2 A). This has allowed us to in-
vestigate in what aspects the interlayer separation influences
the magnetic behaviors. It turns out that the interlayer sepa-
ration has little influence on the ordering temperature (23
vs. 22 K), but imposes very strong influence on the meta-
magnetic critical field (6500 vs. 500 Oe), the coercivity (7500
vs. 650 Oe), and the hysteresis-step size. It is the first time
that the influences of interlayer separations in the strongly
anisotropic Co"-azide systems are unambiguously deter-
mined.

The similarity and differences observed in 1 and 2 have
also helped us to gain a better understanding of the complex
magnetic behaviors. In particular, taking into account the
strong anisotropy and the interlayer dipolar interactions, we
have proposed that at least three states exist below 7. i) An
AF state with hidden spin-canting is obtained at low temper-
ature by cooling under zero field. ii) The AF state can un-
dergo the field-induced metamagnetic transition to generate
a WF1 state, which exist under relatively high fields. iii)
Upon switching off the applied field, the WF1 state relaxes
to a different weak ferromagnetic state (WF2). The WF2
state possesses coercivity and undergoes magnetization re-
versal under the coercive field to recover the WF1 state.
The unusual metamagnetic and hysteresis behaviors and the
differences between 1 and 2 can be well interpreted by
these considerations.

The findings in this work provide important information
for the design of molecular magnetic materials, and demon-
strate the potentials of controlling bulk magnetic properties
(for example, coercivity) at the supramolecular level. Stud-
ies along this line may also help to further unveil the mag-
netic complexity and diversity in molecular systems.

Experimental Section

Materials and measurements: All reagents purchased were of reagent
grade and used without further purification. The ligands btze and btzb
were prepared according to literature methods.”!! FT-IR spectra were re-
corded in the range 5004000 cm™' on a Nicolet NEXUS 670 spectropho-
tometer using KBr pellets. Powder X-ray diffraction data were collected
on a Bruker D8-ADVANCE diffractometer equipped with Cug, at a

scan speed of 1°min~".

Synthesis of [Co(N;),(btzb)] (1): A solution of NaNj; (0.013 g, 0.20 mmol)
in water (2mL) was added into a mixture of CoCl-6H,O (0.024 g,
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0.10 mmol) and btzb (0.019 g, 0.10 mmol) in water (5 mL). After stirring
for 5 min, the resulting clear solution was allowed to stand at room tem-
perature, and red crystals of 1 were obtained in a week (52%). Elemen-
tal analysis caled. (%) for C¢H;(CoNyy: C 21.4, H 3.0, N 58.2; found: C
21.5, H 33, N 58.4; IR (KBr): #=3131 (m), 2074 (vs), 1498 (m), 1443
(m), 1170 (m), 1097 (m), 1001 cm™" (m).

Synthesis of [Co(N;),(btze),] (2): Crystals of 2 were obtained by a similar
procedure, using btzb (0.032 g, 0.20 mmol) instead of btzb (65%). Ele-
mental analysis calcd. (%) for CgH;,CoN,,: C 20.2, H 2.6, N 64.8; found:
C 21.3, H 2.9, N 64.8; IR (KBr): #=3132 (m), 2073 (vs), 1504 (m), 1452
(m), 1184 (m), 1097 (m), 1003 cm~" (m).

Crystallographic determination: Diffraction intensity data were collected
on a Bruker Apex II CCD area detector equipped with graphite-mono-
chromated Moy, radiation (1=0.71073 A) at 293 K. Absorption correc-
tions were applied using the multiscan program SADABS.? The struc-
tures were solved by the direct method and refined by the full-matrix
least-squares method on F? using the SHELXTL program,”! with aniso-
tropic thermal parameters for all non-hydrogen atoms. The hydrogen
atoms were placed in calculated positions and refined using the riding
model. A summary of the crystallographic data is given in Table 2.

Table 2. Crystal data and structure refinements for complexes 1 and 2.

Compound 1 2

formula CsH,(CoN, CgH;,CoN,,
M, 33721 47533
crystal system monoclinic monoclinic
space group P2/c P2/c
a[A] 10.633(4) 15.172(4)
b [A] 6.240(2) 6.2441(15)
c[A] 9.764(3) 9.875(2)
A1 96.341(5) 101.175(3)
VA7 643.8(4) 917.8(4)

V4 2 2

Peatea [gEM ] 1.740 1.720

u [mm™] 1.354 0.989
unique reflections 1407 1975

Rin 0.0321 0.0237

R, [I>20(1)] 0.0331 0.0277
wR,(all data) 0.0833 0.0651

CCDC 687570 (1) and 698720 (2) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif
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