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The reaction of neutral two-dimensional (2D) layer Th(H»0)sW(CN)g with pyrazine in the acetonitrile solution has led
to a 3D bimetallic complex, Th(Ho0)4(pyrazine)osW(CN)g (1). In the structure of 1, the eight-coordinated W center
adopts a slightly distorted dodecahedron, while the Tb center exhibits a nine-coordinated slightly distorted tricapped
trigonal prism. The Tb®" atoms and the [W(CN)g]* units are linked in alternating fashion in the ab crystallographic
plane, resulting in an infinite 2D corrugated layers. The linear bis-monodentate pyrazine ligands acting as pillars link
adjacent layers along the ¢ axis to form an extended 3D open framework. The possible formation mechanism is
proposed, and the temperature has played a crucial role for the formation of 1. Magnetic measurements revealed the
presence of ferromagnetic interaction between Tb" and WY centers. 1 marks the first structural pattern using the
neutral 2D layer as building block and the first 3D complex with Ln"-[W"(CN)]s found in octacyanometallate-based
system. Such a novel and effective building-block methodology will provide a new attractive path forward in developing
functionalities of 3D 4f—5d system and may provide an opportunity to obtain 3D magnet in 4f—5d assembly.

Introduction

Cyanometallates have received much attention in the de-
sign and synthesis of new molecule-based magnets because of
their intriguing molecular topologies' and interesting func-
tionalities.”~® Recently, octacyanometallates [M(CN)g]* /4~
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(M = Mo, W, Nb) with higher coordination numbers have
been aggressively studied.” The combination of the para-
magnetic [M(CN)s]*~ (M = Mo, W) or [Nb(CN)g]*~ anionic
species and transition-metal cations has produced various
dimensional molecular structures and further displayed
interesting magnetic properties, such as relatively high
Curie temperatures,'° photoinduced-magnetism,'" and single-
molecule magnetism."?
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A variety of synthetic strategies have been employed to
construct [M(CN)s]>/*~ (M = Mo, W, Nb)-based hetero-
metallic complexes, including the direct combination of
molecular precursors,' the use of secondary rea§ent and
assisting molecules,'* employ of bridging spacers,'*!* clus-
ters as building block,'® along with the electrochemical
synthesis."'Y However, the development of octacyano- and
lanthanide-based heterobimetallic assemblies has been some-
what hampered by the tendency of the lanthanide ions to
adopt higher coordination numbers, their ability to easily
adapt to a given environment, and in the absence of design
strategies for 4f—nd (n = 3—95) networks. As far as we know,
limited examples of octacyano- and lanthanide-based com-
plexes have been reported to date.'” For instance, Sieklucka
et al. has synthesized and characterized a family of two-
dimensional (2D) layers of the general formula Ln(H,O)sM-
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(CN)g (Ln = Eu, Tb, Sm, Gd; M = Mo, W).""™ In parti-
cular, the Tb(H,0)sW(CN)g presents long-range magnetic
ordering below 2.8 K, and the presence of luminescence along
with ferromagnetic ordering suggests that this material may
be identified as a bifunctional coordination complex,'”
exhibiting diverse physical responses when subjected to
various external stimuli. It is should be mentioned here that
the interlayer distance between coordinated oxygen atoms of
water molecules in the structure of the complex is about
3.9—6.1 A, which offers an opportunity for the layers to
incorporate appropriate pillared ligand, thus generating a 3D
open framework. This would modify the magnetic properties
of the original layered system.

Along this line and the building-block methodology of
Hofmann system,'® we performed the reaction between
neutral 2D layers Tb(H,0)sW(CN)g and pillared ligand
pyrazine in the acetonitrile solution. Excitingly, a novel 3D
heterometallic complex [Tb(H>O)4(pyrazine)q s])W(CN)g (1)
has been obtained, which presents the first example of
octacyanometallate-based assemblies using neutral 2D layers
as building block. To our knowledge, 1 is also the first 3D
cyanide-based complexes including lanthanide ions and
octacyanotungstate(V) group, which may provide an oppor-
tunity to obtain 3D magnet in 4f—5d assembly. In this article,
we present its synthesis, crystal formation mechanism, crystal
structure, and magnetic properties.

Experimental Section

Synthesis. Unless otherwise mentioned, all reactants were
used as purchased without further purification. Single crystals
of 1 were obtained as follows: TngO3)3.6H20 (0.05 mmol) and
[HN(n-C4Ho);]5[W(CN)g]-4H,0" (0.05 mmol) were both
added to a large vial (15 mL), in which a smaller vial (3 mL)
containing pyrazine (0.15 mmol) was placed. Then, acetonitrile
was carefully layered above solids and the large vial was sealed.
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Table 1. Crystallographic Data and Refinement Details for 1

complex 1
chemical formula CoHoNyO4TbW
formula weight 663.04
crystal system orthorhombic
space group Cmca .

a 16.436(5) A

¢ 14.226(4) A

¢ 14.866(4) A
a 90.00°

B 90.00°

y 90.00°

v 3476.02) A®
V4 8

Deated 2.534 gem
u 10.685 mm™!
F(000) 2432

GOF on F* 1.021

RiJoR, [I > 20(1)] 0.0269/0.0656
R/wR, (all data) 0.0385/0.0689

A few block-shaped red crystals formed after 10 days at 40 °C.
Yield: 48% based on Tb(NO3);-6H,0. Elemental analysis calcd
(%) for C1oH9NoO4TbW: C, 18.12; H, 1.52; N, 19.01. Found:
C, 18.88; H, 1.39; N, 18.71. Powdered samples of 1 were
obtained as follows: A 0.20 mmol quantity of [HN(n-C4Ho)s]3-
[W(CN)g]-4H,O together with 0.20 mmol Tb(NO;)3-6H,O
were dissolved in acetonitrile (40 mL), and the resulting suspen-
sion I was stirred for 6 h. An excess pyrazine (0.60 mmol) was
dissolved in acetonitrile (15 mL) to give solution II. Solution II
was poured slowly into solution I at 40 °C, resulting in the
formation of red powdered products after further stirring for 24
h. Yield: 56% based on Tb(NOs);-6H,0. Elemental analysis
caled (%) for CioH[¢NoO4TbW: C, 18.12; H, 1.52; N, 19.01;
found: C, 17.93; H, 1.61; N, 19.17. Powder XRD patterns of the
samples are in good agreement with those simulated from single
crystal data of 1 (Supporting Information, Figure S1), which
reveals highly purified products have been obtained by the
mixing method under heating.

General Procedures and Materials. Elemental analyses for C,
H, and N were performed with a Perkin-Elmer 240C elemental
analyzer. IR spectra were measured on a Nicolet FT 1703X
spectrophotometer in the form of KBr pellets in the 4000—
400 cm™ ! region. Temperature-dependent Raman spectra were
recorded in backscattering geometry using JY-T6400 tripe
monochromator. The 785 nm light from an Ar" laser was
focused onto the sample surface under nitrogen atmosphere.
The temperature stability of the sample was controlled within
0.1 K (THMS600/HFS91). The scattered signal from the sample
was detected by a charge-coupled device detection system.
Powder XRD patterns of Tb(H,O)s|W(CN)g] were collected
with CuK,, radiation using a Shimadzu XRD-6000 diffracto-
meter equipped with Anton-Paar HTK 1200 stage for atmo-
sphere and temperature control. Dehydration measurements of
pentahydrate complex Tb(H»O)s[W(CN)g] were run under flow-
ing dry N, with a heating rate of 1 °C/min. For rehydration
measurements of tetrahydrate complex Tb(H>O)4W(CN)g], the
N, flow was saturated with water vapor by diverting the flow
through a water bubbler. Thermal analyses were carried out at a
ramp rate of 5 °C/min under a dry N, atmosphere using a TA
Instruments Hi-Res TGA 2950 analyzer. All of the magnetiza-
tion data were recorded on a Quantum Design MPMS-XL7
SQUID magnetometer. Variable-temperature magnetic sus-
ceptibility measurement were performed in an applied field of
100 Oe in the temperature range of 300—1.8 K. The molar
magnetic susceptibilities were corrected for the diamagnetism
estimated from Pascal’s tables and for the sample holder by a
previous calibration. Gas adsorption measurements were per-
formed on a Micromeritics ASAP 2020 analyzer. Sample tubes
of a known weight were loaded and sealed using a transeal.
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Figure 1. TG curve of [Tb(H,0)s][W(CN)g].
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Figure 2. In situ variable-temperature powder XRD patterns of Tb-
(H,0)s[W(CN)g] with desorption and resorption of one coordinated
water molecule.

Samples were degassed at 20 °C for 12 h, until the outgas rate
was no more than 1 mTorr min~'. The degassed sample and
sample tube were weighed and then transferred back to the analyzer
(with the transeal preventing exposure of the sample to air after
degassing). The outgas rate was again confirmed to be less than 1
mTorr min~'. Samples were maintained at constant temperature
by immersion in a liquid nitrogen bath (77 K). UHP grade N, and
H> (99.999%) gases were used for all measurements.
Crystallographic Data Collection and Structure Determina-
tion. Diffraction data for 1 was collected on a Bruker Smart
APEX diffractometer equipped with MoKa (4 = 0.71073 A)
radiation. Diffraction data analysis and reduction were per-
formed within SMART, SAINT, and XPREP.?° Correction for
Lorentz, polarization, and absorption effects were performed
within SADABS.?' Structures were solved using Patterson
method within SHELXS-97%? and refined using SHEwillLXL-
97.2> All non-hydrogen atoms were refined with anisotropic
thermal parameters. The H atoms of pyrazine ligands were
calculated at idealized positions with C—H = 0.93 A and
included in the refinement in a riding mode with Uy, for H
assigned as 1.2 times U, of the attached atoms. The H atoms
bound to coordinated water molecule were located from differ-
ence maps and refined as riding (O—H = 0.96 A), with U;so(H) =
1.2U¢q(O). The crystallographic data and experimental details
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Inc.: Madison, WI, 1995.
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Software; University of Gottingen: Gottingen, Germany, 1999.
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Solution; University of Gottingen: Géttingen, Germany, 1997.
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Scheme 1. Formation Mechanism of 1

T + [W(CN)gI™

|

To(H0)s[W(CN)s]

+H,0|| -H,0

Tb(H,0)4[W(CN)s]
+ pyrazine

To(H,O)4(pyrazine)o s[W(CN)sg]

for structural analyses of 1 are summarized in Table 1. Selected
bond lengths and angles are listed in Supporting Information,
Table S1.

Results and Discussion

Synthetic Strategy and Crystal Formation Mechanism.
It is notable that the temperature plays a crucial role for
the formation of 1, which can not be obtained at tempera-
tures lower than ~33 °C. Only the 2D complex [Tb(H,0)s]-
[W(CN)g] was formed below this temperature, which has
been confirmed by powder X-ray diffraction (XRD) ana-
lysis (Supporting Information, Figure S2). Thermogravi-
metric (TG) analysis and variable-temperature powder
XRD measurements were employed to clarify the mecha-
nism of crystal formation. For the neutral precursor [Tb-
(H,0)s5][W(CN)g], TG result (Figure 1) showed that the
well-pronounced weight loss of 2.71% from 19 to 33 °C
corresponded to the release of one coordinated water
molecule (2.81%), accompanied by the phase transfor-
mation from [Tb(H,O)s][W(CN)g] to [Tb(H,O)4][W(CN)g]
and the change in color from orange to purple. It should
be mentioned that this process of phase transformation is
reversible, which has been confirmed by variable tem-
perature powder XRD experiments (Figure 2 and Sup-
porting Information, Figure S3). No further weight loss
was observed between 33 and 77 °C, above which the
framework Tb(H,O),W(CN)s collapsed.

Thus, the solution chemistry of the formation of 1 may
be roughly elucidated as follows (Scheme 1): At tempera-
tures below ~33 °C, the Tb ion center in Tb(H,O)sW-
(CN)g adopted a nine-coordinated monocapping square
antiprism geometry, {TbO5N4}, and then began to trans-
form to an eight-coordinated geometry {TbO4N4} in
Tb(H,0)4W(CN)g upon heating. The transformation
was complete, and pure Tb(H>O),;W(CN)g was obtained
at ~33 °C. So there is one additional coordination site
available for each Tb center in Tb(H,0),W(CN)g at this
temperature. In the presence of excess pyrazine, this
feature allows the nitrogen atoms of pyrazine with the
two ends having the same geometry to coordinate to Tb
center. As a result, the coordination geometry of Tb changed
again to a nine-coordinated geometry {TbO4N5}, resulting
in a 3D inorganic—organic hybrid complex, 1. TG results
(Supporting Information, Figure S4) of 1 showed that the
weight loss of 4.23% in the range from 18 to 170 °C was
lower significantly than the theoretical value of the loss of
the coordinated pyrazine (6.04%), which can be attrib-
uted to the partial loss of pyrazine ligands. Upon fur-
ther heating, the framework collapsed, as shown by the
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Figure 3. ORTEP diagram of 1, showing the 30% probability thermal
motion ellipsoid. Hydrogen atoms have been omitted for clarity. Sym-
metry codes: (iil) —x+ 1, y,z; (iv) x — 1/2,y — 1/2,z; (v) —x + 3/2,y — 12,
z; (Vi) —x + 3/2,y, —z + 1/2.

absence of CN adsorption peaks at 200 °C in the Raman
spectra (Supporting, Figure S5).

In addition, powder XRD patterns (Supporting Infor-
mation, Figure S6) of the complex Nd-pyrazine-W ob-
tained using the similar synthetic method are consistent
with those simulated from single-crystal data of 1, which
indicates that the above building-block method is uni-
versal potentially for 2D layered Ln—M (M = Mo, W)
system. Further research is in progress.

IR and Raman Spectra. IR spectrum of 1 exhibits two
strong peaks at ~2172 and ~2159 cm ™" (Supporting Infor-
mation, Figure S7). Terminal cyano ligands in [W(CN)g]*"
generally exhibit sharp, very intense bands in the region
2130—2170 cm ™', while bridged cyano ligands shift to
higher frequencies.”* Therefore, a very strong band at
~2159 cm ™' is reasonably assigned to the terminal cyano
stretching vibration. The very strong peak at ~2172 cm ™!
confirms the predominant existence of the bridging cyano
groups, indicating the formation of Tb™M-NC-WV
bridges. In addition, the incorporation of pyrazine into
1 is detected by the presence of some sharp absorption
bands below 1500 cm ™ '. The similar behavior was obser-
ved from the recorded Raman spectra (Supporting In-
formation, Figure S8).

Crystal Structure. Single-crystal X-ray structural analy-
sis (Table 1) revealed that the asymmetric unit of 1 is
composed of one [Tb(H,0)4(pyrazine), s]>" cation and
one [W(CN)g]* anion as shown in Figure 3. The eight-
coordinated W center adopts a slightly distorted dodeca-
hedron (Supporting Information, Figure S9), where four
CN groups in [W(CN)g]* are bridged to Tb>" centers and
the other CN groups are terminal. The average values of
W—C and C—N bond distances are 2.161 A and 1.146 A,
respectively, while the W—C—N angles are nearly linear
with a maximum deviation from linearity of 4.8°
(Supporting Information Table S1). The coordination
environment of W center is typical for the [W(CN)g]*-
based complexes.'”!"™ The Tb center exhibits a nine-
coordinated environment with four cyanonitrogens, one
nitrogen atom from pyrazine ligand, and four oxygen
atoms from water molecules. The coordination geometry
around Tb is a slightly distorted tricapped trigonal prism
with the capping position occupied by O3, N4, and N4"

(24) Kiernan, P. M.; Griffith, W. P. J. Chem. Soc., Dalton Trans. 1975,
2489-2494.
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Figure 4. 2D-Corrugated layers'” further pillared by pyrazine ligands
in the presence of heat, resulting in the formation of a 3D heterometallic
network of 1.

Figure 5. Topological representation of the 3D framework of 1.

(symmetry codes (iv) x — 1/2,y —1/2,z; (V) —x + 3/2, y —
1/2, z.) (Supporting Information, Figure S9), in which the
mean Tb—N and Tb—O bond distances are 2.520 A and
2.463 A, respectively. Because of the large ionic radii of
the lanthanide(III) centers, the cyanide bridges are ex-
ceptionally long and the Tb—N—C bonds are strongly
bent with the angles ranging from 160 1°to 167.1°.
Thus, the Tb>" and the [W(CN)g]*~ units are linked in
alternating fashion in the ab crystallographic plane, resulting
in an infinite 2D corrugated layers (Supporting Informa-
tion, Figure S10a), which is practically composed of 12-
membered TboW,(CN)4 squares with the Tb(III) and
W(V) atoms occupying the vertexes of the squares. The
side view of the 2D corrugated layer is shown in Support-
ing Information, Figure S10b. It is noteworthy that the
resulting 2D cyano-bridged Tb—W layers are ideally
stacked in an ABAB fashion along the ¢ axis. The linear
bis-monodentate pyrazine ligands acting as pillars link
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Figure 6. Temperature dependence of y\ 7" (O) and yy (O) measured at
100 Oe. The solid lines are only guides for the eyes.

adjacent layers along the ¢ axis to form an extended 3D
open framework (Figure 4, Figure 5). To the best of our
knowledge, only two examples of 3D organic—inorganic
hybrid networks obtained from octacyanometallates
(IV, V) and lanthanide ions, [Ln""(mpca)>(H,O)(CHj;-
OH)Ln"(H,0)sW'"(CN)g]-nH,O (Ln = Eu, Nd)'’°
And 1 is the first structural example of 3D cyanide-based
complexes including lanthanide ions and octacyanotung-
state(V) group. As a result, pillared ligands pyrazine
separate consecutive {Tb(HZO)4[W(CN)8]},, layers by
~7.444 A W---W dlstance) which is slightly longer
than the one (7.163 A) in the neutral layer Tb(H,O)sW-
(CN)s.'" In this case, the pillared ligands tilt away from
the perpendicular, resulting in a condensed structure with
low porosity. The unit cell contains no residual solvent
accessible area calculated using the PLATON software
taking into account the van der Waals radii of atoms.?
The condensed structure has also been confirmed by the
low significantly gas uptake (Supporting Information,
Figure S11).

Magnetic Properties. The temperature dependence of
the magnetic susceptibility of 1 was performed on a
Quantum Design MPMS SQUID magnetometer with a
100 Oe applied field in the temperature range 1.8—300 K.
The plots of yym T versus 7 and yy versus 7 are given in
Figure 6. The observed xm T value per TbW unit at 300 K
of 12.24 cm® K mol ™! shghtly hlgher than the expected
spin-only value of 12.19 cm® K mol ™' for an uncoupled
spin system (one Tb"! ion in the ’Fg ground state with
g1o = 3/2,0ne Sw = 1/2 with gw = 2. 0) Upon cooling,
the ymT Value sllghtly decreases to a minimum value of
11.11 em® K mol ' at 12 K, and then increases sharply,
reaching a maximum value 0f 48.39 cm® K mol ' at 1.8 K.
The initial decrease may be attributed to the thermal
depopulation of the Stark levels of the terbium(III) ’Fy
ground state.'”™ The abrupt increase of yu7 at low
temperature is characteristic of the ferromagnetic corre-
lation, which can be ascribed to two possible reasons: (1)
the noncancellation of the antiferromagnetically coupled
inequivalent Tb'" and W" spins and (2) the ferromagne-
tically coupled Tb™ and WV spins overcoming the de-
population of the Stark levels of Tb'™ jon. Previously,
Chelebaeva et al. reported that the 2D layered complexes
Tb(H,0)s[M(CN)g] (M = Mo, W) exhibit ferromagnetic
interactions based on the temperature dependences of
1/xm fitted with the Curie—Weiss law above 50 K.'

(25) Spek, A. L. J. Appl. Crystallogr. 2003, 7-13.
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Figure 7. zfc and fc measurements of 1. Inset is the out-of-phase
susceptibility by ac measurements of 1 in Hdc = 0, Hac = 5 Oe, and
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Figure 8. Ficld dependence of the magnetization performed at 1.8 K for
1. The theoretical value of the saturation magnetization for ferromagnetic
and antiferromagnetic interactions between Tb"" and WY magnetic ions
are equal to 6 ug and 4 ug, respectively.

From 12 to 1.8 K, ym7 spans about 40 cm® K mol ™!,
suggesting the occurrence of long-range ordering in 1.

The further evidence can be obtained from the alter-
nating current and direct current magnetic properties in
low temperatures and low fields. Magnetization in 10 Oe
after zero-field cool (zfc) and subsequent field cool (fc) are
irreversible and bifurcated at ~2.5 K (Figure 7), indicat-
ing the formation of magnetic domains in 1. Below the
corresponding temperature, an observed abrupt increase
of the out-of-phase susceptibility in ac measurements also
indicates the long-range magnetic ordering in 1 (inset of
Figure 7; in-phase of ac measurement is shown in Sup-
porting Information, Figure S12). The phenomenon of
the magnetic ordering has been also observed in the 2D
layered complexes M(H,0)sM'(CN)g (M = Sm, Tb, Gd;
M’ = Mo, W).!7

The field dependence of the magnetization measured at
1.8 K in the applied field 0—70 kOe is shown in Figure 8.
The magnetization increases very rapidly in low field
reaching 3.66 Nug in 5 kOe, and gradually increases
above this field to 5.61 Nug in 70 kOe. Clearly, the
magnetization does not reach saturation in 70 kOe and is
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much lower than 10 Nug, on the basis of the noninteracting
ions of [TbW] unit. This behavior has been found in other
lanthanide complexes,'”*?® because the effective spin of
lanthanide ions is very small for the depopulation of the
Stark levels at low temperature. For the 2D layered com-
plexes Tb(H,O)M(CN)gs (M = Mo, W), the field depen-
dence of the magnetization at 1.8 K has shown the
magnetization data of 5.91 and 5.96 ug at 50 kOe for TbMo
and TbW, respectively, which are expected for ferromag-
netic interaction between Tb'™ and WY ions (6 ug) assum-
ing a sgin of S = 1/2 with an isotropic g factor (g = 2) for
the W' ion, and an effective spin of S = 1/2 with strong
uniaxial Ising-type anisotropy of the g tensor (g, = 10 and
g, = 0) for the Tb™ magnetic moment.'”" Similarly, we
found that the experimental magnetization data of 5.61 ug
at 70 kOe for our sample 1 was slightly lower than the value
of 6 ug, indicating the presence of the ferromagnetic inter-
action between Tb'" and WY ions (Figure 8).

Conclusions

In summary, the self-assembly of neutral layers Tb(H,O)s-
[W(CN)g] and the pillared ligand pyrazine has resulted in a
novel 3D heterometallic complex Th(H,O)4(pyrazine), s|W-
(CN)g] (1), which marks the first structural pattern using
neutral 2D layers as building block and the first 3D complex
with Ln™-[WY(CN)]s found in octacyanometallate-based
system. From magnetic susceptibility data, we find an ferro-
magnetic interaction between Tb"" and WY ions. The possi-
ble formation mechanism is proposed. We believe that such a
novel and effective building-block methodology will provide
a new attractive path forward in developing functionalities of
3D octacyano- and lanthanide-based system and may pro-
vide an opportunity to obtain 3D magnet in 4f-5d assembly.
The further research in our laboratory will include: (i) a
systematic study varying the type of lanthanide metal ion and
also replacing WY by Mo", (ii) investigation into luminescent
properties of such 3D system, and (iii) longer pillar ligands
employed to construct porous frameworks having potential
applications in gas storage field.
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