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Abstract. Self-assembly reaction between hydrated rare-earth
(RE) nitrates RE(NO3);°6H,0 with K3Fe(CN)g in H,O/DMF solution
by employing the tridentate ligand 2,2":6',2"'-terpyridine (terpy) as a
capping ligand has yielded three cyanide-bridged compounds
[RE(terpy)(DMF)(H,0),][Fe(CN)]-6H,O [RE = Y (1), Tb (2), Dy
(3)]. FT-IR spectra confirmed the presence of terpy ligands and cyan-
ide groups in compounds 1-3. Single-crystal X-ray structural analysis

indicated that these compounds are isomorphous and adopt neutral
[RE,Fe,] molecular squares, which are further linked through
hydrogen bonding interactions to generate a three-dimensional supra-
molecular network. Magnetic susceptibility measurements revealed
that significant single ion magnetic anisotropy dominates the proper-
ties of these compounds.

Introduction

In the past few decades, considerable efforts have been fo-
cused on the design and elaboration of functional coordination
compounds."! Among these materials, cyanide-bearing assem-
blies have grown rapidly because of their intriguing architec-
tures and promising potential applications in many fields.[>"!
In particular, cyanide-bridged molecular squares offered a
unique opportunity for further investigation, because they
represent one of the simplest type of molecular structure and
have exhibited a wide range of physical properties such as
rich electrochemistry, valence- and spin-state control, and spin-
crossover phenomenon.!®! Generally, capping ligands were
usually employed to control the number and relative position
of available coordinated sites on the cyanometallates during
the synthesis process of these molecular squares.”®~!”! In con-
trast to this approach, there are rare examples of [M(CN)g]
(M = Fe, Co, Cr) based squares reported previously by em-
ploying uncapped cyanometallates and limiting the coordina-
tion number on solvated metal cations.'®-29 In principle, the
rigid polydentate ligands with appropriately oriented chelating
sites can clip the metal cations at the corners and thus may
result in squares with perfect co-planarity. However, the suc-
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cessful assembly of molecular squares from polydentate li-
gands is rare and still remains a great challenge.

As a result of our ongoing study of the syntheses and
functionalities of low-dimensional cyanide-bridged coordina-
tion compounds,?'-23! the tridentate ligand 2,2":6'2"-
terpyridine (terpy) was used in our laboratory as a capping
ligand to react with rare-earth (RE) ions and [Fe(CN)¢]*~
precursor, isolating three  hetermetallic ~ compounds
[RE(terpy)(DMF)(H,0),][Fe(CN)¢l»6H,O [RE = Y (1), Tb
(2), Dy (3)] with molecular squares. Herein, we reported their
syntheses, crystal structures, infrared spectra, and magnetic
properties.

Results and Discussion

Single-crystal X-ray diffraction analysis revealed that com-
pounds 1-3 are isomorphous and crystallize in the triclinic
space group PI (Table 1). Herein only the structure of com-
pound 1 is depicted in detail (Figure 1), and the molecular
structures of compounds 2 and 3 are shown in Figure S1 and
Figure S2 (Supporting Information), respectively. The struc-
ture of compound 1 can be described as a centro-symmetric
tetranuclear [Y,Fe,] molecular square. The asymmetric unit of
compound 1 consists of one [Y(terpy)(DMF)(H,0),]** cation,
one [Fe(CN)g]*~ anion, and six crystallized water molecules.
Each Fe atom is in a slightly distorted octahedral arrangement
with six cyanide ligands, where two cis cyanide groups acting
as a p-linker bridged to adjacent Y™ sites and the remaining
ones are terminal. There are no dimensional differences be-
tween the mean values for the bridging and terminal cyanide
ligands. The Fel-C and C-N bond lengths range from
1.930(5) to 1.951(5) A, and 1.135(7) to 1.152(6) A, respec-
tively, whereas the Fel-CN bonds remain almost linear with
the maximum deviation from linearity of 3.2°. The Y™ atom
adopts a distorted decahedral environment, filled by two

Z. Anorg. Allg. Chem. 0000, H (W), 0-0

Wiley Online Library 1

© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fur anorganische und allgemeine Chemie

www.zaac.wiley-vch.de

ARTICLE

Table 1. Crystallographic data and structural refinement for compounds 1-3.

1
Formula Cy4H34FeN (O
M, 751.37
Crystal system triclinic
Space group Pi
alA 10.3421(14)
b /A 13.3574(18)
c/A 13.5460(19)
al° 94.019(2)
BI° 110.667(2)
y[° 102.652(2)
v /A3 1685.9(4)
Z 2
pe lgrem™ 1.480
4 /mm™! 2.204
Total, unique 13624, 6801
Observed [I > 20(])] 4765
GOF on F? 1.028

Ry, wRy [1 > 20(D)]
R, wR, (all data)

0.0528, 0.1355
0.0874, 0.1573

2 3
Co4H34FeN; 009 T Co4H34FeN;(OgDy
821.38 826.93
triclinic triclinic

Pi P1
10.3023(19) 10.2860(12)
13.260(3) 13.3393(15)
13.473(3) 13.5685(16)
93.400(2) 94.1350(10)
110.788(2) 110.8500(10)
103.647(2) 101.3120(10)
1651.3(6) 1685.4(3)

2 2

1.652 1.622

2.625 2.691

13942, 7413 12927, 6296
6534 5519

1.063 1.037

0.0338, 0.0954
0.0411, 0.1011

0.0323, 0.0834
0.0392, 0.0874

bridged cyanide groups, three nitrogen atoms from one terpy
ligand, two water molecules, and one DMF ligand. The
average distance for Y1-N bonds is 2.463 A, slightly larger
than 2.334 A for Y1-O bonds. Meanwhile, the Y1-NC bonds
are bent significantly [161.3(4)° for Y1-NIC1 and 163.3(4)°
for Y1'-N6C6; symmetric code: (i) —x + 2, =y + 2, —z), opposi-
tion to the linear Fel-CN units. The geometrical data of the
Y -Nierpy and Y1-O bonds are identical to those reported for
[M™(CN),] (M = Ni, Pd, Pt), [M™(CN)s] (M = Fe, Co), and
[WY(CN);] based metal-terpy compounds.!8:24:231

Figure 1. The neutral [Y,Fe,] molecular square of compound 1. All
hydrogen atoms, crystallized water molecules, and carbon and nitrogen
atoms from DMF molecules are omitted for clarity. Symmetric code:
1) —=x+2,-y+2,—=

As a result, two [Y(terpy)(DMF)(H,0),]** units and two
[Fe(CN)¢]*>~ anions are linked alternatively through the
—Y-N=C-Fe- linkages to generate a neutral tetranuclear
[2 X 2] molecular square. The square resides on an inversion
center and hence the four metal atoms are exactly coplanar.
Two Fe and two Y™ atoms are located on the vertexes,
whereas bridged cyanide groups form the sides. The intramo-
lecular Y++Fe contacts of the square are about 5.420 and
5.469 A, the diagonal Y--Y and Fe--Fe distances are 7.906
and 7.488 A, respectively, and the vertex angles are 93.11° for

Y1-Fel-Y1 and 86.89° for Fel-Y1-Fel, indicating slight de-
viations from the ideal square arrangement. The structural pa-
rameters of molecular squares for compounds 1-3 are summa-
rized in Table S1 (Supporting Information). The similar square
core environment has also been observed in [M"(CN)] based
(M = Fe, Co, Cr) bimetallic compounds with the same or dif-
ferent capping ligands.!'82% Terminal cyanide ligands, coordi-
nated and uncoordinated water molecules are all involved in
the formation of hydrogen bonding network for compounds 1-
3. Coordinated and uncoordinated water molecules interact
with four terminal cyanide ligands through O-H-N hydrogen
bonds. Simultaneously, coordinated water molecules interact
with uncoordinated ones by O—H-+*O hydrogen bonds. Further-
more, the lattice water molecules are also interlinked by
O-H-+O hydrogen bonds. As a consequence, the adjacent
squares are held together by above hydrogen bonding interac-
tions, forming a three-dimensional supramolecular network
(Figure S3, Supporting Information). The shortest intermo-
lecular Fe-~Fe, Y-Y and Fe-Y distances are 9.865, 8.876,
and 7.660 A, respectively, indicating that the intermolecular
magnetic interaction is very weak. The structural parameters
of intra- and intermolecular distances for all compounds are
summarized in Table S2 (Supporting Information).

IR spectra of compounds 1-3 exhibit similar bands because
of their isomorphous feature (Figure 2). For the free terpy li-
gand, two strong absorption bands at 1600-1538 and 1486—
1392 cm™ can be assigned to the v(CN) and v(CC) bonds
stretching, respectively. These two bands in IR spectra of com-
pounds 1-3 show 11-15 cm™! shift to lower wavenumbers due
to the coordination of metal ions. The bands in the low energy
region of 800—400 cm™! from free terpy were also observed in
compounds 1-3, indicating the presence and coordination of
terpy ligands. The peaks at about 2127 and 2148 cm™! are
ascribed to the stretching vibrations of terminal and bridging
cyano groups, respectively. In general, the bridged cyanide fre-
quencies in cyanide compounds are observed at higher fre-
quencies due to the kinematic coupling. The board peaks at
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3400-3200 cm™! are related to the stretching vibration of hy-
droxyl groups from lattice water molecules, while the presence
of the bound water molecules was observed at 3601 cm™'. The
strong stretching frequencies of C=0 bonds are located at
1660 cm™', which are related to the coordinated DMF
molecules. The results from IR spectra of compounds 1-3
agree well with those from single-crystal X-ray structural
analysis.

Transmittance /a.u.

terpy

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers /cm”

Figure 2. IR spectra of the free terpy ligand and compounds 1-3.

Magnetic Properties

Magnetic susceptibility measurements for compounds 1-3
were performed on polycrystalline samples at 1 kOe over the
temperature range 1.8-300 K (Figure 3a). Due to the diamag-
netism of the Y™ ion, compound 1 can be considered as an
isolated low-spin Fe' ion system. The observed yyT value at
300 K is 0.88 cm*K-mol™!, which is significantly higher than
the spin only one (0.375 cm®K'mol™') for an isolated Fe'
(S = 1/2) ion, suggesting the presence of significant orbital
contributions to the magnetic moment. Upon cooling, the yyT
value decreases until reaches the value of 0.51 cm*K-mol™" at
1.8 K. The magnetic thermal behavior of compound 1 is typi-
cal for a magnetically isolated low-spin distorted octahedral
Fe'' system with spin-orbital coupling of the *T,, ground
term.>®! The magnetic nature of compound 1 can be further
confirmed by the field-dependent magnetization measured up
to 70 kOe at 1.8 K, as shown in Figure 3b. As the external
field increases, the magnetization of compound 1 continuously
increases and reaches a value of 1.2 Nug at 70 kOe, which is
in agreement with the theoretical saturation value (1 Nug) for
the single Fe™ ion (calculated form Mg = gSg. with g = 2).

For compounds 2 and 3, the room-temperature yy7 values
are 13.14 and 15.32cm?® K mol™!, respectively, which are
slightly higher than the theoretical ones (compound 2:
12.20 cm® K mol™'; compound 3: 14.55 cm® K mol™") for two
uncoupled RE™ and low-spin Fe' ions. As the temperature is
lowed, the y\T values of both compounds remain almost con-
stant before 50 K and then decrease rapidly to minimum values
of 8.85 and 12.36 cm® K mol~! for compounds 2 and 3 at

K
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Figure 3. (a) Temperature dependence of yyT for compounds 1-3
measured at 1 kOe; (b) Field dependence of the magnetization for
compounds 1 and 3 at 1.8 K.

1.8 K, respectively. The curves suggest that the couplings
within compounds 2 and 3 might be difficult to be clarified
because the superexchange interactions (ferro- or antiferro-
magnetic) and single ion anisotropy of RE" ions (thermal de-
population of the Stark levels) are intertwined together. The
field-dependent magnetization measurement of compound 3
was further carried out (Figure 3b). The magnetization in-
creases continuously and reaches the maximum value
(7.92 Npg) at 65 kOe without saturation, which is lower than
the theoretical one on the basis of the noninteracting
ions of the [Dy,Fe,] unit. The magnetic behavior for com-
pounds 2 and 3 was also observed in the polymeric chains
[Tb(tptz)(H,0)4Fe(CN)¢]-8H,O [tptz = 2.4,6-tri(2-pyridyl)-
1,3,5-triazine] and RE(DMF)gFe(CN)g (RE = Tb, Dy),1?”-281 in
which no significant magnetic interactions between the RE™
and Fe ions. Similarly, the magnetic interactions between the
RE™ and Fe' ions in compounds 2 and 3 are also negligible,
due to the significant magnetic anisotropy and/or the popula-
tion of low-lying excited states. Trying to further make mag-
neto-structural correlations for both compounds has proved im-
possible until now because of the complexity of the 3d-4f mag-
netic interactions and the few complexes reported in the litera-
ture with similar RE-CN-Fe core. Work is underway in our
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lab on the preparation and magnetic investigation of high-spin
cyanide-bridged 3d-4f systems by varying the types of rare-
earth ions or capping ligands.

Conclusions

We have demonstrated a facile approach to synthesize cyan-
ide-bridged bimetallic compounds with molecular square
structure, although negligible magnetic interactions between
rare earth(II) and low-spin iron(IIl) ions were found in these
materials. The presence of tridentate capping ligands during
the synthesis process is practically responsible for the forma-
tion of low-dimensional architectures. Studies on tuning the
magnetism of Fe(CN)g based bimetallic system by varying
rare-earth ions are in progress in our laboratory.

Experimental Section

Materials and General Methods: All chemicals and solvents were
purchased from commercial sources and used without further purifica-
tion. FT-IR spectra were measured with a Nicolet FT 1703X spectro-
photometer in the form of KBr pellets in the 4000400 cm™ region.
All magnetic measurements on microcrystalline sample were con-
ducted on a Quantum Design MPMP-XL7 superconducting quantum
interference device (SQUID) magnetometer. Corrections of measured
susceptibilities were carried out considering both the sample holder as
the background and the diamagnetism of the constituent atoms accord-
ing to Pascal’s tables.!>*!

Syntheses of [RE(terpy)(DMF)(H,0),][Fe(CN)]-6H,O [RE = Y
(1), Tb (2), Dy (3)]: Single crystals of compounds 1-3 were prepared
at room temperature by the slow diffusion of a DMF solution (3 mL)
containing RE(NO3)3°6H,0 (0.10 mmol) and terpy (0.20 mmol) into a
water solution (15 mL) of K;[Fe(CN)g] (0.10 mmol). After about 2-3
weeks, yellow rod-shaped crystals were obtained. Yield for compound
1: ca. 37% based on the RE salt. Compounds 2 and 3 have similar
mass yields. Co4H34FeN;¢OoY (1): calcd. C 38.37; H 4.56; N 18.64 %;
found: C 37.96; H 4.51; N 18.82%. C,,H3,FeN,,OTb (2): calcd. C
35.10; H 4.17; N 17.05%; found: C 34.98; H 4.25; N 17.19%.
C,4H34FeN;OgDy (3): caled. C 34.94; H 4.15; N 16.98 %; found: C
34.77, H 4.33; N 17.12%.

X-ray Crystallographic Analysis: Single-crystal X-ray diffraction
data for compounds 1-3 were collected with a Bruker Smart Apex II
diffractometer equipped with Mo-K,, (A = 0.71073 A) radiation. Dif-
fraction data analysis and reduction were performed within SMART
and SAINT.*%! Correction for Lorentz, polarization, and absorption ef-
fects were performed within SADABS.*! Structures were solved using
Patterson method within SHELXS-97 and refined using SHELXL-
97.132-341 All non-hydrogen atoms were refined with anisotropic ther-
mal parameters. The hydrogen atoms of terpy and DMF ligands were
calculated at idealized positions and included in the refinement in a
riding mode with Uy, for H assigned as 1.2 or 1.5 times Ugq of the
attached atoms. The hydrogen atoms bound to water molecules were
located from difference Fourier maps and refined as riding with
Uiso(H) = 1.5Uc4(O).

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting

the depository numbers CCDC-1027871 (1), CCDC-1027872 (2),
and CCDC-1027873 (3) (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)

Supporting Information (see footnote on the first page of this article):
The molecular squares of compounds 2 and 3; selected bond lengths
and angles of compounds 1-3; the intra- and intermolecular distances
of compounds 1-3.

Acknowledgements

This research was supported by National Natural Science Foundation
(51072072, 51272095), and Qing Lan Project of Jiangsu Province.

References

[1] H.-C. Zhou, J. R. Long, O. M. Yaghi, Chem. Rev. 2012, 112, 673—
674.

[2] S. Wang, X.-H. Ding, Y.-H. Li, W. Huang, Coord. Chem. Rev.
2012, 256, 439-464.

[3] Y.-H. Li, W.-R. He, X.-H. Ding, S. Wang, L.-F. Cui, W. Huang,
Coord. Chem. Rev. 2012, 256, 2795-2815.

[4] B. Nowicka, T. Korzeniak, O. Stefanczyk, D. Pinkowicz,
S. Chorazy, R. Podgajny, B. Sieklucka, Coord. Chem. Rev. 2012,
256, 1946-1971.

[5] H. Tokoro, S. Ohkoshi, Dalton Trans. 2011, 40, 6825-6833.

[6] M. Shatruk, C. Avendano, K.R. Dunbar, Prog. Inorg. Chem.
2009, 56, 155-334.

[7] S. Tanase, J. Reedijk, Coord. Chem. Rev. 2006, 250, 2501-2510.

[8] G.N. Newton, M. Nihei, H. Oshio, Eur. J. Inorg. Chem. 2011,
20, 3031-3042.

[9]1 Y. Sekine, M. Nihei, R. Kumai, H. Nakao, Y. Murakami, H.
Oshio, Chem. Commun. 2014, 50, 4050-4052.

[10] X.-P. Shen, H.-B. Zhou, J.-H. Yan, Y.-F. Li, H. Zhou, Inorg.
Chem. 2014, 53, 116-127.

[11] A. Mondal, Y.-L. Li, M. Seuleiman, M. Julve, L. Toupet, M.
Buron-Le Cointe, R. Lescouézec, J. Am. Chem. Soc. 2013, 135,
1653-1656.

[12] A. Mondal, Y.-L. Li, P. Herson, M. Seuleiman, M. Boillot, E.
Riviere, M. Julve, L. Rechignat, A. Bousseksou, R. Lescouézec,
Chem. Commun. 2012, 48, 5653-5655.

[13] E. Li, J. K. Clegg, L. Goux-Capes, G. Chastanet, D. M. D’Ales-
sandro, J. F. Letard, C. J. Kepert, Angew. Chem. Int. Ed. 2011, 50,
2820-2823.

[14] J. Mercurol, Y.-L. Li, E. Pardo, O. Risset, M. Seuleiman,
H. Rousseliére, R. Lescouézec, M. Julve, Chem. Commun. 2010,
46, 8995-8997.

[15] D.-F. Li, S. Parkin, G.-B. Wang, G. T. Yee, S. M. Holmes, Inorg.
Chem. 2006, 45, 1951-1959.

[16] M. Nihei, M. Ui, M. Yokota, L. Han, A. Maeda, H. Kishida, H.
Okamoto, H. Oshio, Angew. Chem. Int. Ed. 2005, 44, 6484-64877.

[17] D.-F. Li, S. Parkin, G.-B. Wang, G. T. Yee, A. V. Prosvirin, S. M.
Holmes, Inorg. Chem. 2005, 44, 4903-4905.

[18] M. Muddassir, X.-J. Song, Y. Chen, F. Cao, R.-M. Wei, Y. Song,
CrystEngComm 2013, 15, 10541-10549.

[19] L. M. Toma, R. Lescouézec, D. Cangussu, R. Llusar, J. Mata, S.
Spey, J. A. Thomas, F. Lloret, M. Julve, Inorg. Chem. Commun.
2005, 8, 382-385.

[20] C. P. Berlinguette, J. A. Smith, J. R. Galan-Mascaros, K. R. Dun-
bar, C. R. Chim. 2002, 5, 665-672.

[21] D.-Y. Yu, L. Li, H. Zhou, A.-H. Yuan, Y.-Z. Li, Eur. J. Inorg.
Chem. 2012, 3394-3397.

[22] S.-Y. Qian, H. Zhou, A.-H. Yuan, Cryst. Growth Des. 2011, 11,
5676-5681.

[23] A.-H. Yuan, S.-Y. Qian, W.-Y. Liu, H. Zhou, Y. Song, Dalton
Trans. 2011, 40, 5302-5306.

Z. Anorg. Allg. Chem. 0000, 0-0

Wiley Online Library 4

© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLE



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

www.zaac.wiley-vch.de

[24] Y.-Y. Chen, A.-Y. Hu, M.-Q. Shen, X.-Y. Tian, H. Zhou, Z. Anorg.
Allg. Chem. 2014, 640, 2287-2291.

[25] P. Przychodzen, R. Petka, K. Lewinski, J. Supel, M. Rams, K.
Tomala, B. Sieklucka, Inorg. Chem. 2007, 46, 8924-8938.

[26] B. N. Figgis, J. Lewis, F. E. Mabbs, G. A. Webb, J. Chem. Soc.
A 1966, 422-426.

[27] H.-H. Zhao, N. Lopez, A. Prosvirin, H. T. Chifotides, K. R. Dun-
bar, Dalton Trans. 2007, 878-888.

[28] D. C. Wilson, S.-M. Liu, X.-N. Chen, E. A. Meyers, X.-G. Bao,
A. V. Prosvirin, K. R. Dunbar, C. M. Hadad, S. G. Shore, Inorg.
Chem. 2009, 48, 5725-5735.

[29] O. Kahn, Molecular Magnetism, VCH Publisher, New York,
1993.

[30] Bruker; SMART, SAINT and XPREP: Area Detector Control and
Data Integration and Reduction Software, Bruker Analytical X-
ray Instruments Inc., Madison, Wisconsin, USA, 1995.

[31] G. M. Sheldrick, SADABS: Empirical Absorption and Correction
Software, University of Gottingen, Gottingen, Germany, 1996.

[32] G. M. Sheldrick, SHELXS-97, Program for X-ray Crystal Struc-
ture Determination, Gottingen University: Gottingen, Germany,
1997.

[33] G. M. Sheldrick, SHELXL-97, Program for X-ray Crystal Struc-
ture Determination; Gottingen University: Gottingen, Germany,
1997.

[34] G. M. Sheldrick, A short history of SHELX, Acta Crystallogr.,
Sect. A 2008, 64, 112-122.

Received: November 25, 2014
Published Online: W

Z. Anorg. Allg. Chem. 0000, 0-0

Wiley Online Library 5

© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLE



Journal of Inorganic and General Chemistry

ZAAC www.zaac.wiley-vch.de A RTI C L E

Zeitschrift fir anorganische und allgemeine Chemie

H. Zhou, D.-Y. Yu, H.-B. Zhou, A.-H. Yuan* ................... 1-6

Cyanide-Bridged Tetranuclear RE™,Fe™, (RE = Y, Tb, Dy)
Molecular Squares with 2,2":6',2"'-Terpyridine as a Capping
Ligand

Z. Anorg. Allg. Chem. 0000, 0-0 Wiley Online Library 6 © 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



