
Crystal Structure, Magnetic

Properties, and Second

Harmonic Generation of a

Three-Dimensional Pyroelectric

Cyano-Bridged Mn–Mo Complex

Wataru Kosaka,1;2 Tomohiro Nuida,1;2

Kazuhito Hashimoto,1 and Shin-ichi Ohkoshi�1;2

1Department of Applied Chemistry, School of Engineering,

The University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Tokyo 113-8656

2Department of Chemistry, School of Science,

The University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Toyko 113-0033

Received October 23, 2006; E-mail: ohkoshi@chem.s.u-tokyo.
ac.jp

A paramagnetic pyroelectric 3-dimensional cyano-
bridged assembly, [{MnII(H2O)2}{MnII(pyrazine)(H2O)2}-
{MoIV(CN)8}]�4H2O (P21) was synthesized. This com-
pound displayed second harmonic generation with a value
of 6:0� 10�11 esu.

The magnetic properties of cyano-bridged metal assemblies
have been extensively studied over the past decade due to their
high Curie temperature and interesting functionalities.1–3 Re-
cently, octacyanometalate-based magnets have been aggres-
sively studied. Octacyanometalates [M(CN)8]

n� (M ¼ Mo, W,
etc.) are a versatile class of building blocks that can adopt
different spatial configurations, e.g., square antiprism (D4h),
dodecahedron (D2d), bicapped trigonal prism (C2v), depending
on their chemical environment, such as the surrounding li-
gands. The materials of this series can take various coordina-
tion geometries in the crystal structure, that is, zero-dimen-
sional (0-D),4 1-D,5 2-D,6 and 3-D.7 In this study, we prepared
a novel 3-D pyroelectric Mn–Mo bimetal assembly, [{MnII-
(H2O)2}{MnII(pyrazine)(H2O)2}{MoIV(CN)8}]�4H2O. This
compound showed second harmonic generation (SHG) due
to its pyroelectric structure. In this paper, the crystal structure,
magnetic properties, and SHG of this compound are described.

Yellow single crystals were obtained by slow diffusion of an
aqueous solution of K4[Mo(CN)8]

8 (99.3mg, 0.2mmol) into
an aqueous solution containing both MnSO4�5H2O (96.4mg,
0.4mmol) and pyrazine (160.1mg, 2mmol). Yield: 57%. Ele-
mental analyses by standard microanalytical methods con-
firmed that the formula of the compound was [{MnII(H2O)2}-
{MnII(pyrazine)(H2O)2}{MoIV(CN)8}]�4H2O. Anal. Calcd:
C, 22.59; H, 3.16; N, 21.95%. Found: C, 22.31; H, 3.11; N,
21.89%.

In the IR spectra, CN stretching peaks due to bridging CN

(2160, 2144, 2138, 2136, and 2130 cm�1) and terminal CN
(2123 cm�1) were observed (Fig. 1a). In diffuse reflectance
spectra, absorptions at 300, 370, and 430 nm (Fig. 1b) were
observed. The absorption at 300 nm was assigned to charge
transfer from MoIV to �� orbital of cyano group, and the oth-
ers were attributed to the d–d transition of MoIV.9

X-ray single crystal analysis showed that the crystal structure
is monoclinic structure with a P21 space group (a ¼ 7:352ð2Þ
Å, b ¼ 14:131ð5Þ Å, c ¼ 11:624ð3Þ Å, � ¼ 98:72ð2Þ�, Z ¼
2).10 Figure 2 shows the asymmetric unit of the compound.
The asymmetric unit consisted of [Mo(CN)8]

4�, [Mn1-
(H2O)2]

2þ, and [Mn2(pyrazine)(H2O)2]
2þ. The coordination

geometry around Mo and Mn sites were bicapped trigonal
prism and pseudo-octahedron, respectively. Four of the CN
groups in [Mo(CN)8]

4� were bridged to Mn1, and two of the
CN groups were bridged to Mn2. The other two CN groups
were free. Mo–C bond distances ranged from 2.139(2)–
2.179(2) Å, and the Mo–C–N bonds were almost linear with
angles between 175.5(2) and 179.0(2)�. Mn1 was coordinated
by four cyanonitrogens at equatorial positions and two oxygen
atoms of the water ligand at axial positions. The Mn1–N dis-
tances ranged from 2.186(2)–2.221(2) Å. Mn1–N–C bond an-
gles ranged from 150.3(2)–176.6(2)�. Mn2 was coordinated
by two nitrogen atoms of [Mo(CN)8]

4�, two nitrogen atoms
of pyrazine, and two oxygen atoms of the water ligand. The
Mn2–NCN and Mn2–Npyrazine bond distances ranged from
2.142(2)–2.169(2) and 2.278(2)–2.283(2) Å, respectively.
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Fig. 1. (a) IR spectrum, (b) diffuse reflectance spectrum;
inset, photograph of obtained crystals.
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Mn2–NCN–CCN bond angles ranged from 163.6(2)–164.7(2)�.
The cyano-bridged Mn1–Mo layer in the crystallographic ab

plane (Fig. 3a) was linked by Mn2 through CN bridge in the
crystallographic c direction (Fig. 3b), and Mn2 was also bridg-
ed by pyrazine in the a direction (Fig. 3c). Four water mole-
cules existed between the layers as zeolitic waters. This com-
pound is a pyroelectric material of a noncentrosymmetric
space group (P21). The electric polarization is along b axis,
since there is a 2-fold screw axis along this axis.

Figure 4 shows the magnetic susceptibility (�M) under an
applied field of 5000G. The �MT value at 300K was 8.7
K cm3 mol�1, which corresponds to the calculated spin-only
moment value of 8.75K cm3 mol�1 for SMn ¼ 5=2 and gMn ¼
2:00. As the temperature decreased, the �MT value remained
nearly constant until 20K, and then, it decreased. Assuming the
magnetic interaction between MnII sites, the observed �MT–T
plots were analyzed based on the molecular field approxima-
tion. In this approximation, �M ¼�Mn=f1�ð2zJ=Ng2�B

2Þ�Mng,
where �Mn ¼ �SðSþ 1ÞðNg2�B

2=3kBTÞ, N is Avogadro num-
ber, �B is Bohr magneton, and z is the number of the neighbor-
ing Mn atoms interacting with a Mn ion. The fitting parameters
were g ¼ 2:0060ð3Þ and zJ ¼ �6:89ð5Þ � 10�2 cm�1 with R ¼
1:7� 10�5 (R ¼ �½ð�MTÞcalcd � ð�MTÞobsd�2=�ð�MTÞobsd2).
The negative sign in the J value suggests that the magnetic
interactions between the MnII via –NC–MoIV(S ¼ 0)–CN–
bridge is weak antiferromagnetic coupling.

Since the P21 structure is a pyroelectric structure, SHG is
expected in the present system. SHG measurements on a pow-
der sample were conducted in the reflection mode (Fig. S1,
Supporting Information). When the compound was irradiated
by 1064 nm light by a Q-switched Nd:YAG laser at 294K,
532 nm light was observed. Since the intensity of the 532 nm
light increased with the square of the incident light intensity
(Fig. 5), the observed 532 nm light is clearly SH light. The
SHG susceptibility at the fundamental light of 1064 nm was
6� 10�11 esu. This value is 4% of the susceptibility for the
famous SHG active crystal KH2PO4 (KDP).11

We prepared a paramagnetic pyroelectric 3-dimensional cy-
ano-bridged Mn–Mo assembly. Since magnetic field-induced
SHG is expected to be observed with this system, we will carry
out the SHG measurement under magnetic field. In addition,
when paramagnetic [Nb(CN)8]

4� is used in this assembly in-

stead of diamagnetic [Mo(CN)8]
4�, pyroelectric ferromagnet

will be obtained. Since the observation of magnetization-in-
duced SHG (MSHG)3f,12 is expected, we are now preparing
Mn–Nb system.

Crystallographic data have been deposited with Cambridge
Crystallographic Data Centre: Deposition number CCDC-
628853. Copies of the data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).
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Fig. 2. ORTEP drawing of antisymmetric unit at 90K with
an atom numbering scheme. Displacement ellipsoids are
drawn at a 50% probability level. Hydrogen atoms and
non-coordinated water molecules are omitted for clarity.
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Fig. 3. Views of the crystal structure. Blue, red, gray,
green, and pink balls represent Mo, Mn, C, N, and O,
respectively. P represents electronic polarization. (a) The
projection of 2-D layer in the ab plane. (b) The projection
in the bc plane. (c) The projection in the ac plane.
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Supporting Information

Experimental details for the SHG measurements. This material
is available free of charge on the web at: http://www.csj.jp/
journals/bcsj/.
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Fig. 4. Temperature dependence of �MT–T plots in an
external magnetic field of 5000G. The solid line repre-
sents the fitted line by the molecular field approximation.
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Fig. 5. SH intensity vs incident light intensity at 294K
(incident light: 1064 nm). The solid line represents the fit-
ted curve using a quadratic function.
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