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A planar structure of an anion cluster I-‚(H2O)6 in a 3D supramolecular complex [Ru(bpy)3]2[I‚(H2O)6Fe(CN)6‚H2O]
has been determined by single-crystal X-ray analysis. In the supramolecule, the anion cluster I-‚(H2O)6, together
with the anion [Fe(CN)6‚H2O]2-, acts as a 3D crystal host, and the [Ru(bpy)3]2+ cations, as the guest molecules,
occupy the vacancies of the 3D host framework. This is the first crystal example of the anion cluster I-‚(H2O)6.

Introduction

It is not surpising how much scientific attention has been
paid to the apparently simple water molecule.1 Water is of
fundamental importantance for human life and plays a very
important role in many biological and chemical processes.2-6

The water molecule exhibits an enormous complexity of
interactions with other molecules, including other water
molecules.1-6 Structural information of small water clusters
is the first step toward understanding the behavor of bulk
water.7 In the past decade, various hydrogen-bonded water
or ice clusters of (H2O)n (n ) 3-18) and 1D-3D water
polymers in different supramolecular systems have been
extensively investigated both experimentally and theoreti-
cally.8-21 In recent years, the anion water clusters of

X-‚(H2O)n (X ) F-, Cl-, Br-, I-, OH-, n ) 1-6) have
also been an important subject of interest in both solution
chemistry and biochemistry.22-28 The anion water clusters
of X-‚(H2O)n have also been extensively investigated both
experimentally and theoretically due to their suitable simpli-
fied model systems for aerosol study and molecular recogni-
tion study to design the X receptors.29,30 The X-‚(H2O)n
cluster shows a clear distinction from that of alkali metal
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ions because the anion hydration tends to favor surface states,
while the cation hydration favors internal states.31-35 The
study of the X-‚(H2O)n cluster is essential for understanding
the solvation and molecular recognition phenomena of the
anionic systems.36 In anion water clusters of X-‚(H2O)n, the
iodine anion water cluster is of particular interest because it
has large polarizability and a large ionic radius.37 Another
particularly interesting aspect in the iodine anion water cluster
is in the molecular recognition study to design the I receptors.
Currently, the hotly discussed topics in halogen hydration
are whether the halide is inside the clusters or on their surface
and how many water molecules are necessary for its complete
solvation.36 So far, various models for the I-‚(H2O)n anion
cluster have been theoretically predicted.36-38 However,
precise crystal data for the I-‚(H2O)n anion cluster, to our
knowledge, are very limited. The key to understanding the
behavior of water is precise structural data of various
hydrogen-bonded water clusters and water polymers in
diverse environments. Thus, studies of small water clusters
in crystal hydrates have the ultimate goal(s) of underestand-
ing the role(s) played by small water clusters in stabilization
and functioning of biomolecules, as well as in designing of
new materials.39 For this, we report a planar topological
structure of an I-‚(H2O)6 anion cluster in a 3D supramo-
lecular complex [Ru(bpy)3]2[I ‚(H2O)6Fe(CN)6‚H2O].40

Experimental Section

X-ray Crystallography and Struction Solution. For the
complex [Ru(bpy)3]2[I ‚(H2O)6Fe(CN)6‚H2O], determination of the
unit cell and data collection were performed on a Bruker Smart

1000 area detector using graphite-monochromated Mo KR radiation
(λ ) 0.71073 Å) at 293(2) K. Its structure was solved by direct
methods and successive Fourier difference syntheses (SHELXS-
97) and refined by full-matrix least-squares procedure onF2 with
anisotropic thermal parameters for all non-hydrogen atoms (SHELXL-
97).41 Crystal data are given in Table 1.

Physical Measurements.Elemental analyses were carried out
using a Perkin-Elmer analyzer model 240. The IR spectra were
recorded as KBr disks on a Shimadzu IR-408 infrared spectropho-
tometer in the 4000-600 cm-1 region.

Synthesis.The red crystals of [Ru(bpy)3]2[I‚(H2O)6Fe(CN)6‚H2O]
were obtained by slow diffusion of an aqueous solution of K3[Fe-
(CN)6] into a solution of [Ru(bpy)3]I 2‚6H2O dissolved in a mixed
solvent of CH3CN/CH3CHOHCH3 (5:1) in an H-shaped tube.

Results and Discussion

Figure 1shows the perspective diagram of the I-‚(H2O)6
anion cluster viewed along the crystallographicc axis. The
I-‚(H2O)6 anion cluster does not show a surface structure
predicted by theoretical calculation. The I- anion and (H2O)6
water molecules are located in a plane. In the anion cluster
I-‚(H2O)6, each I- anion connects to two water molecules
through I‚‚‚O hydrogen bonds forming a V-shaped structure.
The (H2O)6 water molecules are divided into two groups.
One is water monomer (H2O(3)) connected with an I- anion
and a nitrile nitrogen atom through O‚‚‚I and O‚‚‚N hydrogen
bonds. Other (H2O)5 water molecules form a pentamer water
cluster through O‚‚‚O hydrogen bonds. In the (H2O)5 water
cluster, five water molecules locate in a plane and do not
show a cyclic cluster. Five water molecules show different
connected manners. Each O(2) atom connects to the I(1)
anion and the O(5) and N(15) atoms through I‚‚‚O, O‚‚‚O,
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Table 1. Crystal Data and Structure Refinement for Supramolecular
[Ru(bpy)3]2[I ‚(H2O)6Fe(CN)6‚H2O]

formula C66H60FeIN18O7Ru
fw 1602.1
cryst syst monoclinic
space group Cc
a/Å 12.922(4)
b/Å 23.713(7)
c/Å 21.776(6)
â/° 90.705(5)
V/Å3 6672(3)
Z 4
Dc/gcm-3 1.597
absorption coeff/ mm-1 1.192
F(000) 3228
θ range/° 1.96-26.43
reflns collected/unique 19 315/11 045 [R(int) ) 0.0362]
completeness toθ ) 24.91 99.7%
absorption correction semiempirical from equivalents
max and min transmission 1.000000 and 0.828680
refinement method full-matrix least-squares onF2

data/restraints/params 11045/2/857
GOF onF2 1.015
final R indices [I > 2σ(I)] R1 ) 0.0411, wR2) 0.0686
R indices (all data) R1) 0.0686, wR2) 0.0768
absolute structure param 0.184(18)
largest diff. peak and hole/e.Å-3 0.505 and-0.511
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O‚‚‚N hydrogen bonds, respectively; each O(5) atom con-
nects to O(6), O(2), and N(18) atoms through O‚‚‚O and
O‚‚‚N hydrogen bonds; each O(6) atom connects to three
different oxygen atoms O(1), O(7), and O(5) through O‚‚‚O
hydrogen bonds. The O(7) and O(1) atoms show similar
connectivity. Each O(7) or O(1) atom connects to the O(6)

atom and a nitrile nitrogen atom through O‚‚‚O and O‚‚‚N
hydrogen bonds, respectively. Obviously, the coplanar (H2O)5
water cluster is a new conformer different from the cyclic
pentamer water cluster. In the I-‚(H2O)6 anion cluster, the
I‚‚‚O distances are O(3)‚‚‚I(1) ) 3.551 Å and O(2)‚‚‚I(1) )
3.571 Å and the bond angle is O(3)‚‚‚I(1)‚‚‚O(2)) 96°. The

Figure 1. The perspective diagram of the I-‚(H2O)6 anion cluster viewed along the crystallographicc axis.

Figure 2. The perspective diagram of the 3D host framework [I‚(H2O)6Fe(CN)6‚H2O]4- and the guest molecule of [Ru(bpy)3]2+ viewed along the
crystallographicb axis.
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shortest O‚‚‚O and N‚‚‚N distances are O(6)‚‚‚O(7) ) 2.777
Å and O(4)‚‚‚N(16) ) 2.708 Å, respectively. The I‚‚‚O
distances are shorter than the averaged theoretical value of
3.67 Å for the lowest-energy Bd′ conformer.37 The shorter
I‚‚‚O distances show stronger interactions between the I-

anion and water molecules through I‚‚‚O hydrogen bonds
in this supramolecular complex.

Figure 2 shows the perspective diagram of the 3D host
framework [I‚(H2O)6Fe(CN)6‚H2O]4- and the guest molecule
of [Ru(bpy)3]2+ viewed along the crystallographicb axis.
Each I-‚(H2O)6 anion cluster connects four [Fe(CN)6]3-

anions through O‚‚‚N hydrogen bonds. Each [Fe(CN)6]3-

anion links to four I-‚(H2O)6 anion clusters through O‚‚‚N
hydrogen bonds and two other [Fe(CN)6]3- anions through
two bridging water molecules, resulting in an elaborate 3D
porous host framework. The [Ru(bpy)3]2+ cations as the guest
molecules occupy the vacancies of the 3D cubic framework
(Figure 3). The O‚‚‚N distances are O(4)‚‚‚N(13) ) 2.754
Å and O(4)‚‚‚N(16)) 2.708 Å, and the N(16)‚‚‚O(4)‚‚‚N(13)
bond angle is∼122°. The shortest Fe‚‚‚Fe distance is 10.915
Å. Generally, the repulsion between I-and [Fe(CN)6]3-, as
well as between two [Fe(CN)6]3- anions, dominates in the
3D anionic host framework [I‚(H2O)6Fe(CN)6‚H2O]4-. It is
very interesting that not only the [Fe(CN)6]3- and I-‚(H2O)6
anions but also two different [Fe(CN)6]3- anions connect
together through O‚‚‚N hydrogen bonds in the 3D anionic
host framework [I‚(H2O)6Fe(CN)6‚H2O]4-. Obviously, the
guest cation [Ru(bpy)3]2+ located at the vacancies of the 3D
cubic framework plays an important role in stabilizing the
3D anionic host framework [I‚(H2O)6Fe(CN)6‚H2O]4-. Se-
lected bond distances (Å) and bond angles (deg) of the crystal
host [I‚(H2O)6Fe(CN)6‚H2O]4- are given in Table 2.

IR Spectra and Elemental Analyses.IR spectra of the
complex [Ru(bpy)3]2[I‚(H2O)6Fe(CN)6‚H2O] exhibit the bands
expected for terminal CN stretching (2112, 2052 cm-1) and
the bands for 2,2,-bipy stretching (1631, 1603, 1461, and
1422 cm-1). The results of the elemental analyses of1 are
as follows. Anal. Found: C, 49.56; H, 3.61; N, 15.88%;
Calcd for C66H60FeN18O7Ru: C, 49.43, H, 3.74; N, 15.72%.

Conclusions

In conclusion, a planar topological structure of an I-‚(H2O)6
anion cluster in a 3D supramolecular complex [Ru(bpy)3]2-
[I ‚(H2O)6Fe(CN)6‚H2O] has been determined by single-
crystal X-ray analysis. The novel planar topological model
of an I-‚(H2O)6 anion cluster has been not theoretically
predicted. The I-‚(H2O)6 anion cluster favors internal states
in the supramolecular environment. In the supramolecule,
the anion cluster I-‚(H2O)6, together with the anion
[Fe(CN)6‚H2O]2-, acts as a 3D crystal host and the [Ru-

Figure 3. The packing diagram of the supramolecule [Ru(bpy)3]2[I ‚(H2O)6Fe(CN)6‚H2O] viewed along the crystallographicb axis.

Table 2. Selected Bond Distances (Å) and Bond Angles (deg) of
Crystal Host [I‚(H2O)6Fe(CN)6‚H2O]4-

I(1)-O(2) 3.571 O(5)-N(6) 2.7463
I(1)-O(3) 3.551 O(6)-O(7) 2.777
O(3)-N(14) 2.987 O(6)-O(1) 2.832
O(2)-N(15) 2.805 O(1)-N(17) 2.896
O(5)-N(18) 2.803 O(4)-N(13) 2.754
O(2)-O(5) 2.859 O(4)-N(16) 2.708

O(3)-I(1)-O(2) 96 O(5)-)O(6)-O(7) 100
N(14)-O(3)-I(1) 96 O(1)-O(6)-O(7) 140
I(1)-O(2)-O(5) 115 O(2)-O(5)-N(18) 101
I(1)-O(2)-N(15) 138 O(6)-O(5)-N(18) 134
O(5)-O(2)-N(15) 105 O(6)-O(1)-N(17) 120
O(2)-O(5)-O(6) 122 N(13)-O(4)-N(16) 122
O(1)-O(6)-O(5) 118
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(bpy)3]2+ cations, as the guest molecules, occupy the vacan-
cies of the 3D host framework. The guest cations, [Ru-
(bpy)3]2+, play an important role in stabilizing the 3D anionic
host framework [I‚(H2O)6Fe(CN)6‚H2O]4-. The precise struc-
tural information of an I-‚(H2O)6 anion cluster demonstrated
herein are helpful for improving the modeling of some of
the unexplained properties of water and understanding better
the structure and behavior of water molecules in chemical
and biological processes.
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