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A block single-crystal was obtained using a diffusion method with a concentrated acetone-water (vol. 1/1) solution
of [Ru(phen)3]Cl2‚6H2O (phen) 1,10-phenanthroline) and a concentrated aqueous solution of K3[Cr(CN)6], without
evaporating solvents. The crystal was identified as a double-complex salt including two acetone and fourteen
solvent water molecules, [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O (1). Measurement of the X-ray diffraction
pattern of the double-complex salt was performed using an X-ray diffractometer with an Imaging-Plate (IP)
Weissenberg camera.1 crystallizes in the triclinic space groupP1h, with a ) 13.930(5) Å,b ) 14.783(5) Å,c )
11.137(6) Å,R ) 89.87(4)°, â ) 107.47(3)°, γ ) 96.68(3)°, andZ ) 2. The crystal structure is very different
from that of [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O (2) (bpy ) 2,2′-bipyridine), which could be obtained using the same
procedure and crystallizes in the monoclinic space groupC2, with a ) 22.414(2) Å,b ) 13.7686(15) Å,c )
22.207(2) Å,â ) 90.713(8)°, and Z ) 4. The distance between the central-metal ions of ruthenium(II) and
chromium(III) complexes in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O (7.170 Å) is shorter than that in [Ru-
(bpy)3]2[Cr(CN)6]Cl‚8H2O (9.173 Å) by about 2 Å, while the rate of energy transfer from the3MLCT state of
[Ru(N-N)3]2+ to the2Eg state of [Cr(CN)6]3- in the former salt (9.5× 105 s-1) is far slower than that in the latter
one (6.0× 106 s-1) at 77 K. These results indicate that the energy-transfer rate strongly depends, not upon the
distance between central metal ions, rather, upon the mutual relative orientation between the donor and the acceptor
complexes in double-complex salts.

Introduction

Intermolecular excitation energy transfer between transition-
metal complexes in molecular crystals was first studied by
Schlöfer et al., who carried out a study between Cr(III)
complexes,1-4 and by Fujita and Kobayashi, who studied the
transfer between Ru(II) and Cr(III) complexes.5-7 Since then,
the study of energy transfer between metal complexes had not
been an active field compared with that of rare-earth metal ions
in ionic crystals,8 although the distance, relative geometry, and
energy gap of excited states between donor and acceptor
complexes can be controlled by using various ligands and central
metal ions. Recently, study of the energy transfer between metal
complexes in crystals has become an active branch in the field
of energy transfer.9-16 In a previous paper,9 we reported that

energy transfer occurs via3MLCT(Ru) f 2Eg(Cr) at a very fast
rate (7× 108 s-1) in the double-complex salt, Na[Ru(bpy)3]-
[Cr(ox)3] (bpy ) 2,2′-bipyridine). The Hauser group has studied
energy transfer in single crystals of double-complex salts
composed of [MI(bpy)3]2+/3+ (MI

2+ ) Ru2+, Os2+; MI
3+ )

Rh3+) and [MII(ox)3]3- (MII
3+ ) Al3+, Cr3+).10-13 They reported

resonant and phonon-assisted excitation energy transfer in the
R1 lines of [Cr(ox)3]3- in Na[Rh(bpy)3][Cr(ox)3]ClO4.11 More-
over, they described the energy transfer from [Cr(ox)3]3- to [Cr-
(bpy)3]3+ in Na[Rh0.99Cr0.01(bpy)3][Al 1-xCrx(ox)3]ClO4 (x )
0-1) and Na[Rh1-yCry(bpy)1-y][Al 0.99Cr0.01(ox)3]ClO4 (y )
0-0.05).12 They concluded that energy transfer occurs by means
of two mechanisms: the superexchange coupling between the
Cr3+ ions viaπ overlap of oxalate and bipyridine ligands, and
a dipole-dipole mechanism. Recently, they determined the
critical distance of energy transfer between [Ru(bpy)3]2+ and
[Cr(ox)3]3- and between [Ru(bpy)3]2+ and [Os(bpy)3]2+.13

The energy transfer rate depends mainly upon the following
three factors: (i) the distance between donor and acceptor, (ii)
the spectral overlap between the donor’s luminescence and the
acceptor’s absorption spectra, and (iii) the relative orientation
of the donor and the acceptor in relation to each other. In a
previous paper,14 we examined the relationship between the
energy-transfer rate and the spectral overlap (factor (ii)) in
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[M(bpy)3]2[Cr(CN)6]Cl‚8H2O (M2+ ) Ru2+, Os2+) by fixing
the distance (factor (i)) and relative orientation (factor (iii)) of
the two complexes. The crystal and molecular structure of [Os-
(bpy)3]2[Cr(CN)6]Cl‚8H2O was determined to be almost the
same as that of [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O based on X-ray
analysis.14-16 The energy-transfer rate in the former salt (4.9×
107 s-1) is eight times larger than that in the latter one (6.0×
106 s-1) at 77 K. This ratio agrees with the ratio of the spectral
overlap between the normalized donor’s luminescence and the
normalized acceptor’s absorption (or excitation) spectra. These
results show that the energy-transfer rate is directly proportional
to the spectral overlap in the double-complex salts which have
the same distance and relative orientation between donor and
acceptor complexes.

As mentioned above, the path of energy transfer and the effect
of spectral overlap upon the rate have been discussed in studies
of energy transfer between transition-metal complexes in
crystals. However, the geometrical effect between donor and
acceptor complexes upon the energy-transfer rate has not yet
been discussed.

In the present work, we investigated the relationship between
the energy-transfer rate and the relative orientation of donors
and acceptors in double-complex salts by maintaining the same
spectral overlap (factor (ii)). [Ru(phen)3]2+ (phen ) 1,10-
phenanthroline) and [Ru(bpy)3]2+ were used as energy donors
since both complexes share almost the same luminescence and
absorption spectra. Thus, the spectral overlap of [Ru(phen)3]2+

- [Cr(CN)6]3- is almost the same as that of [Ru(bpy)3]2+ -
[Cr(CN)6]3-. The crystal structure of a block single-crystal of
[Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O (triclinic, P1h) was
determined by X-ray structure analysis to be very different from
that of [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O (monoclinic, C2). We
report herein the effect of the distance and mutual orientation
between [Ru(N-N)3]2+ and [Cr(CN)6]3- upon the energy-
transfer rate from [Ru(N-N)3]2+ to [Cr(CN)6]3- in [Ru(phen)3]2-
[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O and [Ru(bpy)3]2[Cr(CN)6]Cl‚
8H2O.

Experimental Section

Compounds. Single Complex Salts.[Ru(bpy)3]Cl2‚6H2O,6 [Ru-
(bpy)3]Br2‚6H2O,14 and K3[Cr(CN)6]17 were prepared according to a
method previously described. [Ru(phen)3]Cl2‚6H2O was prepared by
the same procedure as [Ru(bpy)3]Cl2‚6H2O, but 1,10-phenanthroline
was used instead of 2,2′-bipyridine. These complexes were identified
by luminescence and absorption spectra, molar extinction coefficient,
and elemental analysis. The values of molar extinction coefficient were
within (5% of the literature’s values.

Single Crystals of Double-Complex Salts.Single crystals of double-
complex salts composed of [Ru(N-N)3] 2+ (N-N ) phen, bpy) and
[Cr(CN)6]3- could be obtained by careful layering of a concentrated
acetone-water (vol 1/1) solution of [Ru(N-N)3]Cl2‚6H2O on top of a
concentrated aqueous solution of K3[Cr(CN)6], in a glass cylinder of
about 10 mm diameter, and by setting this aside at room temperature
for about one week. At this time, the cylinder was sealed in order to
prevent the evaporation of acetone. By this method, block crystals
whose sizes were a few millimeters were obtained. A single crystal
composed of [Ru(phen)3]2+ and [Cr(CN)6]3- has been identified as a
double-complex salt; it includes two acetone molecules and fourteen
solvent water molecules, [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O.
In contrast, single crystals of double-complex salts composed of [Ru-
(bpy)3]2+ and [Cr(CN)6]3- did not include any acetone molecules
whether the cylinder was sealed or not, [Ru(bpy)3]2[Cr(CN)6]X ‚8H2O
(X ) Cl-, Br-).

Measurements.In the measurements of luminescence spectra and
luminescence decay curves for the crystals at 77 K, single crystals were

used as samples. The measurements were performed as quickly as
possible after removing the crystal from the saturated solution, because
the double-complex salt [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O
gradually loses some solvent water and/or acetone molecules into the
atmosphere. Luminescence and excitation spectra were measured at
77 K on a Hitachi 850 spectrofluorometer equipped with a Hamamatsu
Photonics R928 photomultiplier. The samples were put into a quartz
capillary of 3 mm diameter and immersed directly in the coolant (liquid
nitrogen). In the capillary, air was substituted with nitrogen gas.
Absorption spectra of the aqueous solution were recorded on a Hitachi
spectrophotometer model 330 at room temperature. Luminescence decay
was recorded on an oscillograph (Lecroy, model 9450) following
excitation with the second harmonics (532 nm, fwhm 5 ns) of a Nd:
YAG Laser (Spectron, model SL 401). The lifetimes were determined
by a semilogarithmic plot of the decay curve. The measurements were
performed at least five times with the samples prepared using the same
procedure. The luminescence spectra and lifetimes were found to be
reproducible within experimental error:(0.1 nm for the peak maximum
of luminescence spectra and(2% for the lifetime.

Crystal Structure Determination. Single crystals of [Ru(bpy)3]2-
[Cr(CN)6]X ‚8H2O (X ) Cl-, Br-) are stable in the atmosphere at room
temperature. Therefore, good accurate diffraction data can be collected
using a conventional four-circle diffractometer. In contrast, a single
block crystal of [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O can easily
lose some solvent water and/or acetone molecules into the atmosphere
at room temperature. Because the release of some water and/or acetone
molecules gradually destroys the crystal lattice of double-complex salt
over a few days, good quality diffraction data could not be collected
on a conventional four-circle diffractometer. Therefore, in this study,
a diffractometer with an Imaging-Plate (IP) Weissenberg camera was
used for [Ru(bpy)3]2[Cr(CN)6]X ‚8H2O and [Ru(phen)3]2[Cr(CN)6]Cl‚
2(CH3)2CO‚14H2O, since the data sets could be collected within 3 h
without destroying the crystal lattice. Single-crystal data collection was
performed using a Rigaku RAXIS-IIcs imaging-plate system at 296
K, using graphite-monochromatized Mo KR radiation (λ ) 0.71703
Å). The structure was solved using direct methods for [Ru(bpy)3]2[Cr-
(CN)6]X ‚8H2O and heavy metal methods for [Ru(phen)3]2[Cr(CN)6]-
Cl‚2(CH3)2CO‚14H2O, employing SHELXS-86, and the structures were
refined versus F2 by means of full-matrix least-squares procedures, using
SHELXL-93. The data were corrected for Lorentz and polarization
factors, but not for absorption or extinction. It is certain that there are
no acetone and water molecules between [Ru(N-N)3]2+ and [Cr(CN)6]3-.
Details of crystallographic data are listed in Table 1. The selected bond
distances and angles are given in Table 2. The ORTEP drawings of
the three double-complex salts can be found in the Supporting
Information (Figures S-1, S-2, and S-3).(17) Cruser, F. V. D.; Miller, E. H.J. Am. Chem. Soc.1906, 28, 1132.

Table 1. Summary of Crystallographic Data and Structural
Analysis for [Ru(bpy)3]2[Cr(CN)6]X ‚8H2O (X ) Cl-, Br-) and
[Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O

formula
C66H48ClCr-
N18O8Ru2

C66H48BrCr-
N18O8Ru2

C42H44Cl0.5Cr0.5-
N9O8Ru

fw 1510.81 1555.27 947.66
a, Å 22.414 22.414 13.930
b, Å 13.7686 13.814 14.783
c, Å 22.207 22.299 11.137
R, deg 90 90 89.87
â, deg 90.713 90.531 107.47
γ, deg 90 90 96.68
Z 4 4 2
V, Å3 6852.9 6904.0 2171.4
space group C2 C2 P1h
Fcalc, g cm-3 1.464 1.496 1.449
µ, cm-1 6.970 12.32 5.70
T, °C 20 23 23
λ, Åa 0.71069 0.71073 0.71073
Rb 4.89 5.53 11.89
Rw

c 13.67 9.42 31.6

a Radiation, Mo KR. b R ) ∑(|Fo| - |Fc|)/∑|Fo|. c Rw ) [∑{w(Fo
2

- Fc
2)2]/∑{w(Fo

2)2}]1/2; w ) 1/{σ2(Fo
2) + (0.2000P)2}; P ) (Fo

2 +
2Fc

2)/3.
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Results and Discussion

Crystal Structure and Relative Orientation between [Ru-
(N-N)3]2+ and [Cr(CN)6]3-. [Ru(bpy)3]2[Cr(CN)6]X ‚8H2O (X
) Cl-, Br-) crystallize in monoclinic space groupC2 and have
almost the same molecular and crystal structures as [Os(bpy)3]2-
[Cr(CN)6]Cl‚8H2O.14 Thus, [Ru(bpy)3]2[Cr(CN)6]X ‚8H2O (X )
Cl-, Br-) have two kinds of [Ru(bpy)3]2+ in the unit cell which

are named site-A and site-B. However, both sites have almost
the same molecular geometry in the crystals. Each [Ru(bpy)3]2+

in the crystals is found to have as its six nearest neighbors
[Cr(CN)6]3- within 10 Å (9.173-9.883 Å for site-A and 9.244-
9.883 Å for site-B). On the other hand, the space group of [Ru-
(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O is triclinic P1h. Thus,
the geometry of molecules and counter ions around [Ru-

Table 2. Selected Bond-Length (Å) and Bond-Angle (Deg) in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O (1) and
[Ru(bpy)3]2[Cr(CN)6]X ‚8H2O (X- ) Cl- (2), Br- (3))

(2) (3) (1)

Cr(1)-C(14) 1.987(13) 2.091(11) Cr(1)-C(39) 2.078(11)
Cr(1)-C(15) 2.065(12) 2.00(2) Cr(1)-C(39)#1 2.078(11)
Cr(1)-C(16) 2.066(7) 2.11(2) Cr(1)-C(37) 2.079(14)
Cr(1)-C(12) 2.076(10) 2.12(2) Cr(1)-C(37)#1 2.079(14)
Cr(1)-C(11) 2.091(7) 2.104(13) Cr(1)-C(38) 2.102(12)
Cr(1)-C(13) 2.130(9) 2.00(2) Cr(1)-C(38)#1 2.102(12)
Ru(1)-N(2B) 2.039(9) 2.002(12) Ru(1)-N(2) 2.029(8)
Ru(1)-N(3A) 2.053(8) 2.073(12) Ru(1)-N(4) 2.033(8)
Ru(1)-N(2A) 2.058(7) 2.044(10) Ru(1)-N(1) 2.040(7)
Ru(1)-N(3B) 2.072(7) 2.062(12) Ru(1)-N(5) 2.061(10)
Ru(1)-N(4B) 2.077(7) 2.051(11) Ru(1)-N(6) 2.071(7)
Ru(1)-N(4A) 2.080(6) 2.054(11) Ru(1)-N(3) 2.081(7)
Ru(2)-N(6B) 2.056(8) 2.072(10)
Ru(2)-N(7B) 2.058(6) 2.069(12)
Ru(2)-N(6A) 2.066(7) 2.056(13)
Ru(2)-N(7A) 2.067(6) 2.097(12)
Ru(2)-N(5A) 2.084(7) 2.095(9)
Ru(2)-N(5B) 2.086(7) 2.107(10)
C(14)-Cr(1)-C(15) 90.2(5) 90.6(7) C(39)#1-Cr(1)-C(39) 180(0)
C(14)-Cr(1)-C(16) 90.9(4) 90.2(7) C(39)#1-Cr(1)-C(37) 91.7(4)
C(15)-Cr(1)-C(16) 89.7(3) 90.8(7) C(39)-Cr(1)-C(37) 88.3(4)
C(14)-Cr(1)-C(12) 92.1(5) 88.6(6) C(39)#1-Cr(1)-C(37)#1 88.3(4)
C(15)-Cr(1)-C(12) 177.4(6) 178.4(10) C(39)-Cr(1)-C(37)#1 91.7(4)
C(16)-Cr(1)-C(12) 91.5(3) 90.6(7) C(37)-Cr(1)-C(37)#1 179.999(2)
C(14)-Cr(1)-C(11) 89.9(4) 177.8(9) C(39)#1-Cr(1)-C(38)#1 91.5(5)
C(15)-Cr(1)-C(11) 88.6(4) 91.4(7) C(39)-Cr(1)-C(38)#1 88.5(5)
C(16)-Cr(1)-C(11) 178.1(5) 89.0(6) C(37)-Cr(1)-C(38)#1 89.5(5)
C(12)-Cr(1)-C(11) 90.2(4) 89.3(6) C(37)#1-Cr(1)-C(38)#1 90.5(5)
C(14)-Cr(1)-C(13) 179.8(6) 90.6(7) C(39)#1-Cr(1)-C(38) 88.5(5)
C(15)-Cr(1)-C(13) 89.9(5) 90.9(10) C(39)-Cr(1)-C(38) 91.5(5)
C(16)-Cr(1)-C(13) 89.1(3) 178.1(9) C(37)-Cr(1)-C(38) 90.5(5)
C(12)-Cr(1)-C(13) 87.7(4) 87.6(6) C(37)#1-Cr(1)-C(38) 89.5(5)
C(11)-Cr(1)-C(13) 90.1(4) 90.2(6) C(38)#1-Cr(1)-C(38) 179.999(2)
N(2B)-Ru(1)-N(3A) 170.0(3) 168.8(5) N(2)-Ru(1)-N(4) 97.3(4)
N(2B)-Ru(1)-N(2A) 79.7(3) 79.1(4) N(2)-Ru(1)-N(1) 79.3(3)
N(3A)-Ru(1)-N(2A) 94.2(3) 92.9(4) N(4)-Ru(1)-N(1) 171.0(3)
N(2B)-Ru(1)-N(3B) 94.0(3) 94.9(5) N(2)-Ru(1)-N(5) 170.5(3)
N(3A)-Ru(1)-N(3B) 78.6(3) 77.6(5) N(4)-Ru(1)-N(5) 90.7(4)
N(2A)-Ru(1)-N(3B) 95.5(3) 92.6(5) N(1)-Ru(1)-N(5) 93.5(3)
N(2B)-Ru(1)-N(4B) 94.9(3) 91.4(5) N(2)-Ru(1)-N(6) 95.0(4)
N(3A)-Ru(1)-N(4B) 92.3(3) 97.1(5) N(4)-Ru(1)-N(6) 94.4(3)
N(2A)-Ru(1)-N(4B) 170.1(3) 95.7(5) N(1)-Ru(1)-N(6) 94.3(3)
N(3B)-Ru(1)-N(4B) 93.1(3) 170.3(5) N(5)-Ru(1)-N(6) 79.3(4)
N(2B)-Ru(1)-N(4A) 92.3(3) 92.1(5) N(2)-Ru(1)-N(3) 89.7(3)
N(3A)-Ru(1)-N(4A) 96.0(3) 96.6(4) N(4)-Ru(1)-N(3) 80.2(3)
N(2A)-Ru(1)-N(4A) 93.4(3) 169.6(5) N(1)-Ru(1)-N(3) 91.3(3)
N(3B)-Ru(1)-N(4A) 169.9(3) 93.6(4) N(5)-Ru(1)-N(3) 96.7(3)
N(4B)-Ru(1)-N(4A) 78.4(3) 78.9(4) N(5)-Ru(1)-N(3) 173.3(3)
N(6B)-Ru(2)-N(7B) 93.1(3) 93.2(4)
N(6B)-Ru(2)-N(6A) 78.7(3) 79.4(5)
N(7B)-Ru(2)-N(6A) 93.4(3) 169.4(5)
N(6B)-Ru(2)-N(7A) 96.2(3) 93.8(4)
N(7B)-Ru(2)-N(7A) 79.5(3) 79.4(5)
N(6A)-Ru(2)-N(7A) 171.1(3) 93.4(5)
N(6B)-Ru(2)-N(5A) 94.1(3) 93.6(4)
N(7B)-Ru(2)-N(5A) 169.8(3) 95.8(4)
N(6A)-Ru(2)-N(5A) 95.1(3) 92.3(5)
N(7A)-Ru(2)-N(5A) 92.6(3) 171.3(5)
N(6B)-Ru(2)-N(5B) 169.0(3) 170.9(4)
N(7B)-Ru(2)-N(5B) 95.4(3) 92.7(4)
N(6A)-Ru(2)-N(5B) 93.9(3) 95.6(5)
N(7A)-Ru(2)-N(5B) 92.2(3) 94.0(5)
N(5A)-Ru(2)-N(5B) 78.3(3) 78.9(4)
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(phen)3]2+ in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O is
very different from that in [Ru(bpy)3]2[Cr(CN)6]X ‚8H2O. [Ru-
(phen)3]2+ in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O is
found to have as its three nearest neighbors [Cr(CN)6]3- within
10.2 Å (7.170, 9.190, and 10.190 Å), and three more within
13.1 Å (11.749, 12.805 and 13.053 Å). Figure 1 shows the
relative molecular geometry of [Cr(CN)6]3- surrounding [Ru-
(phen)3]2+ in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O. The
relative positions of the acceptor complexes [Cr(CN)6]3- in
relation to the donor complex [Ru(phen)3]2+ in [Ru(phen)3]2-
[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O are also very different from
those in relation to [Ru(bpy)3]2+ in [Ru(bpy)3]2[Cr(CN)6]X ‚
8H2O. In Table 3, the distance and relative position parameter
of the chromium(III) center and the [Ru(N-N)3]2+ are listed,
where |r| represents the distance between ruthenium(II) and
chromium(III) centers,θ is the angle between thex-axis and
the projection ofr to the x-y plane (the ligand bpy- or phen-
plane), andφ is the elevation angle from the bpy- or phen-
plane.14,18The six [Cr(CN)6]3- around [Ru(bpy)3]2+ are located
at equivalent positions relative to the donor complex in [Ru-
(bpy)3]2[Cr(CN)6]X ‚8H2O. The two [Cr(CN)6]3- are located in
the direction of the 4- and 4′-carbon atoms of the bpy ligand;
one is above the bpy-plane and the other is below it, respec-
tively.14 Figure 2(a) shows the relative geometry between [Ru-
(bpy)3]2+ and [Cr(CN)6]3-, whose distance is the shortest. In
[Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O, the chromium(III) ion is located
in the direction of|θ| ) 32.2° and|φ| ) 15.5°, and the Ru-Cr
distance|r| is 9.173 Å for site-A (|θ| ) 31.9°, |φ| ) 18.2°, and
|r| ) 9.244 Å for site-B). The 3-fold axis of the [Cr(CN)6]3-

points toward the ruthenium(II) ion. The other five chromium-
(III) ions are also the same relative position as the nearest one:
|θ| ) 26.0-36.6° (average) 31.6°), |φ| ) 15.5-21.8° (average
) 19.1°), and |r| ) 9.173-9.883 Å (average) 9.500 Å) for
site-A; and|θ| ) 27.0-35.2° (average) 31.5°), |φ| ) 18.2-
22.1° (average) 20.6°), and|r| ) 9.244-9.883 Å (average)
9.510 Å) for site-B. Thus, all the [Cr(CN)6]3- are in the outer
sphere of [Ru(bpy)3]2+, as shown in Figure 2(a). In contrast,
[Cr(CN)6]3- around [Ru(phen)3]2+ is located at the nonequiva-

lent position relative to the donor complex in [Ru(phen)3]2[Cr-
(CN)6]Cl‚2(CH3)2CO‚14H2O. Figure 2(b) shows the relative
geometry between [Ru(phen)3]2+ and [Cr(CN)6]3-, whose
distance is the shortest. The nearest chromium(III) ion to a
ruthenium(II) ion is located in the direction ofθ ) 88.3° andφ

) 22.0° from phen-I (orθ ) 26.0° andφ ) 43.1° from phen-
III) and at a distance of 7.170 Å from the ruthenium (II) ion.
Thus, the [Cr(CN)6]3- enters into the space of [Ru(phen)3]2+,(18) See Figure S-4 in Supporting Information.

Figure 1. Relative position of [Cr(CN)6]3- to [Ru(phen)3]2+ in [Ru(phen)3]2[Cr(CN)6]Cl-‚2(CH3)2CO‚14H2O.

Table 3. Relative Geometry Parameter in
[Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O and
[Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O

liganda Crb
|r|,
Åc

θ,
degc

φ,
degc

Cr-C,
Åd,e

[Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O
site-A bpy-II (N3) Cr6 9.393 28.0 17.7 4.871d

Cr5 9.276 -36.6 -21.8 4.872d

bpy-I (N2) Cr2 9.883 32.0 19.0 5.433d

Cr1 9.811 -26.0 -19.8 5.419d

bpy-III (N4) Cr4 9.465 34.8 21.0 5.080d

Cr3 9.173 -32.2 -15.5 4.604d

average 9.500 31.6 19.1 5.047d

site-B bpy-II′ (N6) Cr6 9.331 28.2 21.3 4.847d

Cr5 9.319 -35.2 -20.2 4.905d

bpy-I′ (N5) Cr2 9.883 33.0 21.5 5.335d

Cr1 9.872 -27.0 -20.3 5.454d

bpy-III′ (N7) Cr4 9.413 33.6 22.1 5.044d

Cr3 9.244 -31.9 -18.2 4.727d

average 9.510 31.5 20.6 5.050d

[Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O
phen-I Cr1 7.170 88.3 22.0 4.698e

(N1, N2) Cr4 10.190 -35.0 4.7 5.372e

Cr6 12.805 14.3 -25.8 8.263e

phen-II Cr2 11.749 9.6 33.0 7.919e

(N3, N4) Cr5 13.053 -40.3 8.0 8.320e

phen-III Cr1 7.170 26.0 43.1 4.959e

(N5, N6) Cr3 9.190 -45.0 -12.2 4.655e

a The figure after N is numbered the nitrogen atom of ligand-bpy or
-phen in CIF file.b See Figure 1.c See ref 14 or 18.d The distance
between the chromium(III) ion and the nearest carbon atom (4- or 4′-
carbon atom) of ligand bipyridine from the chromium(III) ion.e The
distance between the chromium(III) ion and the nearest carbon atom
of ligand phenanthroline from the chromium(III) ion.
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as shown in Figure 2(b). A bisector of NC-Cr-CN (the 2-fold
axis) in [Cr(CN)6]3- points toward the ruthenium(II) ion. It is
very surprising that the distance between the central metal ions
of [Ru(phen)3]2+ and [Cr(CN)6]3- (7.170 Å) is shorter by no
less than 2 Å than that of [Ru(bpy)3]2+ and [Cr(CN)6]3- (9.173
Å for site-A).

Absorption and Luminescence Spectra of [Ru(N-N)3]2+

and [Cr(CN)6]3-. The absorption and luminescence spectra of
[Ru(phen)3]2+ are similar to those of [Ru(bpy)3]2+. The absorp-
tion band at 21 700 cm-1 and the luminescence band near 16 000
cm-1 are assigned to1A1 f 1MLCT and 3MLCT f 1A1,
respectively (MLCT) metal-to-ligand charge-transfer excited
state). The absorption bands of the acceptor [Cr(CN)6]3- at
26 300 and 32 200 cm-1 are assigned to the spin-allowed d-d*

transitions of4A2g f 4T2g and4T1g, respectively. The lumines-
cence band at 12 500 cm-1 is assigned to2Eg f 4A2g. [Ru(N-
N)3]2+ can absorb the light of the visible region, while
[Cr(CN)6]3- cannot.14

Luminescence and Excitation Spectra of Double-Complex
Salts.Figure 3 shows the luminescence spectra of [Ru(bpy)3]2-
[Cr(CN)6]Cl‚8H2O and [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚
14H2O at 77 K irradiated at 21 700 cm-1 (460 nm). Both double-
complex salts emit from not only [Ru(N-N)3]2+, but also
[Cr(CN)6]3-. When the double-complex salts composed of [Ru-
(N-N)3]2+ and [Cr(CN)6]3- are irradiated with light of the visible
region, the [Ru(N-N)3]2+ can be excited selectively. Since the
luminescence of [Cr(CN)6]3- in a crystal of K3[Cr(CN)6] is

hardly observed by irradiation at 21 700 cm-1 at 77 K, the
luminescence from [Cr(CN)6]3- in the double-complex salts can
be assigned to the enhanced luminescence by the energy transfer
from [Ru(N-N)3]2+ to [Cr(CN)6]3-. This energy transfer is also
supported by the excitation spectra. Figure 4 shows the
luminescence and excitation spectra of [Ru(phen)3]Cl‚6H2O, K3-
[Cr(CN)6], and [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O at
77 K. The excitation spectrum monitored at the luminescence
maximum of [Cr(CN)6]3- in the crystal of [Ru(phen)3]2[Cr-
(CN)6]Cl‚2(CH3)2CO‚14H2O (dotted line in Figure 4(c)) is
similar to that of [Ru(phen)3]Cl‚6H2O (dotted line in Figure
4(a)), and it is very different from that of K3[Cr(CN)6] (dotted
line in Figure 4(b)). The same results can be obtained with
regard to [Ru(bpy)3]2[Cr(CN)6]X ‚8H2O.14

Luminescence Lifetime and Energy-Transfer Rate.The
emission intensity from [Cr(CN)6]3- in [Ru(phen)3]2[Cr(CN)6]-
Cl‚2(CH3)2CO‚14H2O is much smaller than that in [Ru(bpy)3]2-
[Cr(CN)6]Cl‚8H2O. In contrast, the luminescence intensity from
[Ru(N-N)3]2+ in the former salt is larger than that in the latter
one. These results indicate that the yield of energy transfer in
the former salt would be much smaller than that in the latter
salt. The lifetime of the3MLCT state of [Ru(N-N)3]2+ in various
crystals is summarized in Table 4. All decay curves at 77 K
are single exponential.19 Since the luminescence lifetimes of
[Ru(N-N)3]2+ in the single- and double-complex salts where
energy transfer cannot occur are almost constant at 77 K (3.6-
6.0 µs), the rate constant of energy transfer (kET) can be
evaluated using the luminescence lifetime of the energy donor
from eq 1:

whereτM andτ′M represent the lifetimes of donor [Ru(N-N)3]2+

in salts where energy transfer can occur and cannot occur,
respectively.9,14-16 The lifetime of [Ru(phen)3]2+ in [Ru-
(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O can be estimated to

(19) See Figure S-5 in Supporting Information.

Figure 2. Molecular geometry of [Ru(N-N)3]2+ and [Cr(CN)6]3- which
are closest each other; (a) [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O (b) [Ru-
(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O.

Figure 3. Luminescence spectra of double-complex salts at 77 K
(excited at 21 700 cm-1); (a) [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O (b) [Ru-
(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O.

kET ) 1/τM - 1/τ′M (1)
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be about 890 ns. This lifetime is much longer than that of [Ru-
(bpy)3]2+ in [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O (160 ns). The energy
migration between the donor’s complexes in the salts does not
contribute to the observed luminescence lifetime because the
donor’s lifetime in a pure crystal is much the same as that in a
doped crystal [M0.01Zn0.99(bpy)3]2[Cr(CN)6]Cl‚8H2O (M2+ )
Ru2+, Os2+).14 At 77 K, the thermally activated pathway of the
intramolecular transition from the3MLCT state (Ru2+) to the
3metal-center state (Ru2+) is ignored; it is not important because
the temperature is too low to bring about the transition.14 The
energy-transfer rates were estimated using eq 1, where 5 900
ns is used asτ′M in this work. The obtained rate constants are
also listed in Table 4. The rate constant of energy transfer in
[Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O (9.5× 105 s-1) is
one-order smaller than that in [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O
(6.0× 106 s-1). This result is particularly surprising in view of
the fact that the distance between the central metal ions of

ruthenium(II) and chromium(III) complexes in [Ru(phen)3]2-
[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O is about 2 Å shorter than the
distance in [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O. It is noted that, in
aqueous solutions, the quenching rate constants (kq) of the
luminescence of [Ru(N-N)3]2+ by [Cr(CN)6]3- are comparable
at 298 K; for example,kq ) 4.40 × 109 M-1 s-1 for
[Ru(phen)3]2+ and 3.97× 109 M-1 s-1 for [Ru(bpy)3]2+ at 0.04
M ionic strength.20

Relationship between Crystal Structure and Energy-
Transfer Rate. The energy-transfer rate constant depends
mainly upon the following three factors: (i) distance between
the donor and the acceptor, (ii) spectral overlap between the
donor’s luminescence spectrum and the acceptor’s absorption
spectrum, and (iii) relative orientation between the donor and
the acceptor.14 In this study, the spectral overlaps are similar
for [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O and [Ru(bpy)3]2-
[Cr(CN)6]Cl‚8H2O since the luminescence spectrum from the
3MLCT state of [Ru(phen)3]2+ is almost the same as that of
[Ru(bpy)3]2+ (see Figure 3). The results of X-ray structure
analysis show that the distance between the centers of the donor
and the acceptor in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O
is about 2 Å shorter than that in [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O
(see Table 3). Under this condition, it is expected that the
energy-transfer rate constant in the former salt would be much
larger than that in the latter salt based on the short distance and
the same spectral overlap. However, the experimental results
obtained in this work are the opposite of those expected.
Therefore, these results indicate that the energy-transfer rate
constant in the double-complex salts does depend on factor (iii),
which is the relative orientation between donor and acceptor.

We consider the orientation of [Ru(N-N)3]2+ and [Cr(CN)6]3-,
which are the closest each other. Figure 2 shows the molecular
geometry of [Ru(N-N)3]2+ and [Cr(CN)6]3-. In [Ru(bpy)3]2[Cr-
(CN)6]Cl‚8H2O, where the energy transfer can occur effectively,
the Cr atom is located in the direction of|θ| ) 32.2° and|φ| )
15.5° to [Ru(bpy)3]2+ and at 9.173 Å from the Ru atom (for
site-A). In other words, the Cr atom is located in the direction
of the 4-carbon atom of bpy from the Ru atom, and the elevated
angle (|φ|) of the Cr-(Ru-bpy plane) is 15.5°. A 3-fold axis
of [Cr(CN)6]3- points toward the Ru atom. On the other hand,
in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O, where a small
amount of energy transfer occurs, the Cr atom is located in the
direction of|θ| ) 88.3° and|φ| ) 22.0° from phen-I (or|θ| )
26.0° and |φ| ) 43.1° from phen-III) and at 7.170 Å from the
Ru atom. The Cr atom is located in the space between two phen
ligands of [Ru(phen)3]2+. A bisector of NC-Cr-CN in
[Cr(CN)6]3- points toward the Ru atom (see Figure 2).

In consideration of these results together, it is concluded that
the energy absorbed by [Ru(bpy)3]2+ can transfer effectively to
the [Cr(CN)6]3- located in the direction of the 4-carbon atom
of the bpy ligand and within 10 Å from the Ru atom in [Ru-
(bpy)3]2[Cr(CN)6]Cl‚8H2O, while the energy absorbed by [Ru-
(phen)3]2+ can transfer ineffectively to the [Cr(CN)6]3-, entering
the space between two phen ligands of [Ru(phen)3]2+ in [Ru-
(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O, even if the distance
between the Ru and Cr atoms is shorter than that in [Ru(bpy)3]2-
[Cr(CN)6]Cl‚8H2O by 2 Å.

Energy Transfer Mechanism. In general, two energy
transfer mechanisms have been proposed.21 One is called the
Dexter mechanism, in which energy transfer can occur by

(20) Iwamura, M.; Otsuka, T.; Kaizu, Y., submitted for publication.
(21) Energy Transfer Processes in Condensed Matter; Di Bartolo, B., Ed.;

Plenum Press: New York, 1984.

Figure 4. Luminescence (solid line) and excitation spectra (dot line)
of the crystals at 77 K; (a) [Ru(phen)3]Cl2‚6H2O (monitored at 16 100
cm-1), (b) K3[Cr(CN)6] (monitored at 12 300 cm-1), and (c) [Ru-
(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O (monitored at 12 300 cm-1).

Table 4. Lifetime and Decay Rate of3CT State of [Ru(N-N)3]2+

(N-N ) bpy, phen) and Estimated Rate Constant of Energy Transfer
(kET) in Various Crystals at 77 K

sample
lifetime,

ns

decay
rate,

106 s-1
kET,

106 s-1

[Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O 160 6.3 6.0
[Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚14H2O 890 1.1 0.95
[Ru(bpy)3]Cl2‚6H2O 5500 0.18
[Ru(bpy)3]SO4‚8H2O 3800 0.26
[Ru(bpy)3]I 2‚6H2O 3600 0.28
[Ru(bpy)3]2[Co(CN)6]Cl‚8H2O 5900 0.17
1%Ru2+:

[Zn(bpy)3]2[Co(CN)6]Cl‚8H2O
5900 0.17

[Ru(phen)3]Cl2‚6H2O 6000 0.17
[Ru(phen)3]SO4‚10H2O 6000 0.17
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electron exchange interaction.22,23 The other is the Fo¨rster
mechanism, in which the transfer is brought about by a dipole-
dipole interaction.24-27

In the double-complex salts of [M(bpy)3]2[Cr(CN)6]Cl‚8H2O
(M2+ ) Ru2+, Os2+), it is concluded that the energy transfer is
brought about by the Dexter mechanism.14 This is because (i)
the spectrum of the donor’s luminescence overlaps negligibly
with that of the acceptor’s absorption, because the energy of
the maximum luminescence of donor (about 570 nm) is very
different from that of the absorption maximum of the acceptor
(about 800 nm), and the acceptor’s absorption band,2Eg, is very
narrow, and (ii) the molar extinction coefficient of the2Eg state
of [Cr(CN)6]3- is enormously small (about 0.1 M-1 cm-1). The
distance between the Cr atom to the carbon atom of the bpy
ligand is less than 5 Å (4.604 Å) although the Ru-Cr distance
is more than 9 Å (9.173 Å), therefore, it is reasonable that the
d-orbital of Cr(III) ion overlaps with theπ-orbital of the bpy
ligand.

The intermolecular energy transfer in [Ru(phen)3]2[Cr(CN)6]-
Cl‚2(CH3)2CO‚14H2O should also be brought about by the
Dexter mechanism, since this system also possesses the same
conditions of (i) and (ii), and the distance between the Cr atom
to the carbon atom of the phen ligand is also less than 5 Å

(4.655 Å), although the relative geometry is not suitable for
effective energy transfer.

Concluding Remarks

Based on X-ray structure analysis, the distance between the
Ru and Cr atoms in [Ru(phen)3]2[Cr(CN)6]Cl‚2(CH3)2CO‚
14H2O (7.170 Å) is about 2 Å shorter than that in [Ru(bpy)3]2-
[Cr(CN)6]Cl‚8H2O (9.173 Å). However, the rate constant of
energy transfer in the former salt (9.5× 105 s-1) is far smaller
than that in the latter salt (6.0× 106 s-1). These results indicate
that the energy transfer strongly depends on the relative
orientation between the donor and the acceptor in the double-
complex salts. It is suggested that energy transfer can occur
easily when the chromate(III) complex is located in the direction
of the 4-carbon atom of the bpy ligand in [Ru(bpy)3]2[Cr(CN)6]-
Cl‚8H2O, while the transfer occurs less efficiently when the
chromate(III) complex enters the space between the planes of
the phen ligand of [Ru(phen)3]2+ in [Ru(phen)3]2[Cr(CN)6]Cl‚
2(CH3)2CO‚14H2O, even if the distance between the Ru and
Cr atoms is shorter than that in [Ru(bpy)3]2[Cr(CN)6]Cl‚8H2O
by 2 Å.
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