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ABSTRACT: Coordination polymerization reactions between
ruthenium(II) metalloligands [Ru(n,n′-dcbpy)]4− ([nRu]; n =
4, 5; n,n′-dcbpy = n,n′-dicarboxy-2,2′-bipyridine) and several
divalent metal salts in basic aqueous solutions afforded porous
luminescent complexes formulated as [Mg(H2O)6]{[Mg-
(H2O)3][4Ru]·4H2O} (Mg2[4Ru]·13H2O), [Mg2(H2O)9]-
[5Ru]·10H2O (Mg2[5Ru]·19H2O), {[Sr4(H2O)9][4Ru]2·
9H2O} (Sr2[4Ru]·9H2O)2, {[Sr2(H2O)8][5Ru]·6H2O}
(Sr2[5Ru]·14H2O), and {[Cd2(H2O)2][5Ru]·10H2O}
(Cd2[5Ru]·12H2O). Single-crystal X-ray structural analyses
revealed that the divalent metal ions were commonly
coordinated by the carboxyl groups of the [nRu] metal-
loligand, forming porous frameworks with a void fraction
varying from 11.4% Mg2[4Ru]·13H2O to 43.9% Cd2[5Ru]·
12H2O. M2[4Ru]·nH2O showed a reversible structural transition accompanied by water and methanol vapor adsorption/
desorption, while the porous structures ofM2[5Ru]·nH2O were irreversibly collapsed by the removal of crystal water. The triplet
metal-to-ligand charge-transfer emission energies of M2[4Ru]·nH2O were lower than those of [4Ru] in aqueous solution,
whereas those of M2[5Ru]·nH2O were close to those of [5Ru] in aqueous solution. These results suggested that the position of
the coordination site in the metalloligand played an important role not only on the structure of the porous framework but also on
the structural flexibility involving the guest adsorption/desorption properties.

■ INTRODUCTION

Porous coordination polymers (PCPs) or metal−organic
frameworks (MOFs) have drawn considerable attention in
recent decades because of their controllable porous frame-
works,1 interesting gas and vapor adsorption properties,2 and
catalytic activity,3 among other properties.4 Until now, various
metal ions and organic bridging ligands have been utilized to
achieve a larger surface area and/or diameter of the porous
channels,5 to enhance the host−guest interaction,6 and to
introduce a catalytic center in the porous frameworks.3,7 Some
PCPs show structural transitions accompanied with guest
adsorption/desorption,8 derived from the moderate coordina-
tion bond strength of metal ions. The variable coordination
environment of the metal ions is one of the most important
characteristic features of PCPs compared to other porous
materials. Therefore, interesting physical properties based on

the designable porous framework of PCPs by the selection/
modification of the metal ion and/or organic ligand are
possible. In addition, a powerful method to introduce new
functionalities to PCPs is to utilize metal complexes as the
bridging ligands.9−11 For instance, Kitaura et al. reported on
PCPs with coordinatively unsaturated metal centers fabricated
from metallo Schiff bases, with [M(salphdc)]2− [M = Ni2+,
Cu2+; H4salphdc = N,N′-phenylenebis(salicylideneimine)-
dicarboxylic acid] as the metalloligand.10

From the viewpoint of versatility regarding the physical
properties, [M(bpy)3]

n+ (M = Fe, Co, Ru, etc.; bpy = 2,2′-
bipyridine) complexes and their derivatives are some of the
most fascinating building blocks to construct multifunctional
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PCPs. This is because of their interesting properties, including
photoluminescence,12 reversible redox activities,13 spin-cross-
over properties,14 and O2- and H2-evolving catalytic activities.

15

Several examples have recently been reported by Lin and co-
workers; they demonstrated several interesting photocatalytic
activities and energy-transfer dynamics in ruthenium(II) and
osmium(II) metalloligand based MOFs.11 Generally, most
photophysical phenomena are known to be sensitive to the
environment of the functional molecule (e.g., solvent, temper-
ature, and existence of a quencher). Thus, incorporating
photofunctional molecules into flexible PCPs may be a
promising method to develop new environmentally responsive
materials with high sensitivity.
We recently reported on cobalt(III) metalloligand based

PCPs, {Ln[Co(4,4′-dcbpy)3]} (Ln = La3+, Nd3+, Gd3+; 4,4′-
H2dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) and found that the
porous frameworks are flexible enough to allow the trans-
formation of their crystal structures when accompanied by
guest adsorption/desorption.16 In this work, we chose a similar
tris(bipyridyl)-type ruthenium(II) metalloligand bearing six
carboxyl groups in one molecule, [Ru(n,n′-dcbpy)3]4− (Scheme
1; n = 4, 5; [4Ru], [5Ru]), as the photofunctional building

block to introduce new photofunctions into such flexible PCP
systems. Alkaline-earth and the zinc group metal ions were
selected for coordination polymerization reactions because of
their closed-shell d0 or d10 electronic configurations that retain
the emission properties of the ruthenium(II) metalloligands. In
addition, the various coordination modes of larger metal ions
such as Sr2+ and Cd2+ may be able to contribute to the
construction of flexible PCPs. Herein, we report on the
syntheses, crystal structures, luminescence properties, and
vapor-induced reversible structural transitions of new lumines-
cent PCPs formulated as [Mg(H2O)6]{[Mg(H2O)3][4Ru]}·
4H2O (Mg2[4Ru]·13H2O), [Mg2(H2O)9][5Ru]·10H2O
(Mg2[5Ru]·19H2O), {[Sr4(H2O)9][4Ru]2·9H2O} (Sr2[4Ru]·
9H2O)2, {[Sr2(H2O)8][5Ru]·6H2O} (Sr2[5Ru]·14H2O), and
{[Cd2(H2O)2][5Ru]·10H2O} (Cd2[5Ru]·12H2O). In addi-
tion, we demonstrate that the structural flexibilities of these
PCPs are strongly dependent on the position of the carboxyl
group in the metalloligand.

■ EXPERIMENTAL SECTION
Syntheses. All starting materialsRuCl3·3H2O, Mg(NO3)2·6H2O,

Mg(CH3COO)2·4H2O, SrCl2·6H2O, Cd(NO3)2·4H2O, 5,5′-dimethyl-
2,2′-bipyridine, and 4-methylpyridinewere used as received from
commercial sources. Solvents were used without any further
purification. Unless otherwise stated, all reactions were performed in
air. Ruthenium(II) metalloligands[Ru(4,4′-Hdcbpy)3] and [Ru-
(5,5′-Hdcbpy)3]were prepared according to published methods.17,18

Elemental analysis was performed at the analysis center of Hokkaido
University.

Synthesis of [Mg(H2O)6]{[Mg(H2O)3][4Ru]·4H2O} (Mg2[4Ru]·
13H2O). [Ru(4,4′-Hdcbpy)3] (25 mg, 30 μmol) was dissolved in a
mixed solution of triethanolamine (0.075 mL) and water (3 mL). To
the resulting clear red solution was slowly diffused in a straight glass
tube at 323 K an EtOH solution (5 mL) of Mg(CH3COO)2·4H2O
(21.1 mg, 100 μmol). Red single crystals of Mg2[4Ru]·13H2O were
obtained after 10 days. The crystals were collected by filtration, washed
with a small amount of water, and then dried in air for 1 day to afford
Mg2[4Ru]·13H2O (28.4 mg) in 91% yield based on [Ru(4,4′-
Hdcbpy)3]. Elem anal. Calcd. for C36H18N6O12RuMg2·13H2O: C,
38.94; H, 3.99; N, 7.57. Found: C, 38.84; H, 4.19; N, 7.51. IR (KBr,
cm−1): 3367 s, 1596 s, 1542 s, 1434 m, 1407 m, 1380 s, 1292 w, 1262
w, 1235 m, 1160 w, 1130 w, 1025 w, 908 w, 877 w, 780 m, 699 m, 459
w, 417 w.

Synthesis of {[Sr4(H2O)9][4Ru]2·9H2O} [(Sr2[4Ru]·9H2O)2]. [Ru-
(4,4′-Hdcbpy)3] (25 mg, 30 μmol) was dissolved in a mixed solution
of triethanolamine (0.075 mL) and water (3 mL). To the resulting
clear red solution was slowly diffused in a straight glass tube at 323 K
an EtOH solution (5 mL) of SrCl2·6H2O (26.3 mg, 100 μmol). Red
single crystals of Sr2[4Ru]·9H2O were obtained after 10 days. The
crystals were collected by filtration, washed with a small amount of
water, and then dried in air for 1 day to afford Sr2[4Ru]·9H2O (28.7
mg) in 96% yield based on [Ru(4,4′-Hdcbpy)3]. Elem anal. Calcd for
C36H18N6O12RuSr2·9H2O: C, 37.11; H, 3.11; N, 7.21. Found: C,
37.10; H, 3.22; N, 7.49. IR (KBr, cm−1): 3400 m, 2360 w, 2330 w,
1601 s, 1543 m, 1430 w, 1406 m, 1380 s, 1296 w, 1235 w, 1033 w, 915
w, 862 w, 788 m, 709 w, 671 w, 448 w.

Synthesis of [Mg2(H2O)9][5Ru]·10H2O (Mg2[5Ru]·19H2O). [Ru-
(5,5′-Hdcbpy)3]·3H2O (16.6 mg, 19 μmol) was dissolved in a mixed
solution of triethanolamine (2 mL) and water (50 μL). To the
resulting clear orange-red solution was slowly diffused in a straight
glass tube at 298 K an EtOH solution (0.5 mL) of Mg(NO3)2·6H2O
(15.2 mg, 60 μmol). Red single crystals of Mg2[5Ru]·19H2O were
obtained after a few days. The crystals were collected by filtration and
washed with a small amount of EtOH to afford Mg2[5Ru]·19H2O
(10.0 mg) in 41% yield based on [Ru(5,5′-Hdcbpy)3]. Elem anal.
Calcd for C36H18N6O12RuMg2·19H2O: C, 35.48; H, 4.63; N, 6.90.
Found: C, 35.07; H, 4.27; N, 6.98. IR (KBr, cm−1): 3324 w, 1616 s,
1586 s, 1557 s, 1481 m, 1384 s, 1169 m, 1135 m, 1051 m, 842 m, 779
m, 704 m.

Synthesis of {[Sr2(H2O)8][5Ru]·6H2O} (Sr2[5Ru]·14H2O). [Ru(5,5′-
Hdcbpy)3]·3H2O (50.0 mg, 57 μmol) was dissolved in a mixed
solution of triethanolamine (150 μL) and water (6 mL). To the
resulting clear orange-red solution was slowly diffused in a straight
glass tube at 323 K an EtOH solution (6 mL) of SrCl2·6H2O (42.0 mg,
198 μmol). Red single crystals of Sr2[5Ru]·14H2O were obtained after
a few days. The crystals were collected by filtration, washed with a
small amount of EtOH, and then dried in air for 1 day to afford
Sr2[5Ru]·14H2O (55.6 mg) in 97% yield based on [Ru(5,5′-
Hdcbpy)3]. Elem anal. Calcd for C36H18N6O12RuSr2·14H2O: C,
34.45; H, 3.69; N, 6.70. Found: C, 34.54; H, 3.69; N, 6.68. IR
(KBr, cm−1): 3374 w, 1612 s, 1586 s, 1553 s, 1486 s, 1380 s, 1172 m,
1133 m, 1039 m, 933 m, 850 m, 780 m, 707 m.

Synthesis of {[Cd2(H2O)2][5Ru]·10H2O} (Cd2[5Ru]·12H2O). [Ru-
(5,5′-Hdcbpy)3]·3H2O (50.0 mg, 56 μmol) was dissolved in a mixed
solution of triethanolamine (50 μL) and water (6 mL). To the
resulting clear orange-red solution was slowly diffused in a straight
glass tube at 298 K an EtOH solution (6 mL) of Cd(NO3)2·6H2O
(68.2 mg, 198 μmol). Red single crystals of Cd2[5Ru]·12H2O were
obtained after a few days. The crystals were collected by filtration,
washed with a small amount of EtOH, and then dried in air for 1 day
to afford Cd2[5Ru]·12H2O (18.2 mg) in 25.6% yield based on
[Ru(5,5′-Hdcbpy)3]. Elem anal. Calcd for C36H18N6O12RuCd2·
12H2O: C, 34.08; H, 3.34; N, 6.62. Found: C, 34.16; H, 3.22; N,
7.09. IR (KBr, cm−1): 3385 w, 1612 s, 1589 s, 1554 s, 1484 m, 1375 s,
1164 m, 1130 m, 1037 m, 832 m, 849 m, 776 m, 707 m.

Photophysical Measurements. The UV−vis adsorption spec-
trum of each complex was recorded on a Shimadzu UV-2400PC

Scheme 1. Structure Representations of Isomeric
Ruthenium(II) Metalloligands [4Ru] and [5Ru]
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spectrophotometer. The diffuse-reflectance spectrum of each complex
was recorded on the same spectrophotometer equipped with an
integrating sphere apparatus. The obtained reflectance spectra were
converted to absorption spectra using the Kubelka−Munk function
F(R∞). Emission and excitation spectra were recorded under various
conditions on a Jasco FP-6600 spectrofluorometer. The sample
temperature was controlled by a Jasco ETC-273 Peltier-type
temperature controller. About 1 mg of the sample was placed between
two nonluminescent quartz plates. The typical slit widths of excitation
and emission light were 5 and 6 nm, respectively. The emission
lifetimes of all of the samples in the solid state were recorded using a
Hamamatsu C4780 ps fluorescence lifetime measurement system
equipped with a nitrogen laser light source (λ = 337.1 nm). The
luminescence quantum efficiency was recorded on a Hamamatsu
C9920-02 absolute photoluminescence quantum yield measurement
system equipped with an integrating sphere apparatus and a 150-W
continuous-wave xenon light source.
Single-Crystal X-ray Structural Determination. Single-crystal

X-ray diffraction measurements for Mg2[4Ru]·13H2O, (Sr2[4Ru]·
9H2O)2, and Cd2[5Ru]·12H2O were performed using a Rigaku
Mercury CCD diffractometer at the NW2A beamline [λ = 0.6890(1)
Å] of the Advanced Ring, Photon Factory, KEK, Japan. The
measurements for Mg2[5Ru]·19H2O and Sr2[5Ru]·14H2O were
performed using the same type of diffractometer with a graphite-
monochromated Mo Kα radiation (λ = 0.71069 Å) and a rotating-
anode generator. Each single crystal was mounted on a MicroMount
with paraffin oil. A nitrogen-gas-flow temperature controller was used
to cool the sample. The diffraction data were collected and processed
using CrystalClear.19 The structure was solved by direct methods using
SIR200420 and refined by full-matrix least squares using SHELXL-97.21

The non-H atoms were refined anisotropically, while H atoms were
refined using the riding model. All calculations were performed using
the Crystal Structure crystallographic software package.22 The obtained
crystallographic data for each complex are summarized in Table 1.
Selected bond lengths around the [nRu] metalloligand are listed in
Table S1 (Supporting Information, SI). The coordination environment
of the M2+ ion and the data about the porosity of each M2[nRu] are
summarized in Table 2. Estimation of the void volume in each
complex was calculated by Platon SQUEEZE,23 wherein the non-
coordinated water molecules were excluded (but coordinated water
molecules were included) in the calculation.

Powder X-ray Diffraction (PXRD). PXRD measurements were
carried out using a Rigaku SPD diffractometer at beamline BL-8B of
the Photon Factory, KEK, Japan. The wavelength of the synchrotron
X-ray was 0.9985(1) Å. The sample was placed in a glass capillary of
0.5 mm diameter. The relative humidity (RH) inside each capillary was
controlled by using saturated salt solutions (LiCl, KCH3COO, K2CO3,
NaCl, and KCl for RH = 11, 23, 43, 75, and 85%, respectively)24 as the
water-vapor source.

Adsorption Isotherms. The adsorption isotherms for water and
methanol vapors at 298 K were performed using an automatic
volumetric adsorption apparatus (BELSORP-MAX; BEL Japan, Inc.)

Thermogravimetric Analysis (TGA). TGA and differential
thermal analysis were performed using a Rigaku ThermoEvo
TG8120 analyzer.

■ RESULTS AND DISCUSSION

Crystal Structures of [4Ru]-Based PCPs. To design a
wide variety of porous frameworks, we used two isomeric

Table 2. Coordination Environment of M2+ Ions and Data of Porous Frameworks of M2[nRu]

Mg2[4Ru] Mg2[5Ru] Sr2[4Ru] Sr2[5Ru] Cd2[5Ru]

Mg1 Mg2 Mg1 Mg2 Sr1 Sr2 Sr3 Sr4 Sr1 Sr2 Cd1 Cd2
coordination no. of M2+ 6 6 6 6 9 7 7 8 7 8 8 5(6)b

no. of water molecules coordinated to M2+ 3 6 5 4 3 1 2 5 3 7 0 2
void fraction (%) 11.4 24.3 15.0 17.9 43.9
void space in one unit cella (Å3) 809 607 1332 431 2451
pore size (Å) 4.2 × 3.7 3.4 × 5.2 4.0 × 4.0 2.6 × 2.3 12.3 × 6.7

aCalculated by Platon SQUEEZE.24 Noncoordinated water molecules are excluded from the calculations. bThis cadmium was disordered at two sites.

Figure 1. (a) Coordination structures of Mg2+ and Ru2+ cations, (b) 2D layer structure of {[Mg(H2O)3][4Ru]}
2‑ in the ab plane, and (c) stacking

structure viewed along the a axis of Mg2[4Ru]·13H2O. The coordination spheres of RuII and MgII ions are shown as blue and orange octahedra,
respectively. Brown, light blue, and red ellipsoids represent C, N, and O atoms, respectively. Noncoordinated water molecules and H atoms are
omitted for clarity.
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ruthenium(II) metalloligands, [4Ru] and [5Ru]. The different
positions of the carboxyl groups in the dcbpy ligand should play
an important role in the design of the porous framework. In this
section, we discuss two PCPs fabricated from the [4Ru]
metalloligand, bearing six carboxyl groups, with each group
positioned at the top of the coordination octahedron of the RuII

center. Figure 1a shows the coordination environment of the
Mg2+ cation and the [4Ru] metalloligand ofMg2[4Ru]·13H2O.
This complex crystallized in the trigonal R32 space group and
one RuII cation, two MgII cations, and one 4,4′-dcbpy ligand
were found to be crystallographically independent. Because the
Ru1 atom was found to be on the 3-fold helix axis, three 4,4′-
dcbpy ligands in one [4Ru] anion are equivalent to each other.
The observed Ru−N bond lengths [2.057(3) and 2.057(4) Å]
are almost similar to the starting metalloligand [4Ru] (2.046−
2.068 Å),17 indicating that the Ru cation remains in the divalent
oxidation state. Interestingly, only one enantiomer, Δ-[Ru(4,4′-
dcbpy)3]

4−, was found in this crystal structure, consistent with
the acentric space group (R32). The observed C−O bond
distances ranging between 1.244(5) and 1.261(6) Å suggest
that all of the carboxyl groups are deprotonated and three of
the six are bonded to MgII cations in the monodentate mode, as
shown in Figure 1a. Two types of MgII cations with six-
coordinated octahedral structure were found. One type, located
on the 3-fold helical axis, is bound by three carboxyl groups and
three water molecules (which occupied the fac positions) to
form two-dimensional (2D) honeycomb-like coordination
networks, {[Mg(H2O)3[4Ru]}n

2n−, in the ab plane, as shown
in Figure 1b. As a result, the uncoordinated carboxylates of
[4Ru] are exposed on both surfaces of the 2D coordination
sheet. The other six-coordinated octahedral structure of the

Mg2+ cation is surrounded by six-coordinated water molecules
and located between two 2D coordination sheets of {[Mg-
(H2O)3[4Ru]}n

2n−, as shown in Figure 1c. A void space of
∼809 Å3 (11.4% void fraction), as calculated by Platon
SQUEEZE,24 was found in the [Mg(H2O)6]

2+ layer. Consid-
ering the results of elemental analysis and the water vapor
adsorption isotherm (Figure 7), this void space is probably
occupied by more than four water molecules per [4Ru]
metalloligand.
We used several different metal ions in the syntheses of

[nRu]-based PCPs to control not only the porous structure but
also the structural flexibility. Parts a and b of Figure 2 show the
coordination modes of two independent [4Ru] in (Sr2[4Ru]·
9H2O)2. This complex crystallized in the monoclinic P21/c
space group, and two crystallographically independent [4Ru]
metalloligands and four Sr2+ cations were found in one unit cell.
Similar to Mg2[4Ru]·13H2O, the observed Ru−N bond
distances [2.043(4)−2.082(4) Å] suggest that the oxidation
state of the Ru centers remains in the divalent state. In contrast
to the chiral crystal of Mg2[4Ru]·13H2O, (Sr2[4Ru]·9H2O)2
formed a racemic crystal composed of the Λ and Δ isomers of
[4Ru]. As shown in Figure 2a, one [4Ru] metalloligand
(labeled as Ru1) was bonded to nine Sr2+ cations. The observed
C−O bond lengths for all of the carboxyl groups were in the
range of 1.235(12)−1.278(6) Å, suggesting that all of the
carboxyl groups of [4Ru] were deprotonated.17 Three of the six
carboxyl groups were not only bonded in the bidentate mode
but also bridged between two Sr2+ cations. Two of the
remaining carboxyl groups were bonded to Sr2+ cations in
simple monodentate mode and one carboxyl group was bonded
to Sr2+ cation in the bidentate mode. In contrast, another

Figure 2. Coordination environments of (a and b) two crystallographically independent [4Ru] and (c and d) four Sr2+ cations. (e) Packing diagram
of (Sr2[4Ru]·9H2O)2 viewed along the b axis. The coordination spheres of the Ru

II and SrII ions are shown as blue and green octahedra, respectively.
Brown, light-blue, and red ellipsoids represent C, N, and O atoms, respectively. Noncoordinated water molecules and H atoms are omitted for
clarity.
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crystallographically independent [4Ru] metalloligand (labeled
as Ru2) was surrounded by only six Sr2+ cations, as shown in
Figure 2b. All C−O bond lengths [1.227(8)−1.284(9) Å] also
indicate that all six carboxyl groups were in the deprotonated
form. Interestingly, one of the six carboxyl groups was not
coordinated to any cations. Four of the carboxylate groups were
coordinated in a simple monodentate fashion, and only one
carboxyl group was bonded in a bidentate fashion, in which one
O atom was bridged between two Sr2+ cations. Parts c and d of
Figure 2 show the coordination environments of four
crystallographically independent Sr2+ cations. Sr1 and Sr2
were bridged by three O atoms of the carboxyl groups from
three different [4Ru] metalloligands, which were also
coordinated to Sr1 in a bidentate fashion. Three water
molecules were also bonded to Sr1, resulting in the nine-
coordinated polyhedral structure. In contrast, only one water
molecule was bonded to Sr2, together with three monodentate
carboxyl groups of [4Ru], to form a seven-coordinated
structure. As a result, this dinuclear Sr core was coordinated
by six [4Ru] metalloligands. The other two Sr2+ cations, Sr3
and Sr4, also formed a dinuclear core bridged by one water
molecule and one O atom from the carboxyl group of [4Ru].
This bridging carboxyl group also coordinated to Sr4 in a
bidentate fashion. In addition to the bridging water molecule,
four water molecules and one monodentate carboxyl group
were bonded to Sr4 to form an eight-coordinated polyhedral
structure. In contrast, only one terminal water molecule and
two bidentate and one monodentate carboxyl groups
coordinated to Sr3 to form a seven-coordinated structure.
Because of the coordination polymerization of the [4Ru]
metalloligand by the Sr2+ cations, a three-dimensional (3D)
coordination network structure was formed, as shown in Figure
2e. Notably, small one-dimensional (1D) void spaces with ∼4.0
Å diameter along the b axis were found at the center, corners of
the ac plane, and midpoints of the a and c axes. Several
noncoordinated crystal water molecules were found in these
voids by X-ray analysis. The estimated void volume excluding
noncoordinated crystal water molecules was 1332 Å3 (15.0%
void fraction) in one unit cell.
As discussed above, there are large differences in the crystal

structures between Mg2[4Ru]·13H2O and (Sr2[4Ru]·9H2O)2,
even though both use the same metalloligand [4Ru]. This
metalloligand forms a 2D coordination sheet structure by the
reaction with the Mg2+ cation, while the reaction with the Sr2+

cation leads to the formation of a 3D network structure. These
differences are probably due to the large differences in the
hydration enthalpy and ionic radius between the two cations. In
fact, the Mg2+ cations in Mg2[4Ru]·13H2O were coordinated
by three or six water molecules, whereas the Sr2+ cations in
(Sr2[4Ru]·9H2O)2 are surrounded by at most three coordi-
nated water molecules. It should be noted that both PCPs have
large amounts of coordinated and noncoordinated water
molecules accompanied by small void spaces with a void
fraction of 11.4% for Mg2[4Ru]·13H2O and 15.0% for
(Sr2[4Ru]·9H2O)2. These void spaces and fractions suggest
that both compounds can have vapor adsorption abilities.

Crystal Structures of [5Ru]-Based PCPs. Because the
ruthenium(II) metalloligand [5Ru] is one of the geometrical
isomers of [4Ru], its six carboxyl groups are at different
positions from those of [4Ru]. Considering the difference in
the molecular structures of these [nRu], the [5Ru] metal-
loligand may act as a quasi-1D pillar ligand, while [4Ru] acts as
a 3D connecting ligand. From this point of view, we
investigated the syntheses of porous frameworks fabricated on
the [5Ru] metalloligand. Figure 3a shows the coordination
environments of Ru2+ and Mg2+ cations of Mg2[5Ru]·19H2O.
This complex crystallized in the triclinic P1̅ space group. Only
one Ru2+, two Mg2+ cations, and three dcbpy ligands were
found to be crystallographically independent. Moreover, the
observed Ru−N bond distances [2.053(3)−2.068(3) Å]
indicate that the oxidation state of the RuII center was not
changed in the reaction with the magnesium salt. Interestingly,
the two enantiomers, Λ- and Δ-[5Ru], were connected by two
Mg2+ cations, as shown in Figure 3a. The observed C−O bond
lengths [1.225(6)−1.266(5) Å] suggests that all of the carboxyl
groups were deprotonated to form the [5Ru]4− anion. Only
two of the six carboxyl groups of the [5Ru] metalloligand
coordinate to the different Mg1, Mg2, and Mg2′ cations. One
carboxyl group is coordinated to Mg2′ in a monodentate
fashion. The other carboxyl group is bridged between the Mg1
and Mg2 cations. These Mg2+ cations have a six-coordinated
octahedral geometry, as is commonly observed. The coordina-
tion site of Mg1 is occupied by one carboxyl O atom and five
water molecules. Mg2 is coordinated by four water molecules
and two carboxyl O atoms at the cis position to form the Mg2+-
br idged d imer ized s t ruc ture {[Mg(H2O)5]2[Mg-
(H2O)4]2[5Ru]2}. As a result, no coordination-polymer
structure was formed in this complex, which is in contrast to

Figure 3. (a) Dimerized structure and (b and c) crystal packing viewed along the a and c−b axes of Mg2[5Ru]·19H2O, respectively. The
coordination spheres of the RuII and MgII ions are shown as blue and orange octahedra, respectively. Brown, light-blue, and red ellipsoids represent
C, N, and O atoms, respectively. Noncoordinated water molecules and H atoms are omitted for clarity.
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the [4Ru]-based PCP, Mg2[4Ru]·13H2O. Along the b axis, an
alternately stacked structure fabricated from the [Mg(H2O)n]

2+

cations and [5Ru]4− anions formed, as shown in Figure 3b. In
spite of the lack of a coordination-polymer structure, small void
space was found along the c−b axis, as shown in Figure 3c, and
the void fraction in one unit cell was estimated to be 24.3%
(607 Å3) by Platon SQUEEZE. As expected from the result of
elemental analysis, six crystal (noncoordinated) water mole-
cules were found in this crystal structure. Four were hydrogen-
bonded to the O atom of the noncoordinated carboxyl groups
and/or water molecules bound at the Mg2+ cation.
Figure 4a shows the coordination environment of the [5Ru]

metalloligand in the Sr2[5Ru]·14H2O complex. This complex

crystallized in the triclinic P1̅ space group. In the unit cell, one
Ru2+ cation, two Sr2+ cations, and three dcbpy ligands were
found to be crystallographically independent. The observed
Ru−N bond distances were in the range of the typical RuII−N
distance [2.044(7)−2.077(7) Å], indicating the divalent
oxidation state, similar to that of the other [nRu]-based
PCPs. The observed C−O bond distances were also in the
range of the typical deprotonated carboxylate form. One of the
three dcbpy ligands was found to coordinate to two different

Sr2+ cations, Sr1 and Sr2, by carboxyl groups. The second was
bonded to one Sr2+ cation in a monodentate fashion. The final
dcbpy ligand did not coordinate to any metal cations. The
coordination sites of Sr1 were occupied by four carboxyl O
atoms and three water molecules to form a seven-coordinated
polyhedral structure, as shown in Figure 4b. Two of the three
water molecules were bridged between two Sr1 cations,
containing the crystallographic inversion center at the
midpoint. In contrast, the other Sr2+ cation, Sr2, was
coordinated by only one carboxyl O atom and seven water
molecules, as shown in Figure 4a. In other words, the Sr2 cation
did not act as the bridging metal ions between the two [5Ru]
metalloligands; instead, it acted as the terminal end of the
coordination polymer fabricated from [5Ru] and the Sr1
cations. This configuration resulted in the formation of a 2D
coordination sheet structure, as shown in Figure 4c (please
note that there is no coordination bond crossing the ab plane).
Similar to the other [nRu]-based PCPs, a small void space was
found along the b axis between the 2D coordination sheets.
The diameter of this 1D pore was estimated to be less than 3 Å.
Parts a−c of Figure 5 show the crystal structure of

Cd2[5Ru]·12H2O. This complex crystallized in the monoclinic
P21/c space group. There were one crystallographically
independent Ru2+ cation, two Cd2+ cations, and three dcbpy
ligands in the unit cell. The enantiomers, Λ- and Δ-[5Ru],
formed one racemic crystal by the coordination polymerization
reaction with the Cd2+ cation. Similar to the other [nRu]-based
PCPs, the observed Ru−N bond distances [2.056(6)−2.082(5)
Å] indicated that the Ru center remained in the divalent
oxidation state. The observed C−O bond distances also suggest
that all of the carboxyl groups of [5Ru] were deprotonated. In
contrast to the other [5Ru]-based complexes, all carboxyl
groups were found to coordinate to the Cd2+ cations, as shown
in Figure 5a. One of the six carboxyl groups was bonded in the
monodentate mode, while four carboxyl groups were
coordinated in a bidentate mode. The final carboxyl group
not only was bonded in the bidentate mode but also was
bridged between two Cd2+ cations. Figure 5b shows the
coordination environment of two crystallographically inde-
pendent Cd2+ cations. Cd1 formed an eight-coordinated
polyhedral structure with four sets of bidentate carboxylates
from [5Ru]. In contrast, Cd2 was found to be disordered at
two positions. However, both sites were trigonal-bipyramidal.
The three coordination sites of Cd2 in the basal plane were
occupied by two water molecules and one carboxylate in a
monodentate fashion. The two axial positions were occupied by
one bridging carboxylate and one carboxylate with either
monodentate or bidentate binding, resulting in disorder of the
Cd2 cation at the two sites. Interestingly, a relatively large 1D
void space was formed along the a axis, as shown in Figure 5c.
The pore size of this 1D channel and void volume in one unit
cell were estimated to be 12.3 × 6.7 Å and 2451 Å3, significantly
larger than those of the other [nRu]-based PCPs.
As described above, we have succeeded in the syntheses of

three different PCPs by coordination polymerization between
the [5Ru] metalloligand with Mg2+, Sr2+, and Cd2+ metal ions.
In these reactions, the oxidation state of the Ru center
commonly remains in the divalent state, and all six carboxyl
groups are deprotonated. As expected from the structural
difference between the two isomeric ruthenium(II) metal-
loligands, [4Ru] and [5Ru], the crystal structures of [5Ru]-
based PCPs are largely different from the structures of [4Ru]-
based PCPs. The layer-by-layer structure fabricated from the

Figure 4. Coordination environments of (a) [5Ru] and (b) Sr1 cation.
(c) Packing diagram of Sr2[5Ru]·14H2O viewed along the b axis. The
coordination spheres of the RuII and SrII ions are shown as blue and
green octahedra, respectively. Brown, light-blue, and red ellipsoids
represent C, N, and O atoms, respectively. Noncoordinated water
molecules and H atoms are omitted for clarity.
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alternative stacks of M2+ cation and [5Ru] anion was formed in
the M2[5Ru] system (along the b axis in both Mg2[5Ru]·
13H2O and Sr2[5Ru]·14H2O and along the a axis in
Cd2[5Ru]·12H2O). One of the remarkable structural features
in the M2[5Ru] system is the large 1D porous structure formed
in the Cd2[5Ru]·12H2O complex. Considering the fact that
fewer water molecules coordinated to the Cd2+ cations than in
the other M2[5Ru] (Table 2), the softness of the Lewis acidity
of the metal ion plays an important role in the construction of a
porous framework with a large pore size.
Vapor-Induced Structural Transformations. As dis-

cussed in the Introduction, we previously reported that
reversible amorphous−crystalline phase transitions of the
cobalt(III) metalloligand based PCPs, {Ln[Co(4,4′-dcbpy)3]},
were induced by vapor adsorption/desorption.16 Because we
have used the ruthenium(II) metalloligands [4Ru], which has
almost the same molecular structure as that of [Co(4,4′-
dcbpy)3]

3−, similar vapor-induced structural transformations
are expected. In order to clarify the structural flexibility of the
newly obtained PCPs M2[nRu], we measured the PXRD
patterns under several conditions. Figure 6 shows the changes
in the PXRD patterns of Mg2[4Ru] and Sr2[4Ru]. The
synthesized samples showed diffraction patterns very similar to
the simulated PXRD pattern calculated from their crystal
structures, indicating that their porous frameworks are stable
enough to retain their structures in air. After drying at 423 K for
1 day, the patterns of both M2[4Ru] changed remarkably,
suggesting that the porous structures could not be retained
without crystal water molecules. In TGA, ∼21.6% and 15.2%
weight losses were observed at 423 K for Mg2[4Ru] and
Sr2[4Ru], respectively, which agreed with the calculated
amount of hydrated water molecules (21.1% and 14.0% for
Mg2[4Ru]·13H2O and Sr2[4Ru]·9H2O, respectively). This
result suggests that most of the crystal water molecules
included in M2[4Ru] were removed at 423 K (Figure S1 in the
SI). In fact, negligible weight losses were observed for the dried
M2[4Ru], and temperature dependences of IR spectra of
Mg2[4Ru]·13H2O and Sr2[4Ru]·9H2O clearly showed that the
ν(O−H) absorption band remarkably decreased above 423 K
(Figure S2 in the SI). After these dried samples were exposed
to saturated water vapor, the observed patterns were almost

identical with the simulated patterns, indicating that both
M2[4Ru] can reversibly adsorb/desorb water vapor, accom-
panied by structural transformation. Interestingly, the diffrac-
tion patterns of dried Mg2[4Ru] and Sr2[4Ru] also changed
remarkably under exposure to methanol vapor, suggesting the
possibility of methanol vapor adsorption. It should be noted
that the pattern of Sr2[4Ru] under exposure to methanol vapor
is almost the same as that under water-vapor exposure, whereas
the patterns of Mg2[4Ru] under methanol and water vapor
were different from each other. Thus, the methanol-adsorbed
structure of Sr2[4Ru] should almost be the same porous
framework structure of (Sr2[4Ru]·9H2O)2, while the meth-
anol- and water-adsorbed structures of Mg2[4Ru] should be
different. We also analyzed the changes in the PXRD patterns
of M2[5Ru] and found that the porous frameworks of
Mg2[5Ru] collapsed irreversibly by drying of the compound.
The framework of Cd2[5Ru], with the largest pore size, was
unstable even in air (Figure S3 in the SI).
In order to clarify the vapor adsorption properties of

M2[4Ru], water and methanol vapor adsorption isotherms
were measured. Figure 7 shows the water vapor adsorption

Figure 5. Coordination environments of (a) [5Ru] and (b) Cd2+ cations. (c) Packing diagram of Cd2[5Ru]·12H2O viewed along the a axis. The
coordination spheres of the RuII and CdII ions are shown as blue and yellow octahedra, respectively. Brown, light-blue, and red ellipsoids represent C,
N, and O atoms, respectively. Noncoordinated water molecules and H atoms are omitted for clarity.

Figure 6. Changes of the PXRD patterns [λ = 0.9985(1) Å] of (a)
Mg2[4Ru] and (b) Sr2[4Ru] under exposure to dried air, H2O, and
MeOH vapor at room temperature. The bottom two are the patterns
of as-prepared samples and simulated patterns calculated from
corresponding crystal structures.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402683j | Inorg. Chem. 2014, 53, 2910−29212917



isotherms of Mg2[4Ru] and Sr2[4Ru] at 298 K. Before each
measurement, the samples were dried at 373 K under vacuum
to remove all hydrated water. As expected from the crystal
structures with large hydration numbers, both PCPs can adsorb
large amounts of water vapor, over 10 mol mol−1 per [4Ru]
unit. It should be noted that the adsorption profile of Sr2[4Ru]
was remarkably different from that of Mg2[4Ru]. The water
vapor adsorption of Sr2[4Ru] proceeded in three steps: after
two-step adsorption at low pressure (below P/P0 = 0.20, ca. 5.8
mol mol−1), the isotherm reached a wide plateau region, after
which it showed a sudden increase above P/P0 = 0.75. The
saturation point was 10 mol mol−1, which is very close to the
hydration number of Sr2[4Ru]. During the desorption process,
the absorbed amount was almost constant above P/P0 = 0.32,
after which it sharply decreased to ∼6 mol mol−1, which is
almost consistent with the number of coordinated water
molecules in Sr2[4Ru]. In contrast, the isotherm for Mg2[4Ru]
showed a two-step adsorption profile below P/P0 = 0.5 via a
small shoulder at P/P0 = 0.20. The saturated amount was 16.0
mol mol−1, which is larger than that of Sr2[4Ru] and is close to
the hydration number for Mg2[4Ru] as estimated from
elemental analysis. In the desorption process, the absorbed
amount decreased sharply below P/P0 = 0.15. These large
hysteresis values for both Sr2[4Ru] and Mg2[4Ru] suggest that
structural transition occurs during the vapor adsorption and
desorption processes. In order to gain more information about
the water-vapor-induced structural transition, the PXRD
patterns of the RH dependences of Sr2[4Ru] and Mg2[4Ru]
were measured. As shown in Figure 8, the PXRD pattern of
Mg2[4Ru] interestingly changed to almost the same pattern as
the simulated pattern above RH = 23%, where the amount of
water vapor adsorbed was about 8.6 mol mol−1. Considering
the fact that the number of water molecules coordinated to the
Mg2+ cations in Mg2[4Ru] was determined to be 9 mol per
[4Ru] unit (Table 2), the driving force for regeneration of the
porous 2D sheet structure should be the adsorption and
coordination of water molecules to two different Mg2+ cations.
The second adsorption of water vapor above P/P0 = 0.2
corresponds to adsorption to the porous channels formed in
the [Mg(H2O)6]

2+ cationic layers. In contrast, the pattern of
Sr2[4Ru] was still unchanged at this low-RH region, where
about 5 mol mol−1 of water vapor was adsorbed. A pattern
almost identical with the simulated pattern of Sr2[4Ru] was
observed above RH = 75%, which corresponds to the third
adsorption step observed in the water vapor adsorption

isotherm. As discussed in the crystal structure section, the
number of water molecules coordinated to Sr2+ cations per
[4Ru] unit is estimated to be 5, suggesting that the two-step
increases observed in the adsorption isotherm should
correspond to the adsorption and coordination of water to
the Sr2+ cations. However, in contrast to Mg2[4Ru], a larger
amount of water adsorption is required to regenerate the
porous framework. This difference may originate from the
difference in the hydration enthalpy between Mg2+ and Sr2+.
The larger hydration enthalpy of Mg2+ compared to Sr2+ could
promote coordination of the adsorbed water molecules in the
crystal ofMg2[4Ru], resulting in regeneration of the porous 2D
sheet structure at a lower RH region than that of Sr2[4Ru].
Figure 9 shows the methanol vapor adsorption isotherms of

Mg2[4Ru] and Sr2[4Ru] at 298 K. As expected from the

changes in the PXRD patterns (Figure 6), these two PCPs can
adsorb methanol vapor. In contrast to the large difference
between the saturated water vapor adsorption amounts of
Mg2[4Ru] and Sr2[4Ru], the adsorbed methanol amounts at
P/P0 = 0.73 are almost the same: 4.7 and 4.5 mol mol−1 per
[4Ru] unit for Mg2[4Ru] and Sr2[4Ru], respectively. As
mentioned above, the structure of the methanol-adsorbed
Sr2[4Ru] was almost the same as that of fully hydrated

Figure 7. Water vapor adsorption isotherms of Mg2[4Ru] (red
squares) and Sr2[4Ru] (green circles) at 298 K. Closed and open
symbols show adsorption and desorption processes, respectively. Figure 8. PXRD patterns [λ = 0.9985(1) Å] of the RH dependence of

(a) Mg2[4Ru] and (b) Sr2[4Ru] at room temperature. Bottom
patterns are simulated patterns calculated from corresponding crystal
structures.

Figure 9. Methanol vapor adsorption isotherms of Mg2[4Ru] (red
squares) and Sr2[4Ru] (green circles) at 298 K. Closed and open
symbols show adsorption and desorption processes, respectively.
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(Sr2[4Ru]·9H2O)2, whereas the methanol- and water-adsorbed
phases of Mg2[4Ru] showed different framework structures
(Figure 6). Considering the difference between the molecular
volumes of methanol and water, the guest-accessible volume of
the Sr2[4Ru] complex will be fully occupied by the adsorbed
methanol molecules, resulting in the formation of almost the
same structure as that of the fully hydrated (Sr2[4Ru]·9H2O)2.
In contrast, the saturated amount of methanol vapor adsorption
of Mg2[4Ru] is quite smaller than the amount of water vapor
adsorption, suggesting that the volume occupied by the
adsorbed methanol is not sufficient to fully occupy the guest-
accessible space in Mg2[4Ru]·16H2O. As a result, the
methanol-adsorbed structure of Mg2[4Ru] will be different
from the structure of Mg2[4Ru]·16H2O.
Before each vapor adsorption measurement, these PCPs were

dried at 373 K for 1 day to remove all hydrated water in order
to form the anhydrous state of the PCPs. In the anhydrous
state, the coordination sites of the M2+ cation could either be
occupied by the carboxyl groups of the [4Ru] metalloligand or
remain in a coordinatively unsaturated state. Considering the
fact that these unsaturated sites can act as the guest adsorption
sites,6,10 methanol vapor is probably adsorbed and coordinated
to the M2+ centers. In the case of water vapor adsorption, the
first guest adsorption site should also be the same
coordinatively unsaturated sites. However, the additional
vapor adsorption occurs because of the smaller molecular
volume and high hydrogen-bonding ability of water vapor
compared to methanol. The isotherm of Sr2[4Ru] showed a
sharp increase at P/P0 = 0.20, whereas the adsorption amount
of Mg2[4Ru] monotonically increased from the low-pressure
region. This difference can be related to structural dimension-
ality. In contrast to the 2D coordination sheet structure of
Mg2[4Ru]·13H2O, (Sr2[4Ru]·9H2O)2 has a more rigid 3D
coordination network structure, supported by the bridging
carboxylates, implying that the structural flexibility of Sr2[4Ru]
is lower than that of Mg2[4Ru]. In addition, the 2D-layered
structure of Mg2[4Ru]·13H2O may enable the complex to
retain the guest-accessible layers formed from the Mg2+ cations,
even in the anhydrous form. Moreover, these two PCPs were
found to hardly adsorb CO2 gas (less than 0.1 mol mol−1; see
Figure S4 in the SI), implying that their porous channels in the
dried states would have a highly hydrophilic nature and/or a
smaller pore diameter than the molecular size of CO2.
Absorption and Emission Properties. As mentioned in

the Introduction, ruthenium(II) polypyridine complexes show
interesting absorption and emission properties derived from
metal-to-ligand charge-transfer (MLCT) transitions.12 To
investigate the effect of coordination polymerization on the
absorption and emission properties of the metalloligands
[nRu], UV diffuse-reflectance and luminescence spectra in
the solid state were measured. The results were compared with
those of the metalloligands in a basic aqueous solution and are
shown in Figure 10. The observed energies of the absorption
edge and emission maxima are summarized in Table 3. The
ruthenium(II) metalloligands [4Ru] and [5Ru] showed
absorption bands at 467 and 484 nm and emission bands at
633 and 668 nm, respectively. These absorption and emission
bands are assigned as the singlet and triplet MLCT transitions;
our results are consistent with the previous report by
Kalyanasundaram et al.12 All of the obtained M2[nRu] PCPs
showed a very broad absorption band below 600 nm and a
emission band at ∼680 nm. The emission lifetimes for
Mg2[5Ru]·19H2O (48 ns) and (Sr2[4Ru]·9H2O)2 (256 ns)

are in the same time scale as those of [5Ru] and [4Ru] in
aqueous solutions (37 and 700 ns), suggesting that these
absorption and emission bands are assignable to the 1MLCT
absorption and 3MLCT emission of each [nRu] moiety. The
slightly shorter emission lifetime of (Sr2[4Ru]·9H2O)2 than
that of [4Ru] in the aqueous solution would be due to the
heavy-atom effect of the Sr2+ ion. Interestingly, the emission
maxima of Mg2[4Ru]·13H2O and (Sr2[4Ru]·9H2O)2 were
observed at a longer wavelength of ∼50 nm than that of [4Ru]
in aqueous solution, whereas the emission bands of Mg2[5Ru]·
19H2O and Cd2[5Ru]·12H2O were observed at wavelengths
close to that of [5Ru] in aqueous solution. In general, the
emission energies of the triplet MLCT transition in ruthenium-
(II) diimine complexes can be shifted to a lower energy by
stabilization of the π* orbital of the diimine ligand and/or
destabilization of the dπ orbital of the RuII center. Considering
the fact that the emission energy of Mg2[4Ru]·13H2O was
shifted to a longer wavelength than that of [4Ru] in aqueous
solution while the emission energy of Mg2[5Ru]·19H2O only
marginally shifted to a shorter wavelength than that of [5Ru] in
aqueous solution, the former explanation (stabilization of the
π* orbital of the diimine ligand) does not account for the
difference between the M2[4Ru] and M2[5Ru] systems. One
plausible factor is modulation of the electron-donating abilities
of the dcbpy ligand by coordination to the M2+ cation. Our
preliminary molecular orbital (MO) calculations of the
metalloligands [Ru(n,n′-Hdcbpy)3]− ([H3nRu]

−; n = 4, 5) in
which three of six carboxyl groups are protonated suggest that
the MOs composed of the dπ orbital of the RuII ion and the π

Figure 10. UV diffuse-reflectance and luminescence spectra of (a)
Mg2[4Ru]·13H2O (red line) and Sr2[4Ru]·9H2O (green), (b)
Mg2[5Ru]·19H2O (blue), and Cd2[5Ru]·12H2O (purple) from the
solid state at room temperature. Spectra of metalloligands [nRu] in
basic aqueous solutions are shown in black.

Table 3. Absorption and Emission Spectral Data of M2[nRu]
at Room Temperature

complex λabs (nm) λem (nm)

[4Ru](aq) 436, 467 633b

Mg2[4Ru]·13H2O 600a 681c

(Sr2[4Ru]·9H2O)2 595a 683c

[5Ru](aq) 454, 484 669b

Mg2[5Ru]·19H2O 630a 662c

Cd2[5Ru]·12H2O 647a 688b

aWavelength of half-absorption at 500 nm. bλex = 500 nm. cλex = 590
nm.
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orbital of the 4,4′-Hdcbpy− ligand (HOMO−9, −10, and −11)
are delocalized not only on the bpy rings but also on the
carboxyl O atoms of the 4,4′-Hdcbpy ligand (Figure S5a in the
SI). In contrast, the corresponding MOs of [H35Ru]

−

delocalized only in the bpy rings (Figure S5b in the SI).
Thus, coordination to the M2+ cation by the carboxyl groups
hardly reduced the electron-donating ability of the 5,5′-dcbpy
ligand but certainly reduced the ability of the 4,4′-dcbpy ligand.
This combination results in a smaller ligand-field splitting
between the occupied dπ and unoccupied dσ orbitals, which
leads to a red shift of the triplet MLCT emission in the
M2[4Ru] system. We also checked the change in the
luminescence quantum yield (Φem) of M2[4Ru] before and
after removal of the crystal water. The yield of dried Sr2[4Ru]
was estimated to be 1.6% at room temperature and slightly
increased to 2.4% by the adsorption of water vapor. In contrast,
the yield of dried Mg2[4Ru] was found to be 3.7% and slightly
decreased to 2.7% by the adsorption of water vapor. These
luminescence quantum yields are smaller than that of [4Ru] in
aqueous solution (Φem = 6.03%),25 suggesting that the
photoexcited state generated in the M2[4Ru] solid state
tends to be deactivated more rapidly than that in the solution
state. The different behavior between Mg2[4Ru] and Sr2[4Ru]
would be due to the difference in the amounts of adsorbed
water molecules in these PCPs.

■ CONCLUSIONS
We have synthesized five novel luminescent complexes
fabricated from two isomeric ruthenium(II) metalloligands
[Ru(n,n′-dcbpy)3]4− ([nRu]; n = 4, 5; n,n′-dcbpy = n,n′-
dicarboxy-2,2′-bipyridine) and divalent metal ions: Mg2[4Ru]·
13H2O, Mg2[5Ru]·19H2O, (Sr2[4Ru]·9H2O)2, Sr2[5Ru]·
14H2O, and Cd2[5Ru]·12H2O. Their crystal structures are
determined by single-crystal X-ray diffraction. All M2[nRu]
have guest-accessible porous channels with a void fraction
ranging from 11.4% for Mg2[4Ru]·13H2O to 43.9% for
Cd2[5Ru]·12H2O. The flexibilities of the porous frameworks
strongly depend on the position of the carboxyl group of
[nRu]; M2[4Ru] PCPs showing reversible structural transitions
accompanied by water or methanol vapor adsorption/
desorption; in contrast, the frameworks of M2[5Ru] easily
and irreversibly collapse by removal of the hydration water
molecules present in the porous channels. The absorption and
emission properties of the [nRu] metalloligand in M2[nRu] are
characterized by the same singlet and triplet MLCT transitions
as those of [nRu] in aqueous solution. However, the emission
energies also depend on the positions of the carboxyl groups of
[nRu]. Further development of flexible PCPs based on the
photofunctional metalloligands is in progress.
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