
Hybridization between Periodic Mesoporous Organosilica and a
Ru(II) Polypyridyl Complex with Phosphonic Acid Anchor Groups
Tatsuto Yui,†,‡,§ Hiroyuki Takeda,‡,§,⊥ Yutaro Ueda,‡ Keita Sekizawa,‡ Kazuhide Koike,‡,§,#

Shinji Inagaki,⊥,§ and Osamu Ishitani*,‡,§

‡Department of Chemistry, Graduate School of Science and Engineering, Tokyo Institute of Technology, 2-12-1-NE1 O-okayama,
Meguro-ku, Tokyo 152-8550, Japan
⊥Toyota Central R&D Laboratories Inc., Yokomichi, Nagakute, Aichi 480-1192, Japan
#National Institute of Advanced Industrial Science and Technology (AIST), 16-1 Onogawa, Tsukuba, Ibaraki 305-8569, Japan
§CREST, Japan Science and Technology Agency (JST), Kawaguchi, Saitama 332-0012, Japan

*S Supporting Information

ABSTRACT: A new method for the hybridization of a
r u t h e n i u m ( I I ) p o l y p y r i d y l c o m p l e x ( [ R u -
(bpy)2((CH2PO3H2)2-bpy)]

2+ (RuP2
2+: bpy =2,2′-bipyridine;

(CH2PO3H2)2-bpy =2,2′-bipyridine-4,4′di(metylphosphonic
acid)) with biphenylene-bearing periodic mesoporous organo-
silica (Bp−PMO made from 4,4′bis(triethoxysilyl)biphenyl
[(C2H5O)3Si-(C6H4)2-Si(OC2H5)3]) was developed. Efficient
and secure fixation of the ruthenium(II) complex with
methylphosphonic acid groups (RuP2

2+) in the mesopores of
Bp−PMO occurred. This method introduced up to 660 μmol
of RuP2

2+ in 1 g of Bp−PMO. Two modes of adsorption of
RuP2

2+ in the mesopores of Bp−PMO were observed: one is
caused by the chemical interaction between the methylphos-
phonic acid groups of RuP2

2+ and the silicate moieties of Bp−PMO and the other is attributed to aggregation of the RuP2
2+

complexes. In the case of the former mode, adsorbed RuP2
2+ (up to 80−100 μmol g−1) did not detach from Bp−PMO after

washing with acetonitrile, dimethylformamide, or even water. Emission from the excited biphenylene (Bp) units was
quantitatively quenched by the adsorbed RuP2

2+ molecules in cases where more than 60 μmol g−1 of RuP2
2+ was adsorbed, and

emission from RuP2
2+ was observed. Quantitative emission measurements indicated that emission from approximately 100 Bp

units can be completely quenched by only one RuP2
2+ molecule in the mesopore, and photons absorbed by approximately 400

Bp units are potentially accumulated in one RuP2
2+ molecule.

KEYWORDS: ruthenium complex, periodic mesoporous organosilica, photoinduced energy transfer, methylphosphonic acid group,
hybridization, light harvesting

■ INTRODUCTION

Hybrids of nanostructured inorganic hosts with organic dyes or
metal complexes have attracted much attention because of their
unique photochemical and photophysical properties1−6 such as
photochemical stabilization of the incorporated molecules,7−10

improvement of photoreaction efficiencies and selectiv-
ities,11−13 control of molecular orientations,14−16 and light-
harvesting properties.17−21

Periodic mesoporous organosilicas (PMOs) are a new type
of porous organic/inorganic hybrid materials in which the pore
walls have covalently and densely incorporated aligned organic
groups within a silica framework.19,22−25 A number of PMOs
with various organic groups24−26 such as biphenylene,27

pyridine,28 tetraphenylpyrene,29 and acridone30,31 have been
synthesized. In particular, the unique photophysical properties
of biphenylene-bearing PMO (Bp−PMO) with well-ordered
mesopores have been thoroughly investigated.27,32 Bp−PMO

exhibits strong absorption with a maximum at approximately
270 nm and strongly emits both in the solid state and as a
suspension in organic and aqueous solutions. Two hybrid-
ization methods for Bp−PMO with small molecules have been
recently reported: (1) an organosilane precursor with pendant
ligands such as 2,2′-bipyridyl units was polymerized with the
Bp−PMO precursor, i.e., ((H5C2O)3Si-(C6H4)2-Si(OC2H5)3),
in the presence of a surfactant, and then the pendant ligands
were coordinated to metal complexes such as Re(CO)5Cl in the
mesopores;33 (2) Bp−PMO and small molecules were mixed
together in a solvent containing a surfactant that stabilized the
small molecules in the mesopores of Bp−PMO.32,34 Although
these methods can result in hybrids with unique properties,
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several limitations and disadvantages exist as follows. Synthesis
via method 1 requires more time and effort, and the formation
of metal complexes in the mesopores of PMO is usually low.
Because hybrids synthesized by method 2 contain a large
amount of surfactant molecules in their mesopores, the
diffusion of molecules in the mesopores is potentially much
slower compared with that in PMOs without the surfactant
molecules; this slower diffusion may pose a serious problem for
the use of PMOs as light-harvesting units for photocatalytic
reactions. Another issue with this method is a restriction on the
types of solvents that can be used; i.e., the addition of the
hybrids synthesized by method 2 in a solvent with a hydroxyl
group or groups, such as water and alcohol, readily causes
desorption of the metal complexes from the mesopores of
PMOs.34

We report a new method for the synthesis of a hybrid
between Bp−PMO and a Ru(II) diimine complex with
methylphosphonic acid group13,35−46 (RuP2

2+: Chart 1); this
hybrid is very stable, even in various organic solvents and in
water. In addition, attractive light-harvesting properties of the
hybrid are reported.

■ EXPERIMENTAL SECTION
Materials. The PF6

− salts of [Ru(bpy)2((CH2PO3H2)2-bpy)]
2+

(RuP2
2+: bpy = 2,2′-bipyridine; (CH2PO3H2)2-bpy =2,2′-bipyridine-

4,4′di(metylphosphonic acid) were synthesized according to the
reported methods.47,48 The synthesis of Bp−PMO with a pore
diameter of 3.54 nm is reported elsewhere.27 Molecular weight of Bp−
PMO was calculated as −SiO1.5−C12H8−SiO(OH)− (MW = 265.4).
Acetonitrile was dried over P2O5 three times and then distilled with
CaH2 prior to use.
Synthesis of the Hybrid. Bp−PMO powders (2−20 mg) were

dispersed in acetonitrile (20−25 mL) containing RuP2
2+ and were

subsequently stirred in the dark at room temperature for 14−15 h. The
solid was collected by filtration with a PTFE membrane filter (pore
size, 0.2 μm, Millipore) and was then washed several times with
acetonitrile. The filtrate and acetonitrile used for washing were
concentrated, and the volume was adjusted to 5 or 10 mL. The
amounts of RuP2

2+ adsorbed in the mesopores of Bp−PMO were
measured on the basis of the absorbance of the filtrate solution at 465
nm; this absorbance was attributed to the metal-to-ligand charge
transfer (1MLCT) absorption of the complex (ε = 1.56 × 104 M−1

cm−1). Decomposition of RuP2
2+ was not observed during any of the

procedures.
Measurements. Diffuse reflectance UV−vis (DR/UV−vis)

absorption spectra of the hybrid powders were recorded on a
JASCO V-565 spectrophotometer equipped with an integrating sphere
unit (JASCO ISN-469). The longitudinal axes of the spectrum were
converted from reflectance (%R) to the K/S unit using the Kubelka−
Munk function.

The hybrid was dispersed in Ar-saturated acetonitrile (0.05 mg
mL−1) by sonication, and the emission spectrum from the hybrid and
emission quantum yield (Φem) were subsequently measured with a
multichannel spectrometer attached to a calibrated integrating sphere
(C9920−02G: Hamamatsu Photonics) with 266-nm excitation
light.49,50 Φem of the biphenylene (Bp) unit in Bp−PMO and
RuP2

2+ were calculated using the emission intensities in the 295−545-
and 545−900-nm regions, respectively.

Time-resolved emission spectra were measured with a C4334
Streakscope (Hamamatsu Photonics) using 266 nm excitation (THG
pulse of the Spectra-Physics Tsunami Ti:sapphire laser with a Spitfire
regenerative amplifier, 35 mW, 1 kHz, fwhm = 150 fs). Emission decay
monitored at 420 and 620 nm, which correspond to the emissions
from the Bp unit and RuP2

2+, respectively, were measured by the
single photon counting method using a FluoroCube 1000U−S
spectrofluorometer with 269-nm excitation (1.2 ns fwhm, HORIBA).
Bp−PMO and the hybrid dispersed in acetonitrile (0.6 mg in 5 mL)
were synthesized using the same procedures as those used for the
emission spectral measurements. During the measurements, the
dispersions were stirred and maintained at 25 °C.

■ RESULTS AND DISCUSSION
Adsorption of RuP2

2+ in the Mesopores of Bp−PMO.
In a typical synthesis of the hybrids, the PF6

− salt of RuP2
2+ (2

× 10−6 mol) was dissolved in 25 mL of acetonitrile, and then 10
mg of Bp−PMO was added to the solution. This suspension
was stirred for 14 h at room temperature under dim light. All of
the dissolved RuP2

2+ was adsorbed in the mesopores of Bp−
PMO; therefore, the hybrid with 200 μmol of RuP2

2+ in 1 g of
Bp−PMO (μmol g−1 is the unit henceforth) was obtained. By
using this method, various amounts of RuP2

2+ were successfully
adsorbed in the mesopores of Bp−PMO without the assistance
of a surfactant. The relationship between the amount of RuP2

2+

dissolved in the solution and the amount of RuP2
2+ adsorbed in

the mesopores of Bp−PMO is shown in Figure 1. The

dissolved RuP2
2+ was quantitatively adsorbed in the mesopores

of Bp−PMO up to 500 μmol g−1; however, the amount
adsorbed was saturated at higher amounts of RuP2

2+. The
maximum amount of RuP2

2+ adsorbed was 665 ± 127 μmol
g−1. Because, in contrast, [Ru(dmb)3]

2+ (dmb =4,4′-dimethyl-
2,2′-bipyridine) without the phosphonate groups could not be

Chart 1

Figure 1. Relationship between the amount of RuP2
2+ dissolved in the

solution and the amount of RuP2
2+ adsorbed in the mesopores of Bp−

PMO. Solid line indicates a quantitative relationship between the
loaded and adsorbed RuP2

2+. Dotted line indicates the amount of
RuP2

2+ adsorbed at the saturation limit.
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adsorbed in the mesopores of Bp−PMO, the methylphos-
phonic acid group are expected to function as a useful anchor.
The total length of the mesopores of Bp−PMO (5.4 × 1019

nm g−1) can be calculated as the pore volume (0.49 cm3 g−1)33

divided by the cross-sectional area of a hexagonal pore (9.09
nm2).34 Under the maximum adsorption condition (660 μmol
g−1), the average number of RuP2

2+ molecules adsorbed in a
mesopore of Bp−PMO with a length of 10 nm was determined
to be 72; the maximum occupied volume for both RuP2

2+ and
the counteranion PF6

−, which were assumed to be spheres with
diameters 1.4 and 0.4 nm, respectively, were estimated to be
113 and 5% of the space in the mesopores of Bp−PMO,33,34

respectively, if RuP2
2+ is assumed be adsorbed only inside the

mesopore. This estimation indicates that the space in the
mesopore is almost fully occupied by RuP2

2+(PF6
−)2.

When the hybrid RuP2
2+−Bp−PMO powders with various

amounts of RuP2
2+ were redispersed in acetonitrile and

dimethylformamide under 14 h of stirring, no desorption of
RuP2

2+ was observed. However, when the hybrid was
redispersed in water, a portion of RuP2

2+ was desorbed, and
80−100 μmol g−1 of RuP2

2+ remained in the mesopores of
Bp−PMO. The RuP2

2+ remaining in the pores was not
desorbed by repetitive washing with water. These results
suggest that two adsorption mechanisms govern the adsorption
of RuP2

2+ in the mesopores of Bp−PMO. Stronger adsorption
(ca. 80−100 μmol g−1 of RuP2

2+, no desorption with water) is
expected to result from direct interaction of the methylphos-
phonic acid group with surface silanol (Si−OH) groups of Bp−
PMO; the surface of Bp−PMO has been reported to contain
[Si−OH] of 3.77 mmol g−1.27 However, weaker adsorption of
RuP2

2+ might be caused by the aggregation of the RuP2
2+

molecules, which are desorbed from the mesopores of Bp−
PMO by washing with water. The amounts of silanol groups
were much larger even compared to the maximum amount of
the adsorbed RuP2

2+. This is reasonable because the size of the
complex is much larger than the silanol group and many silanol
groups are densely populated on the walls of mesopores. Most
of silanol groups should not be able to interact with the
methylphosphonic acids groups of RuP2

2+.
Two typical DR/UV−vis spectra of the hybrids with different

amounts of adsorbed RuP2
2+ are shown in Figure 2: black and

red lines indicate the spectra of a saturated sample (639 μmol

g−1) and a lower-adsorbed sample (48 μmol g−1), respectively.
In the inset figure, absorption spectrum of RuP2

2+ in MeCN is
also shown. Distinct broadening was observed in the case of the
saturated hybrid (inset of Figure 2). This difference indicates
that the adsorbed RuP2

2+ molecules were well-dispersed in the
hybrid with the lower amount of adsorbed RuP2

2+, whereas the
RuP2

2+ molecules strongly interacted with each other in the
case of Bp−PMO saturated with RuP2

2+. Moreover, Φem
measurements indicated that the hybrid with a higher amount
of adsorbed RuP2

2+ exhibited lower emission intensity because
of the formation of RuP2

2+ aggregates, which are self-
quenching, as will be discussed later.
Therefore, most of the RuP2

2+ molecules can be concluded
to interact with the surface Si−OH groups of Bp−PMO in the
case of low adsorption (80−100 μmol g−1). However, higher
adsorption induces the aggregation of RuP2

2+ in the mesopores.
Light Harvesting. Energy transfer phenomena from the

excited Bp unit to the RuP2
2+ adsorbed in the mesopores of

Bp−PMO were investigated via emission measurements of the
hybrid dispersed in acetonitrile using 266 nm excitation light.
Based on the spectral overlap between the absorption of
RuP2

2+ in MeCN solution and the emission from Bp unit, the
Forster radii for energy transfer from the excited Bp-PMO to
RuP2

2+ was calculated as 3.2 nm.34 In the absence of RuP2
2+

(i.e., Bp−PMO alone), strong emission from the Bp units was
observed at 300−450 nm with Φem = 0.500 ± 0.005.32,34 The
adsorption of RuP2

2+ in the mesopores of Bp−PMO caused
emission quenching from the Bp units, and a new broad
emission (λmax = 620 nm) from the 3MLCT excited state of
RuP2

2+ appeared (Figure 3). With the adsorption of additional

RuP2
2+ up to 60 μmol g−1, weaker emission from the Bp units

and stronger emission from RuP2
2+ were observed, as shown in

Figure 4. Almost no emission from the Bp unit was observed
with more than 60 μmol g−1 of RuP2

2+. The incident light is
primarily absorbed by the Bp units even in the saturated
condition of RuP2

2+ (660 μmol g−1) in the hybrid because the
absorbance ratio between the Bp units and RuP2

2+ is 89:11 if
both the Bp units and the RuP2

2+ are homogeneously dispersed
in the solution (ε266 nm (precursor of Bp−PMO)34 = 2.66 × 104

M−1cm−1 and ε266 nm (RuP2
2+) = 1.86 × 104 M−1 cm−1). When

the amount of RuP2
2+ adsorbed was between 60 and 80 μmol

Figure 2. Diffuse reflectance UV−vis (DR/UV−vis) absorption
spectra of the hybrids with low (48 μmol g−1, red line) and high
(639 μmol g−1, black line) amounts of adsorbed RuP2

2+. Inset shows
the normalized spectra of the 1MLCT band of the hybrid and RuP2

2+

in MeCN solution (dotted line) .

Figure 3. Emission spectra of Bp−PMO (black solid line) and the
hybrids with various amounts of RuP2

2+ adsorbed (3.5, 7.7, 12, 25, 60,
and 290 μmol g−1) in Ar-saturated acetonitrile dispersions. The
emission intensities were corrected according to the absorbance at the
excitation wavelength (266 nm) .
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g−1 (the ratio of the absorption of photons between by the Bp
units and RuP2

2+ was between 98.9: 1.1 and 98.5: 1.5), Φem
from RuP2

2+ in Bp−PMO reached 0.1, which is similar to the
yield achieved from both RuP2

2+ in a homogeneous acetonitrile
solution and RuP2

2+ adsorbed onto Al2O3 powder in
nonaggregated form (i.e., 5 μmol g−1). The emission quenching
and energy transfer phenomena indicate that energy transfer
from the excited Bp unit to RuP2

2+ proceeded quantitatively in
the hybrid. When the amount of RuP2

2+ adsorbed exceeded
∼100 μmol g−1, Φem of RuP2

2+ in Bp−PMO gradually
decreased (Figure 4) because of self-quenching between the
closely packed RuP2

2+ molecules in the mesopores of Bp−
PMO. Under such conditions, broadening of the 1MLCT
absorption band was observed, as previously described. The
self-quenching behavior was also detected by emission lifetime
analysis, as will be described latter.
Energy-transfer efficiencies (ηENT) from the excited Bp unit

to the adsorbed RuP2
2+ in the mesopore could be calculated by

eq 1 in the case of hybrids with less than 80 μmol g−1 of
adsorbed RuP2

2+ because quenching of the excited Bp unit
quantitatively produced the excited RuP2

2+ as described above.

η η≈ = Φ − Φ Φ( )/ENT q Bp Hybrid Bp (1)

where ηq is the quenching efficiency of the excited Bp unit by
RuP2

2+ and ΦHybrid and ΦBp indicate Φem from the Bp units
with and without the adsorption of RuP2

2+, respectively. A
relationship between ηq and the molar ratio of RuP2

2+ units to
Bp units ([RuP2

2+]/[Bp]) is shown in Figure 5, where [Bp]
and [RuP2

2+] are the numbers of Bp molecules and adsorbed
RuP2

2+ molecules in the hybrid, respectively. An increase in
[RuP2

2+]/[Bp] resulted in larger ηq, and emission from the Bp
units was quantitatively quenched in the cases of [RuP2

2+]/
[Bp] > 0.01 (> 60 μmol g−1); i.e., the RuP2

2+ adsorbed in the
mesopores completely quench the emission from 100 Bp units
located around one RuP2

2+ molecule.
Equation 2 gives the number of excited Bp units that can

potentially transfer excitation energy to one RuP2
2+ (N).34

η= +N RuP([Bp]/[ ])2
2

q (2)

The relationship between [Bp]/[RuP2
2+] and N is shown in

Figure 6, where emission quenching behaviors can be classified
into three regions. In region I, good fitting of the data to the
solid line with slope =1 suggests ηq = 1, i.e., emission from the
Bp units is completely quenched ([Bp]/[RuP2

2+ < 100), as
previously described. Lower amounts of RuP2

2+ adsorbed in the
mesopores of Bp−PMO resulted in leakage of emission from
the Bp unit (region II). Finally, N reached a constant value, i.e.,
403 ± 86 (region III). These results indicate that, in Region III,
RuP2

2+ molecules are sufficiently isolated from each other and
that each molecule can accept excitation energy from
approximately 400 Bp units.
A relationship between the radius of a virtual sphere (R) with

RuP2
2+ at the center, which is postulated to be located 1.5 nm

from the wall, and the number of Bp units (Ncalc) within this
virtual sphere is shown in Figure S1 in the Supporting
Information.34 On the basis of this estimation, the radius of the
virtual sphere in which the Bp units (ca. 400 units) can transfer
excitation energy to one RuP2

2+ molecule is calculated as 3.3
nm.

Time-Resolved Emission Analysis. Time-resolved emis-
sion spectra of Bp−PMO and RuP2

2+−Bp−PMO in
acetonitrile were measured using 266 nm excitation light. In

Figure 4. Emission quantum yields (Φem) of the Bp units (open
squares) and RuP2

2+ (red squares) in the hybrids with various
amounts of adsorbed RuP2

2+ in acetonitrile. The same plots
corresponding to the lower adsorption region are presented in the
inset.

Figure 5. Quenching efficiencies of the excited Bp unit by RuP2
2+ (ηq)

at various [RuP2
2+]/[Bp] ratios. The internal filter effect of RuP2

2+

was excluded by the absorbance ratio between the Bp units and
RuP2

2+ (see text).

Figure 6. Relationship between molar ratio of the Bp units and
adsorbed RuP2

2+ ([Bp]/[RuP2
2+]) and the number of quenched

excited Bp units (N).
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the case of Bp−PMO, fluorescence with an emission maximum
at 330 nm was observed immediately after excitation (Figure
7a, red line). The peak position was shifted to longer
wavelengths of up to 380 nm over time. This shift is consistent
with the reported emission behaviors of powdered Bp−
PMO:51 the lowest singlet excited state (S1) of the Bp unit
was produced within 50 ps, which was followed by interactions
with another Bp unit to give three types of excimers within 200
ps after excitation. Emission from the excimers decayed within
27 ns. In the case of the hybrid with 20 μmol g−1 of RuP2

2+

(Figure 7b), quenching of S1 was observed; this weaker S1 was
likely caused by the transfer of energy to the adsorbed RuP2

2+

in the mesopores of Bp−PMO. In the case of the hybrid with
170 μmol g−1 of RuP2

2+ (Figure 7c), S1 was not observed, and
only weak excimer emission was observed because of the more
efficient energy transfer process. In this case, the excimer
emission rapidly decreased within 200 ps after excitation, and
an increase in the emission from the RuP2

2+ was observed with
a similar rate constant. This increased emission is expected to
be caused by the rapid energy transfer from the three types of
excimers to RuP2

2+.
The emission decay profile of the adsorbed RuP2

2+ was
monitored at 625 nm after excitation of the hybrid at 266 nm. A
typical example (12 μmol g−1 of RuP2

2+) is shown in Figure 8,

where the RuP2
2+ molecule was independently adsorbed in the

mesopores of Bp−PMO. The decay profile could be fitted with
a single exponential function, and the lifetime was 902 ns,
which was similar to those measured from both homogeneous
acetonitrile solution of RuP2

2+ and RuP2
2+ adsorbed onto

Al2O3 particles. However, in the case of the higher adsorbed
sample (172 μmol g−1), we fitted the emission from RuP2

2+

with a double exponential function, and the lifetimes were 13
and 902 ns. The additional fast decay should be induced by the
self-quenching due to the formation of RuP2

2+ aggregates in the
mesopores (Figures 2 and 4).
All of the emission decay profiles of the three different

excimers (E1, E2, and E3) from the Bp units were monitored at
370 nm and were reasonably fitted with three exponential
functions (eq 3 and Table 1)51

∑= τ

=

−I t A e( )
n

n
t

1

3
/ n

(3)

where I(t), An, and τn (n = 1−3) are the emission intensities,
pre-exponential factors, and the emission lifetimes, respectively.
Figure 9 shows the emission decay profiles of both Bp−PMO
and the hybrid with 170 μmol g−1 of RuP2

2+ as typical
examples. In the case of Bp−PMO, the emission decayed with
lifetimes of 0.7 ns, 10.0 ns, and 28.3 ns; these lifetimes are
similar to the emission lifetimes reported for three kinds of
excimers measured for powdered Bp−PMO.51 The fluores-
cence from S1 of the monomeric Bp unit was reasonably
assumed to not be detected because of the weak emission from
S1 at 370 nm.51

The emission-decay rate constants from hybrids with various
amounts of adsorbed RuP2

2+ are summarized in Table 1. These
results also strongly indicate that RuP2

2+ efficiently quenched
the excited state of the Bp units. Figure 10 shows the
relationships between lifetime (τn) and proportion of the pre-
exponential function (An

rel) in the hybrids with various
adsorbed amounts of RuP2

2+, which was calculated using eq 4.

Figure 7. Time-resolved emission spectra of (a) Bp−PMO and the hybrid with (b) 1.7 and (c) 172 μmol g−1 of RuP2
2+ dispersed in acetonitrile at

room temperature. The emission intensity in c was multiplied by 10. The sharp peaks at 405 nm in the spectra measured just after excitation were
attributed to the scattering of the excitation laser radiation.

Figure 8. Emission decay profiles of the hybrid with 12 μmol g−1 of
RuP2

2+ at 625 nm in acetonitrile. Gray line indicates apparatus
response.

Table 1. Emission Lifetimes of the Excimers of the Bp units
in Bp−PMO and the Hybrids with Various Amounts of
Adsorbed RuP2

2+

emission lifetime at 370 nm (ns) (An
rel (%))

amount of RuP2
2+

adsorbed (μmol g−1) τ1 τ2 τ3

0 0.658 ± 0.004
(25)

10.00 ± 0.19
(33)

28.26 ± 0.08
(42)

1.7 0.861 ± 0.003
(43)

9.86 ± 0.12
(37)

25.35 ± 0.10
(21)

12 0.510 ± 0.003
(58)

3.63 ± 0.05
(33)

11.79 ± 0.11
(9)

25 0.527 ± 0.003
(60)

3.70 ± 0.05
(31)

11.55 ± 0.11
(9)

170 0.279 ± 0.002
(83)

1.71 ± 0.03
(14)

13.20 ± 0.06
(4)
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=
∑

×
=

A
A

A
100n

n

n n

rel

1
3

(4)

Each emission lifetime of the excimers was shortened as the
amount of adsorbed RuP2

2+ increased. An
rel of the longest

component decreased with increasing amount of RuP2
2+

adsorbed, whereas that of the shortest component drastically
increased. These results indicate that the adsorbed RuP2

2+

could quench all of the excited states of the three excimers of
the Bp units.
On the basis of these results, the energy transfer phenomena

from the excited Bp units to the adsorbed RuP2
2+ are

schematically drawn in Figure 11. As shown in Figure 11a,
one RuP2

2+ molecule accepts excitation energy from approx-
imately 400 Bp units, and the longest quenchable radius was
estimated to be 3.3 nm. In the case of a low amount of
adsorbed RuP2

2+ (region I in Figure 6), each RuP2
2+ potentially

quenches approximately 400 neighboring excited Bp units;
however, emission from the other distant Bp units is “leaked”
(Figure 11b). With an increase in the amount of adsorbed
RuP2

2+ (region II), emission from additional Bp units is
quenched, whereas the areas quenched by RuP2

2+ overlap each
other, and some emission from the Bp units is still observed
(Figure 11c). In the case of Figure 11d (regions III), all of the
Bp units are covered with the quenchable area of RuP2

2+ and

emission from the Bp units is completely quenched by RuP2
2+.

Therefore, in this case, additional adsorption of RuP2
2+ no

longer increases the emission intensity of the absorbed RuP2
2+.

■ CONCLUSION
A Ru(II) trisdiimine complex with methylphosphonic acid
groups was successfully introduced and strongly adsorbed in
the mesopores of Bp−PMO. Because this method does not
require the use of any assistant reagents such as a surfactant, it
is potentially applicable to the adsorption of various photo-
functional molecules such as metal-complex photocatalysts in
various types of PMOs. Emission from Bp units in the Bp−
PMO framework was efficiently quenched by RuP2

2+ in the
mesopores of Bp−PMO, and the excited state of RuP2

2+ was
quantitatively produced. Emission from approximately 100
neighboring Bp units was completely quenched by only one
RuP2

2+, and energy absorbed by approximately 400 Bp units
was potentially transferred to one neighboring RuP2

2+. This
hybridization method is applicable for developing a novel type
of artificial photosynthesis, which is currently underway in our
laboratory.
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Figure 9. Decay profiles of Bp−PMO (blue) and the hybrid with 170
μmol g−1 of RuP2

2+ (red) at 370 nm in acetonitrile. Gray dots indicate
apparatus response. Excitation wavelength was 269 nm.

Figure 10. Relationships between lifetimes (τn) and proportion of the
pre-exponential function (An

rel) of the hybrids with various adsorbed
amounts of RuP2

2+: (white circles) 0, (blue circles) 1.7, (red circles)
12, and (black circles) 170 μmol g−1.

Figure 11. Quenching behavior of the excited Bp units induced by the
adsorbed RuP2

2+ in the mesopores. (a) Quenchable radius by one
RuP2

2+ molecule and the number of Bp units in the radius. (b−d)
Quenchable areas in the cases of regions I, II, and III in Figure 6. All
illustrations are drawn two-dimensionally for simplification.
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