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BABSTRACTIl Bridging organic groups of periodic mesoporous organosilica (PMO) materials are
densely distributed in the pore walls and are in proximity to each other. This unique structure induces
intermolecular electronic interactions of organic groups that play a crucial role in the functionalities of the
material. Theoretical calculations have been effectively combined with experimental analyses to clarify
the details of these interactions. In this article, our studies on the excimers of the organic groups and the
electron transfer between the metal complexes formed on the pore surfaces of bipyridine-bridged PMO
(BPy-PMO) are briefly reviewed. Typical aromatic excimers were initially examined to explore an adequate
computation scheme. Cyclophane derivatives were subsequently studied as the models of the organic
groups. The calculation results on a paracyclophane with benzene rings connected by SiMe,~O—SiMe,
chains were consistent with the experimental results of benzene-bridged PMO. The distribution of the
metal complexes on the pore surfaces of BPy-PMO was examined by Monte Carlo simulation. The results
implied that the adjacent pair of photosensitizer and photocatalyst complexes might be the active center of
CO, reduction. The results of quantum chemical calculations adopting a cluster model of the active center
suggested a mechanism with a through Si—O—Si bond electron transfer.
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1. Introduction

Periodic mesoporous silica (PMO) materials are
synthesized by the poly-condensation of organosilane
precursors having the formula R—{Si(OR’),},
(R: organic bridging group, R’: Me, Et, iPr, etc.,
and x > 2) in the presence of a template surfactant.!®
Thus, various electronic properties and functionalities
that originate from R can be introduced into the pore
walls.®!9 This versatility is a primal advantage of
PMO materials, in addition to their uniform porous
structure.

The bridging organic groups, which are covalently
connected to the silica framework, are densely
introduced into the pore walls and are in proximity to
each other. This unique structure induces electronic
interactions that originate from the overlap of the
wavefunctions of the organic groups. The interactions
have the potential to induce electronic properties and
phenomena that are absent in isolated molecules. The
most typical example is the formation of an excimer
(excited dimer), as suggested by the appearance of

a significantly red-shifted, broad, and emission band
without vibrational fine structure. Excimer fluorescence
upon photoexcitation is commonly observed in PMO
materials, although there are some exceptions.!!"!9
The overlap of the wavefunctions also enables carrier
transfers between the organic groups. A three-armed
phenylenevinylene-bridged PMO was developed as
a first hole-transporting material with mesochannels.'®
A 4,7-dithienyl-2,1,3-benzothiadiazole (DTBT)-bridged
PMO was subsequently synthesized as a hole-transporting
PMO with visible-light absorbance. The thin film
of DTBT-PMO acts as a hole-transporting layer in
organic solar cells by filling an n-type material into
the mesopores.'” For these materials, carrier transfer
along the n-stacking direction is assumed. In contrast,
for a PMO with 2,2’-bypiridine-bridging groups
(BPy-PMO),"™® electrons are considered to transfer
between the metal complexes formed on the pore
surfaces through the silica framework.%2%

Thus, electronic interactions between the organic
groups are closely related to the very basis of the
properties and functionalities in PMOs, and therefore
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should be clarified in detail. However, the electronic
interactions are based on the wavefunctions and
microscopic molecular structures; therefore, experimental
studies alone would not be adequate. We have thus
conducted theoretical studies that utilize computational
methods and combined them with an experimental
approach. Some of our studies on the intermolecular
interactions in PMO materials are reviewed in this
article.

2. Excimer Fluorescence

When a PMO material with excimer fluorescence
is utilized in photoemissive devices, the wavelength
of its fluorescence emission should be adjusted in
accordance with its use. In a light-harvesting system
that employs a PMO as its antenna unit, the photoenergy
transfers from the photoexcited organic groups to the
acceptor molecules situated in the mesopores.!312%
A larger overlap between the emission band of the
donor and the absorption band of the acceptor results
in a higher rate of resonance energy transfer. In the
case where the excimers of the organic group act as the
energy donors, the overlap between the absorption and
emission bands should be maximized by adjustment of
the excimer fluorescence energy. Thus, computational
predictions of the excimer fluorescence energies from
quantum chemical methods should be pursued for the
theoretical design of such materials.

Aromatic excimers have been theoretically studied
for more than half a century since their discovery.®
However, ab initio quantum chemical calculations of
aromatic excimers have only recently been examined,
mainly because of their large system size and the
complexity of the excited states of aromatic molecules.
Therefore, appropriate calculation methods continue to
be explored. In this context, we have calculated typical
aromatic excimers to find an adequate calculation
scheme.® Cyclophane derivatives were subsequently
calculated as models of PMO organic groups that
interact with each other in the pore walls.?”

2.1 Systematic Calculations of Aromatic Excimers

Aromatic excimers are dimeric species of aromatic
molecules that are stable only in the excited states.
A schematic diagram of the ground and excited state
potential energy curves of an aromatic dimer against the
intermolecular distance #(R—R), is shown in Fig. 1.%®

The attractive interaction in the excited state is much
stronger than that in the ground state where a weak
interaction originated from the dispersion force is
dominant. Hence, the two aromatic molecules are more
strongly bound in the excited state than in the ground
state, and the equilibrium intermolecular distance in
the excited state r,, is located in the repulsive region
of the ground state curve. Thus, the energy difference
between the ground and excited states at r, becomes
extremely small. This is the mechanism for the red-shift
of the fluorescence emission, the most conspicuous
feature of the excimer. The excimer fluorescence
energy can be estimated by calculating these potential
energy curves.

The strong attractive interactions in the excited state
are caused by the mixing of exciton resonance (ER)
and charge resonance (CR).?” ER corresponds to the
interaction between the transition dipole moments
derived from the intramolecular excitations. In
contrast, CR is the Coulombic interaction that arises
from the intermolecular excitations. Assuming that the
excimeric state is originated from a single excitation
from the highest occupied molecular orbital (HOMO)
to the lowest occupied molecular orbital (LUMO) of
the monomer, electron configurations that are relevant
to the ER and CR can be represented based on the
monomer orbitals, as shown in Figs. 2(a) and (b).
The dimer orbitals are the linear combinations of
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Fig.1 Schematic diagram of the potential energy curves
of the ground and excited states of an aromatic
dimer with the intermolecular distance r(R—R).
The parameters indicated are the absorption energy
(E,,), fluorescence energy (£,,), equilibrium

intermolecular distance in the excited state (r,) and
excimer binding energy (D,).
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monomer orbitals (Fig. 2(c)); therefore, the electron
configurations that are required to describe ER and CR
can be represented using dimer orbitals H,—1, H, L,
and L,+1 (Fig. 2(d)). These are the main configurations
of the excimeric state. To calculate the excited state
curve of the aromatic dimer precisely, the contributions
of these configurations and the dynamical electron
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Fig. 2 Singly-excited configurations in the framework of
monomer and dimer orbitals. HOMO—-1, HOMO,
LUMO, and LUMO+1 are denoted by H—1, H,
L, and L+1 with A, B, and D subscripts representing
monomers A and B, and the dimer, respectively.
Electron configurations representing (a) the exciton
resonance (ER), and (b) the charge resonance (CR).
(c) Four dimer orbitals derived from interactions
between the frontier orbitals of monomer A and B,
and (d) singly-excited configurations in the dimer
orbitals.

correlation should both be adequately incorporated.
There requirements could be met by employing the
multiconfiguration quasi-degenerate second order
perturbation theory method (MCQDPT).®” Here,
MCQDPT is one of the most successful and widely
used multireference perturbation theory methods. The
MCQDPT adopts the complete active reference space
(CAS), which consists of all electron configurations
generated by distributing the active electrons to the
active orbitals. Although the calculation accuracy
improves by an increase of the number of active
electrons and orbitals, the dimension of the CAS
exponentially increases with these parameters. In this
study, the naphthalene, anthracene, pyrene and perylene
dimers were systematically calculated by selecting four
dimer & orbitals, H,—1, H,, L, and L;+1, and four ©
electrons as active orbitals and electrons, respectively.
The adopted CAS can be denoted as CAS(4ne, 4mo).
The benzene dimer was additionally calculated using
MCQDPT with CAS(127we, 1270).

The calculations were performed as follows. First,
the molecular structures of the monomers were
optimized using density functional theory (DFT) with
the B3LYP functional.®'#? The dimer models with
eclipsed parallel configurations were constructed by
superimposing a monomer onto another monomer.
The potential energy curves for the ground state (S,)
and the excited state (S,) were calculated by the
MCQDPT method as a function of the intermolecular
distance 7(R—R), from 2.7 to 10.0 A. Molecular
geometrical optimizations were conducted using
Gaussian 03,4 while the MCQDPT calculations were
performed using GAMESS.®Y Here, the results using
the 6-31G(d) basis set®>* are presented. The basis set
dependence is also examined in Ref. (26).

The calculated potential energy curves are presented
in Fig. 3. The excited state curves are more attractive
than those of the ground state, and their minima
are located in the repulsive region of the ground
state curves, as illustrated in Fig. 1. The excimer
fluorescence energies (Ej,,) obtained from these curves
are in good agreement with the available experimental
values (Table 1).47*) The absorption energies (£,
obtained from the curves at #(R—R) = 10.0 A are also
close to the corresponding experimental values, which
indicates that the ground and excited state energies are
evaluated in a balanced manner for the entire region.
The results demonstrate that the £, , and £,

fluo abs

and other spectroscopic parameters, can be precisely

energies,
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Fig. 3 Potential energy curves of the ground (©) and excited states (®) of the (a) benzene, (b) naphthalene,
(c) anthracene, (d) pyrene, and (e) perylene dimers. The excited state curves are correlated to the
L, (B,,) dissociation channel in the benzene dimer, and to the L, channel in the other dimers.

Table 1 Calculated intermolecular equilibrium distance (r,), excimer binding energy (D,), fluorescence

energy (£,

uo.

) and absorption energy (£,

abs.

Excimer 7. (A) D.(eV) Epo(eV) Egs (V)
Calc.  Exp. Calc.  Exp.

(benzene),  3.00 044 396 394°7 482 479
(naphthalene), 3.05 100 3.7 3.13°7 441 445"
(anthracene), 3.15  1.02 228 230“0 323 3279
(pyrene), 316 149 242 259°7 366 3.70°"
(peryleney, 321 165 169 1947 282 286"

) of the benzene, naphthalene, anthracene, pyrene and
perylene excimer states. Available experimental values are also presented.
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estimated by the MCQDPT calculation with the CAS
including the main configurations (Fig. 2(d)). The
calculation scheme was then applied to the cyclophane
derivatives (Sec. 2. 2).

In the naphthalene and pyrene monomers, the L,
excited state originated from the HOMO-LUMO
excitation is the second lowest excited state (S,),
and the lowest excited state (S,) is the L, excited
state, which is different from the L, state.“>*> It has
been experimentally suggested that the fluorescence
emissions of the naphthalene and pyrene excimers
are derived from the L -derived states. Therefore,
the ordering of the energy levels of L -derived
and L,-derived dimer states changes depending on
r(R-R): L, > L, when n(R—R) is long, while L < L,
when #(R—R) is short. In Ref. (26), the L -derived
states are focused on as excimeric states and the
L,-derived states are ignored, except for the benzene
dimer; the excimer fluorescence of the benzene dimer
is originated from the L -derived state. The inversion
of the L -derived and L,-derived excited states in the
naphthalene dimer during excimer formation was
further studied using the advanced multireference
theory based on the density matrix renormalization
group.®?

2.2 Calculations of Cyclophane Derivatives as the
Models of PMO Organic Groups

The aromatic excimer is a short-lived excited
complex; therefore, experimental analysis of its
molecular structure and electronic states is a challenging
subject. Molecular interaction in the condensed
phase is also dominantly affected by the surrounding
environment. Study using a simplified model system
is therefore helpful for detailed analysis. In this
context, cyclophane derivatives in which two aromatic
molecules are connect by molecular chains and fixed
in a face-to-face configuration have been traditionally
employed in the study of aromatic molecular
interactions.“**® [2,2]PCP (Fig. 4(a)) and [3,3]PCP
(Fig. 4(b)), where PCP represents paracyclophane, are
the most typical examples synthesized in the earliest
period of the field and have been extensively studied.
The electronic states of cyclophane derivatives are
featured by transannular interactions between the
aromatic moieties and the effects of the bridging chains.
Thus, the Si—O—Si bridged cyclophane derivatives
are expected to be ideal models of PMO organic

groups that interact with each other in the pore walls.
The ground and excited states of SiPCP (Fig. 4(c))
were calculated, and compared with [2,2]PCP and
[3,3]PCP.@" Here, the results for SiPCP are reviewed.

An analytical gradient calculation for MCQDPT is
not implemented in commonly-available programs.
The potential energy curves of the benzene dimer
were thus calculated using MCQDPT, MP2, and
time-dependent DFT (TDDFT) methods to explore
alternative optimization schemes. The calculated
curves are plotted in Fig. 5; the curves from MP2 and
TD-B3LYP are shifted so that their energy levels at
#(R-R) = 10.0 A are the same as the corresponding
MCQDPT values. The ground state curve calculated

(@) (b) ©
<> < )i \
(] (=) & ¢

Fig. 4 Structures of (a) [2,2]paracyclophane ([2,2]PCP),
(b) [3,3]paracyclophane ([3,3]PCP), and
(c) siloxane-bridged paracyclophane (SiPCP).
In this article, the results of SiPCP are reviewed
(see text).
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Fig.5 Potential energy curves for the A, ground
state (MCQDPT (@) and MP2 (QO)), and the
'B,, (MCQDPT (A) and TD-B3LYP (A)) and
'B,, (MCQDPT (4) and TD-B3LYP (<)) excited
states of the benzene dimer as a function of the
intermolecular distance, 7(R—R).
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with MP2 is close to that calculated with MCQDPT.
The shapes of the excited state curves of TD-B3LYP
are similar to those of MCQDPT. On the basis of this
assessment, the molecular structures of SiPCP for
the ground state (S,) and the excited state (S,) were
optimized using MP2 and TD-B3LYP, respectively. The
electronic structure of the ground and excited states at
their optimized geometries were then calculated using
MCQDPT with the CAS(12ne, 12mo) reference space.
The basis set used was 6-31G(d).*%3%4) Note that the
attractive intermolecular interaction originated from
the dispersion force is not incorporated by TDDFT,
while it is considered by MCQDPT. Nevertheless,
the TD-B3LYP calculations give the potential energy
curves that are similar to those obtained with
MCQDPT. The influence of the absence of dispersion
force may be small because of the small molecular
size of the benzene monomers, or is partially canceled
by other factors. The validity of TDDFT calculations
in the studies of other aromatic excimers should thus
be carefully examined.

Although there are two conformers of SiPCP,
boat and chair, the results of the boat conformer are
discussed here because the results of these conformers
were very similar. The optimized structures are
shown in Fig. 6. The two benzene rings are in
a slipped parallel configuration with the intermolecular
distance between the benzene rings r,, ,, of 3.53 A
in S, (Fig. 6(a)), while they are in an eclipsed parallel
configuration with r,,  of 3.16 A in S, (Fig. 6(b)).
The results suggest a change of the dominant
intermolecular interactions and the arrangement of
the PMO organic groups upon excimer formation.
The benzene rings of SiPCP are almost planar, even

Fig. 6 Molecular structures of boat SiPCP optimized for
(a) the ground state and (b) the S, excited state. The
ring-ring distances (), ) are shown.

in the ground state, in contrast to those in [2,2]PCP
and [3,3]PCP.%% The calculated excitation energies
and oscillator strengths are summarized in Table 2.
In the structure optimized for the S, state, the energy
difference between S, and S, is negligibly small. In
contrast, with the structure optimized for the S, state,
the energy levels of S, and S, are largely split because
of a decreased r,_,. These behaviors are consistent
with the potential energy curves of the benzene dimer
(Fig. 5). From the perspective of ER, the transition
dipole moments of two benzene rings are anti-parallel
and parallel in the S, and S, states, respectively, which
results in oscillator strengths that are in the order of
S, > S,. The oscillator strengths in S, are almost zero;
therefore, the absorption band can be assigned to the
S, — S, transition at the geometry optimized for S,
while the fluorescence emission band is assigned to the
S, — S, transition at the geometry optimized for S,,
according to Kasha’s rule. The calculated absorption (E,)
and fluorescence emission (£, ) energies are in good
agreement with the experimental values, and are also
close to those of Ph-PMO; £, and E; , of Ph-PMO
are 4.59 eV and 3.65 eV, respectively. The energies
are both approximately 0.3 eV lower than that of the
benzene dimer. The lowering of these energies could
be attributed to the effects of SiMe,~O—SiMe, bridging
chains based on the calculation results of the benzene
and substituted benzene monomers.

In conclusion, cyclophane derivatives in which
the aromatic molecules are connected by Si—O-Si
bridging chains are useful model compounds in
the study of molecular interactions of PMO organic
groups. With regard to the excimer fluorescence, the
interaction between two organic groups is dominant.

Table 2 Calculated transition energies and oscillator
strengths of boat SiPCP. Available experimental
values are also given.

Molecular Excited Excitation Oscillator
geometry state energy (eV) strength
Calc. Exp.?”
optimized for Sy S 4.63 0.0001

S, 4.69 4.56 0.0030
optimized for S; Sy 3.83 3.63 0.0000
S, 4.51 0.0057
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3. Electron Transfer between Metal-complexes
Formed on the Pore Surfaces of BPy-PMO

BPy-PMO, which enables metal complex formation
on the pore surfaces, is expected to be a promising
platform for functional materials such as catalysts
and photocatalysts.'® The immobilization of
homogeneous complexes may allow ease of separation
from reaction solutions, for recovery and reuse.
Porous structures having high surface areas and large
pores are also advantageous for catalytic reactions
with high efficiency.

Ru(PS)-Ru(Cat)-BPy-PMO is a recently synthesized
CO, reduction photocatalyst in which [Ru(bpy),]*
and Ru(bpy)(CO),Cl, are formed on the BPy-PMO
pore surfaces.!” In this system, [Ru(bpy),]** (Ru(PS))
acts as a photosensitizer for visible light activation
and photoexcited electron transfer from Ru(PS) to
Ru(bpy)(CO),Cl, (Ru(Cat)), which functions as the
CO, reduction catalyst. Photoelectron transfer occurs
via the overlap of donor and acceptor wavefunctions.
The wavefunction overlap is rapidly reduced with
an increase in the distance between the donor and
acceptor; therefore, the molecular motion that enables
complexes to approach to each other play an important
role in efficient electron transfer in a homogeneous
environment. However, the metal complex formed
on BPy-PMO is fixed on the pore surface because the
bpy ligand is the BPy-PMO organic groups that are
connected to the silica framework with Si—C bonds.
Thus, it could be expected that electron transfer from
Ru(PS) to Ru(Cat) occurs in Ru(PS)—Ru(Cat) pairs
in which these complexes are fixed in proximity to
each other. The distribution of the complexes in the
mesochannels was next studied theoretically by Monte
Carlo simulations. The bpy organic group, Ru(PS)
and Ru(Cat) are modeled as spheres B, P and C,
respectively. First, one of the BPy-PMO mesochannels
was modeled as a hollow hexagonal cylinder
(Figs. 7(a) and (b)). The cylinder was constructed by
stacking 332 equilateral hexagonal rings and each
ring consists of 30 B spheres. The array of B spheres
represents the ordered structure of the BPy-PMO pore
wall (Fig. 7(c)). Second, B spheres were substituted at
random by P or C spheres with specified probabilities
(Fig. 7(d), Table 3). Finally, the numbers of P spheres (,),
C spheres (N.) and the P—C sphere pairs (N.,) were
counted. The simulation was executed 100 times and
N,, N. and N, were totaled in each. The pore wall

of BPy-PMO consists of multiple bipyridine-silica
layers, so that the molar ratios of complexes on the
pore surfaces are higher than their total molar ratios.
The probabilities for replacements were then set to
be 1.5 times greater than the molar ratios, x and y,
assuming a three-layered pore wall. Here, x and y are
molar ratios for Ru(PS) and Ru(Cat), respectively. In
the substitution process, P—P, P-C and C—C in the
same ring were separated by at least one B sphere
in the substitution step. This restriction was adopted
because bulky complexes could be separated by at
least one bpy moiety along with the bpy m-stacking
direction. Thus, C adjacent to P corresponds to Ru(Cat)
connected to Ru(PS) via Si—O—Si. As shown in Table 3,
the N, values are consistent with the activity of
photochemical CO, reduction. The results strongly
suggest that the photosensitizer—catalyst pair is the
possible active center of the photocatalysis.
Ru-Re-BPy-PMO, in which [Ru(bpy),]** and
Re(bpy)(CO),ClI are immobilized on the pore surfaces
of BPy-PMO, is another recently-developed CO,
reduction photocatalyst.?” Ru-Re-BPy-PMO exhibits
higher photocatalytic activity than Re-BPy-PMO
which has only Re(bpy)(CO),Cl, and this suggests
a photosensitizing effect of [Ru(bpy),]* and the

(b)

Fig.7 Schematic images of model used in the Monte
Carlo (MC) simulation: (a) model of a mesopore
(side view), (b) model of a mesopore (front view),
(c) correspondence between the model and the
pore-wall structure of BPy-PMO, and (d) an example
of a simulated structure. Some of the B spheres
(gray) are replaced by P spheres (red) or C spheres
(blue). P—C pairs are shown in rectangular boxes.
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electron transfer from [Ru(bpy),]** to Re(bpy)(CO),Cl
upon photoexcitation. A  cluster model of
Ru-Re-BPy-PMO (Fig. 8(a)) was prepared by utilizing
molecular dynamics simulations and its electronic
states were examined using quantum chemical
calculations. The molecular orbitals that were relevant

to the electron transfer were calculated using DFT
with the B3LYP functional. See the supporting
information of Ref. (20) for other calculation details.
As shown in Fig. 8, the HOMO, LUMO and LUMO+1
are mainly distributed on Ru, the bpy ligand of the
Re-complex and the bpy ligand of [Ru(bpy),]*" within

Table 3 N, N.and N, values obtained by MC simulations for Ru(PS) -Ru(Cat) -BPy-PMO.

Run  Molar ratio™ Probability[b] Ne Nep Nep(mmolghH¥ TONM
X ¥y P C
1 0.040 0.073 0.060  0.1095 59476 109545 24854 0.079 153
2 0040 0034 0.060 0.051 59760 50979 11729 0.037 11.8
3 0.040 0.0031 0.060  0.0047 60068 4667 1049 0.003 38
4 0110 0.065 0.165  0.0975 163926 97080 53581 0.171 24.0
5 0.110  0.038 0.165 0.0570 164863 56047 30906 0.099 21.7
6 0.110 0.0055 0.165 0.00825 164538 8318 4634 0.015 94

[a] Experimental conditions.

[b] Set to be 1.5 times greater than molar ratios. See also text.
[c] Nep (mmol g™') = 3.18N/996000. The molar concentration of bpy moieties in BPy-PMO is estimated

to be 3.18 mmol g'.(1®

[d] Turnover number calculated by dividing the molar amount of products by the amount of Ru(Cat).
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Fig. 8 Cluster model of a Ru-Re complex pair and their orbitals obtained by DFT with the
B3LYP functional. (a) Model structure, (b) HOMO, (¢c) LUMO+1, and (d) LUMO.
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the pore walls, respectively. It is noteworthy that
the LUMO+1 and LUMO are also partially spread
over Si—C and Si—O bonds that connect the two
complexes. These orbitals suggest that the electron
transfer proceeds as follows: (i) metal-to-ligand
charge transfer (MLCT) excitation of [Ru(bpy),]** by
photoirradiation; (ii) consequently, one of the electrons
in the HOMO transfers to the LUMO+1; and (iii) the
electron tunnels from the LUMO+1 to LUMO through
the Si—O—Si bond. The results indicate the possible
presence of electronic interactions of the PMO organic
groups through the silica framework in addition to the
n—m interactions that have been previously focused on.
A long range electron transfer between the complexes
is hardly expected because the LUMO+1 and LUMO
are only slightly distributed to the silica framework.
Although the calculations suggest a through-bond
electron transfer as noted above, further studies
including an experimental approach are required to
corroborate this contribution.

4. Summary

The PMO organic groups are densely introduced in
the pore wall and are in proximity to each other. This
unique structure induces intermolecular interactions
of the organic groups that have significant potential to
play central roles in the functionalities. In this article,
our studies on excimer formation in the pore wall and
the electron transfer between metal complexes formed
on the pore surfaces are briefly reviewed.

The results of systematic calculations of typical
aromatic dimers demonstrated that the excimer
fluorescence energy could be accurately evaluated
by incorporating both the contributions of the main
configurations of the excimeric state and dynamical
correlation into the computation. The calculations of
cyclophane derivatives indicate that the electronic
properties of the organic groups of PMO materials are
dominated by transannular interactions and substituent
effects of the silica framework. Large displacements
of the aromatic rings from their original positions upon
photoexcitation were also suggested. The distribution
of metal complexes in Ru(Cat)-Ru(PS)-BPy-PMO
was studied by MC simulations. The results suggested
that a complex pair in which Ru(Cat) and Ru(PS)
are connected by a Si—O—Si bond on the surface is
the active center for CO, reduction photocatalysis.
The complex pair of Ru-Re-BPy-PMO was modeled

as a cluster and calculated by a quantum chemical
method to reveal the mechanism of electron transfer
between the two complexes. The results suggest that
the electron transfers from Ru to the bpy organic group
in [Ru(bpy),]** and then tunnels to the bpy ligand of
Re(bpy)(CO),Cl through a Si—O—Si bond.

The intermolecular interactions of the organic groups
are based on the atomistic-scale molecular structures
and the wavefunction of the material, which are
both difficult to be directly analyzed experimentally.
Theoretical calculations enable visualization of these
features and examination of the detailed mechanism
that underlies the observed phenomena and
functionalities. The interplay of theory and experiment
is demonstrated here as becoming more essential in the
study and development of functional PMO materials.
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