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General Introduction

Recent increase in energy usage causes serious global-scale environmental pollution such as
the greenhouse effect and the atmospheric contamination, and it must continue in the next decade
due to the growing energy demand of developing countries. Because of the limited deposit of
crude oil that was a major energy source during the 20th century, it is quite important to develop
new energy-producing technology for the sustainable improvement in the standard of living in this
century. Accordingly, we have considered several potential energy sources including wind energy,
geothermal energy, biomass, methane hydrate, and solar energy. Recently, solar cells, which can
convert the solar energy to the electrical energy, have been focused intensively as next generation
technology, because solar cells do not yield any pollutant such as NO, SOy, and even CO, and the
energy resource is almost inexhaustible for several billions years. Therefore, a great deal of efforts
has been devoted to developing efficient solar energy conversion systems. Inorganic solar cells
consisting of inorganic materials such as amorphous silicon have already been commercialized in
portable calculators, wrist watches, and earth-orbiting satellites, etc. The disadvantage of the
inorganic solar cells is high production cost, which limits their application in the large-scale power
generation. On the other hand, the advantages of organic solar cells over inorganic solar cells are
potential low production cost, high flexibility, lightweight, colorfulness, and facile design in
molecular level. Thus, organic solar cells exhibiting high power conversion efficiency are highly
desirable to realize eco-friendly life.

Natural photosynthetic systems inspire us basic principle and concept to achieve efficient solar
energy conversion. For instance, in purple photosynthetic bacteria, the incident photon is
corrected by the antenna complexes including a wheel-like array of chlorophylls and carotenoid
polyenes.? The corrected light energy is transferred to a chlorophyll dimmer (i.e., special pair) in
the reaction center in sub-femto- to several picosecond timescale. Subsequent electron transfer
event takes place from the excited special pair to quinone B via chlorophyll and pheophytin to
generate a second-lasting, charge separated state with nearly 100% quantum yield. The resulting
charge-separated state is eventually converted to chemical energy. It should be noted here that the
efficient production of the long-lived charge separated state results from distantly separated electron
and hole pair generated by the help of multistep electron transfer characterized by fast forward
electron transfer and slow back electron transfer in each electron transfer process.

To elucidate controlling factors of energy and electron transfer reactions in photosynthesis, a
wide variety of intra- and intermolecular donor-acceptor systems has been designed and
synthesized.*?® By the basic theory of the electron transfer developed by Marcus et al.,**?* the
rate of the electron transfer is expressed by the equation (1):
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where V is the electronic coupling matrix element, A is the reorganization energy, AG%r is the free
energy change for the electron transfer, kg is Boltzmann constant, h is the Planck constant, and T is
the absolute temperature. The reorganization energy A is a sum of vibrational reorganization
energy (Ay), associated with changes in the nuclear positions of the species undergoing electron
transfer, and solvent reorganization energy (As), associated with solvent reorientation. To optimize
charge separation and charge recombination processes, as seen in natural photosynthesis, we have
to modulate reorganization energy, because A has large impact on the rate of electron transfer as
predicted by equation (1). Ideally speaking, by matching the free energy change for charge
separation (—~AG’cs) with the A value (~AG%s ~ A) in which the free energy change for charge
recombination (~AG’cg) is much larger than the A value (~AG’g >> 1), charge separation process
would be in the Marcus top region, whereas charge recombination process would be in the Marcus
inverted region. Note that the —~AG s value should be small to minimize the energy loss during
charge separation. Thus, the development of donor-acceptor system with small reorganization
energy is prerequisite for efficient solar energy conversion. In this context, fullerenes (i.e., Cgo)
have been demonstrated to be excellent electron acceptors owing to their small reorganization
energies.?* The small reorganization energies of fullerenes originate from their rigid and extended
n-electronic structure. Namely, the rigid three-dimensional structures of fullerenes strongly limit
the structural change after one-electron reduction, leading to the small vibrational reorganization
energy, whereas the uniformly distributed negative charge in the extended =-electronic system
results in the small solvent reorganization energy. Accordingly, there have been many studies to
construct fullerene-based electron transfer systems, and several researchers have successfully
achieved the efficient production of long-lived, charge-separated state.”*** More importantly,
utilization of fullerenes as acceptors have also paved the way to novel organic solar cell (i.e., bulk
heterojunction solar cell).%*

The electronic coupling matrix element V also has a great impact on the rate of the electron
transfer. In the single-step electron transfer mechanism, the V value decreases exponentially with
increasing separation distance between donor and acceptor:

V=V, exp(—g Reej (2)

where Vy refers to the maximal electronic coupling element, £ is the decay coefficient factor, and
Ree IS the edge-to-edge distance between the electron donor and acceptor. With the assumption
that the reorganization energy and the free energy change for the electron transfer are independent
on the Ree value, substitution of equation (2) to (1) gives the distance dependence of the rate of the
electron transfer as follows:
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The g value depends on the electronic structure of the intervening medium such as solvent and
organic linkers. This equation predicts that, if through-bond electron transfer is dominant, the rate
of the electron transfer decreases exponentially with increasing the length of the bridging molecules
(linker). The energy levels and the electronic structures of the linkers also affect the apparent
electronic coupling element as follows:

V= VDLVLA (4)

which can be derived from superexchange theory, where Vp_ and Va are the electronic coupling
elements between the donor and the linker and between the acceptor and the linker, respectively,
and AEp, is the energy difference between the orbitals of the donor and the linker which take part in
the electron transfer. Therefore, the modulation of the energy levels and the orbital orientation of
the linker molecules is essential for controlling the electron transfer reaction. Accordingly, many
researching groups have studied the dependence of electron transfer rate on the linker molecules
consisting of carbon c-systems and rt-systems, #©89:10:16.17.18.19.2034

Energy transfer reaction also plays an important role in natural photosynthesis.
Weakly-coupled donor-acceptor energy transfer can be rationalized by coulombic (Forster)
mechanism*? or exchange (Dexter) mechanism.** These two mechanisms depend differently on
the controlling parameters of the donor-acceptor system including spin parameter and
donor-acceptor distance. The Forster mechanism is a long-range mechanism which is governed by
the dipole-dipole interaction. The rate constant of the Forster energy transfer (keat °°°') can be
expressed as follows:

3,40,41
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where @ is the fluorescence quantum yield of the donor moiety, &* is the orientation factor which
describes the relative orientation of the donor and the acceptor, Na is Avogadro’s number, zp is the
fluorescence lifetime of the donor moiety, R is the center-to-center distance, n is the refractive
index of the solvent, Fp(A4) is the fluorescence spectrum of the donor, and &a(4) is the acceptor
molar absorptivity. With a good spectral overlap integral and appropriate photophysical
properties, the distance dependence as a function of 1/R.’ enables energy transfer to occur
efficiently over distances substantially exceeding the molecular diameters. On the other hand, the
Dexter mechanism requires orbital overlap between donor and acceptor, either directly or mediated

by the linker and can be regarded as a double electron-transfer process. The rate of the Dexter
3



energy transfer depends exponentially on the donor-acceptor separation distance and depends on the
orbital interaction between the energy donor and energy acceptor, as in the case of electron transfer
theory on the basis of Marcus equation (1). Therefore, the rate of the Dexter energy transfer is
quite sensitive to the electronic property of the linker and there have been several reports about
donor-acceptor dyads with a variety of linkers containing carbon c-systems and nt-systems.*” 44’

The Si-Si o-bonds have similar properties to the C-C n-bonds, such as high reactivity to the
halogen molecules® and orbital interaction with the neighboring C-C =-bonds (o-n
conjugation).”*®  Among them, the most attractive properties of the Si-Si o-bonds are the
o-electron delocalization over the silicon chain (o-conjugation) in oligosilanes as demonstrated by
the strong absorptions in the UV region.™* Furthermore, a degree of o-conjugation is very
sensitive to the conformation of the silicon backbone.”>>* Owing to such outstanding properties,
oligosilanes and polysilanes have been regarded as potential candidates for electronic devices.
Therefore, the properties of the Si-Si o-bonds as the linkers in the energy and electron transfer
systems are of great interest. However, to the best of my knowledge, there has been no report on
the energy and electron transfer mediated by silicon o-systems as linker.

The first objective of this thesis is the elucidation of the function of the oligosilanes as a
linker in the energy and electron transfer. At first, the basic properties of the Si-Si linkers was
studied in the conformation-constrained diphenyldisilane for better understanding of energy and
electron transfer properties mediated by Si-Si linkage (Chapter 1). Second, the porphyrin-Cgo
dyad linked with the dialkynyldisilane has been synthesized and their excited-state dynamics were
studied by steady-state photophysical measurements, time-resolved fluorescence measurements,
and transient absorption measurements (Chapter 2). Third, the effects of the oligosilane
conformation on the electron transfer rate were examined by incorporating the
conformation-constrained tetrasilane linkers between the porphyrin and the Cg (Chapter 3).
Finally, the porphyrin-Cgy dyads with the oligosilane linker with different chain length have been
synthesized to reveal the chain-length dependence of the electron transfer rate through the Si-Si
o-bonds (Chapter 4). These studies revealed that the Si-Si o-bond linkers act as excellent
molecular wires, as in the cases of C-C n-bond linkers. The author has also synthesized a zinc
porphyrin-free-base porphyrin dyad linked by a diphenyldisilane (Chapter 5). The effective
Dexter-type energy transfer through the Si-Si o-bond linker was confirmed.

The second objective of this thesis is the utilization of the electron-rich perylenediimide as
a donor chromophore in the intramolecular electron transfer system and the dye-sensitized
solar cell. As described in the early part of this chapter, the fullerenes are among the most
attractive electron acceptors. However, taking into account efficient solar energy conversion, the
light-harvesting properties of the fullerenes are quite low in the visible region. Therefore, it is of
utmost importance to combine fullerenes with other electron donors exhibiting high light-harvesting
properties in the visible region. In this context, perylenediimides (PDIs) are highly promissing
owing to their outstanding chemical, thermal, and photophysical stability and good light-harvesting
properties in the visible region.® In this context, several PDI-Cg dyads have been
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synthesized.”®>®  Nevertheless, direct detection for the charge-separated state of the PDI-Cg
dyads has been unsuccessful, probably due to weak electron-donating properties of PDI.>** In
Chapter 6, a dyad consisting of an electron-rich PDI, which has two pyrrolidine substituents at a
perylene core, and the Cgo, was synthesized. By transient absorption measurements, it was
revealed that the photoexcitation of the PDI moiety results in the occurence of electron transfer
from the excited PDI to the Cgp moiety in polar solvent. This is the first unumbiguous evidence of
the photoinduced electron transfer from the PDI to the Cg. Furthermore, the analysis of the
detailed excited state dynamics in other polar and nonpolar solvents disclosed the unexpectedly
large reorganization energy of the electron-rich PDI (Charpter 7). Finally, the dye-sensitized solar
cells, which are regarded as the most suitable organic solar cells for practical use,®*® with
electron-rich peryleneimides have been fabricated by using TiO, nanocrystalline electrodes
(Chapter 8).

The third objective of this thesis is the construction of the porphyrin-fullerene network
on the silica nanoparticle for the photoelectrochemical device. Porphyrins are known to be
excellent electron donors with good light-harvesting properties in the visible region.®® The
additional remarkable property of the porphyrins is a great affinity to the fullerenes, which leads to
highly-ordered supramolecular architectures involving porphyrin-fullerene supramolecular
complex.®®®”  Specifically, porphyrin-fullerene composites have been successfully assembled on
electrodes to exhibit efficient photocurrent generation.®*>®®73 |n Chapter 9, porphyrin molecules
have been asembled onto photochemically inactive silica nanoparticles which would avoid
unfavorable energy transfer quenching of porphyrin excited state as seen on metal nanoparticles.
The photoelectrochemical devices with SnO, electrode modified with the composite clusters of
porphyrin-silica nanoparticles and fullerene have been prepared. Remarkable enhancement of the
photocurrent generation was achieved relative to the metal-core reference system,*03>0869.7273
showing the potentiality of photochemically inactive silica nanoparticles as a nano scaffold.
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Chapter 1

Conformation Dependence of Photophysical Properties of c—n Conjugation as
Demonstrated by cis- and trans-1,2,-Diaryl-1,2-disilacyclohexane Cyclic Systems
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Abstract

Several configurationally constrained cis- and
trans-1,2-diaryl-1,2-dimethyl-1,2-disilacyclohexanes (3a—e) have been synthesized in order to
measure their photophysical properties, such as UV absorption, magnetic circular dichroism (MCD),
and photoluminescence. As has been well established, the UV absorption maximum (*L, band)
occurs at 230-270 nm, due to the effective o—n conjugation between the aryl groups and the
disilane moiety. The absorption maximum wavelength of the trans isomer is slightly longer than
that of the cis isomer for all the diaryldisilanes employed in the present study. Although the MCD
spectra of the cis- and trans-1,2-diphenyl-1,2-dimethyl-1,2-disilacyclohexanes (3a) show only a
slight configuration dependence, this method is helpful to detect a weak 'L, band. The disilanes
3a and 5a show a charge-transfer (CT) emission band. The quantum yields are dependent on the
disilane configuration and the solvent polarity; the order of the quantum yield is cis-3a < 5a <
trans-3a in 3-methylpentane, while the order is 5a < cis-3a < trans-3a in acetonitrile. These
results demonstrate that the conformation constraint is effective for controlling the photophysical
properties of the diaryldisilanes.



1. Introduction

It is well-known that the Si-Si o-electron system possesses a high-lying HOMO and a
low-lying LUMO. The energy level of a Si-Si o-bonding orbital lies higher than that of a C=C
n-orbital (e.g., the first ionization potential of Si;Mes: 8.69 eV;' benzene: 9.25 eV)” due to the
inherent electropositivity of the silicon. Thus, the silicon o-bonding electrons are labile to
delocalize within the silicon framework similar to the w-conjugated system, and this c-electron
delocalization is called o-conjugation. The Si-Si o-conjugated system behaves as a chromophore
in itself and exhibits intriguing photophysical properties, such as UV absorption and
photoluminescence.®** At the same time, the strong interaction with the m-electron system
affords a further electron-delocalized c—= conjugation system, which has been well studied® °°
due to the considerable interest from the viewpoints of basic science as well as material science. ’
The most significant feature of the o—m conjugation system is its remarkable stereoelectronic effect
(conformation dependence). Kira, Sakurai, and their co-workers reported the UV absorption
spectra of several conformation-constrained aryldisilanes and demonstrated that the torsion angle
between the Si-Si o-bond and the aromatic ring plane w; (Figure 1a) should be 90° for the
maximum o—n conjugation.®  In addition, much attention has been paid to the excited states of the
o—n conjugation system for elucidating the photophysics and photochemistry of the aryl-substituted
organosilicon compounds. °

Tamao and co-workers have been carrying out the conformation control by the incorporation of
a disilane moiety into a monocyclic' ® or bicyclic' "' * system to clarify the relationship between
the structure and photophysical properties of the oligosilane o-conjugation system. Obviously,
this methodology can also be applied to a diaryldisilane o-m conjugation system. The
photophysical properties of the diaryldisilanes are also postulated to depend on the torsion angle ,,
arising from the rotation around the Si-Si bond (Figure 1), in addition to ®; as mentioned above.
As shown in Figure 2, these two angles can be constrained by means of the incorporation of the
disilane moiety into a monocyclic structure to control the c—r conjugation and the n—= interaction
between the aromatic rings. In the present study, the author has examined some photophysical
properties, such as UV absorption, MCD (magnetic circular dichroism), and photoluminescence of
the cis- and trans-1,2-diaryl-1,2-dimethyl-1,2-disilacyclohexanes.

@ Si\ N ®) Ar\?;
.
Si—@ ;
L

Figure 1. (a) o;: torsion angle between the Si-Si o-bonding axis and the aromatic ring plane; (b)
wy: torsion angle of C(ipso)-Si-Si—C(ipso).

10



(@)

—_—

001\"’ \",

® 00 e
Me—-Ul—-Me %% Me—-?:?—@

cis trans

\ J

ﬂ-_ﬁ:‘\\ ”" Si-.., o7 - Sl b
\ C Vv ¥ a TIY
)

Figure 2. (a) Schematic description of conformation change of acyclic 1,2-diphenyldisilane due
to free rotation about Si-Si and Si-Ph bonds, and (b) conformationally constrained cyclic
1,2-diphenyldisilanes employed in this study.

2. Result and Discussion
2.1. Synthesis

The 1,2-diaryl-1,2-dimethyldisilacyclohexanes (3a—e) were prepared as summarized in
Scheme 1, while their acyclic counterparts, the 1,2-diaryl-1,1,2,2-tetramethyldisilanes 5a—e, are all
known compounds.'® The reaction of the dichlorotetraphenyldisilane 1 with the di-Grignard
reagent generated from 1,4-dichlorobutane afforded 1,1,2,2-tetraphenyl-1,2-disilacyclohexane 2.
One of the phenyl groups on each silicon of 2 was substituted with trifluoromethylsulfonyloxy
(TfO: triflate) groups, ' * followed by the reaction with methylmagnesium iodide to give a mixture
of the cis- and trans-1,2-dimethyl-1,2-diphenyl-1,2-disilacyclohexanes 3a. The phenyl groups of
the mixture of cis- and trans-3a were thoroughly substituted by chlorine atoms or triflate groups,
followed by treatment with the corresponding aryl Grignard reagent in the presence of copper(l)
cyanide ' ° to afford a mixture of the cis- and trans-disilanes 3b—e. The two isomers of 3 were
separated by flash column chromatography, preparative HPLC, or preparative GC.

The configuration of each isomer of 3a was assigned according to the literature.'® In
addition, the structure of trans-3d was unambiguously confirmed by X-ray crystallography (see
below). These compounds 3a and 3d have characteristic *H NMR spectral patterns in the region
of 0.8-2.2 ppm corresponding to the tetramethylene tethers. Thus, the eight protons appear as
three multiplets in the ratio of 2 : 2 : 4 from the low fields for the trans isomers, but in the ratio of
4 . 2 : 2 for the cis isomers. This difference was useful for the assignment of the cis and trans
isomers of other derivatives.

2.2. Geometry
2.2.1. X-ray crystallography. An X-ray crystallographic analysis was performed on the
trans isomer 3d (Figure 3). The Si-Si bond length and the Si-Si—C bond angles are within the

11



normal range. The torsion angles, w;, which primarily contribute to the degree of the o—n
conjugation, are 36.74(15)° and 69.19(15)°.

Scheme 1. Synthesis of diaryldisilanes.

mgg: Ph  Ph . Ph Ph
. ! ’
PhoSi—SiPh, ~MICL oy o gipp DTOH | vem Si—SimMe
Cl CI THF { ) 2) MeMgl
70% 77%
2 3a
(cis/trans =1/ 2.5)

X X Ar_ Ar Ar Ar

TfOH or 3 ArMgBr : :

— > Me—Sl—SlmMe - > Me-—Sl—Sl--Me+ Me—éi—éi-—Me
HCI (9) { ) cat. CuCN
AICl; Et,O or THF

4-x 61-87% from 3a cis-3 trans-3
(X = TfO, Cl)

Me Me
Ar = -< >—
e ) | e e @
= H (a), CF5 (b), Me (c),
Me Me MeO (d), Me,N (e)

5

Figure 3. X-ray structure of trans-3d. (ORTEP plot, 30% probability for thermal ellipsoids).
Hydrogen atoms are omitted for clarity. Selected bond length, bond angles, and torsion angles:
Sil-Si2: 2.3394(8) , C1-Sil-Si2: 115.90(6)°, C1-Sil-C8: 108.35(9)°, C13-Si2-Sil: 113.51(5)°,
C13-Si2-C20:  109.64(9)°, C1-Sil-Si2-C13: -94.33(8)°, (C8-Sil-Si2-C20: 154.52(12)°,
Si2-Si1-C1-C2: 36.74(15)°, Sil-Si2-C13-C14: —69.19(15)°.

2.2.2 Geometry Optimization. The most probable geometries of 3a and 5a were obtained
by MP2/6-311G(d) calculations, as shown in Figure 4. The total energy of trans-3a is higher by
only 0.94 kcal/mol than that of cis-3a at this level. The C(ipso)-Si—Si—C(ipso) torsion angles w;
of the cis and trans isomers are 34.6° and 167.1°, respectively. In the cis-isomer, the
intramolecular distance between the two ipso-carbon atoms of the two phenyl groups (3.19 A) is
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favorable for the intramolecular n—r interaction. The torsion angles w; in the cis isomer are 63.1°
and 70.0°, and those in the C, symmetrical trans isomer are 56.6°, suggesting that the o—=n
conjugation in the ground state is slightly more effective in the cis isomer. Actually, the HOMO
energy level of cis-3a is slightly higher by 0.05 eV than that of trans-3a at the present level.

A conformation search by molecular mechanics calculations of the acyclic 5a afforded the
gauche and anti conformers as local minima. Further optimization with MP2/6-311G(d)
calculations proved that the gauche conformer (m; = 83.2°, m, = 50.2°) is more stable' * than the
anti conformer (w; = 87.8°, w, = 180°) by 1.8 kcal/mol. The torsion angles w; are almost 90° in
both conformers, suggesting the effective c—n conjugation. The intramolecular distance between
the two ipso-carbon atoms of the benzene rings in the gauche conformer is 3.51 A, but the orbital
overlap is not as large as that in cis-3a.

@ I\ N © &/
\ V. cis-3a (Cy) U { 5a (gauche: C,)
. _ Ph--Ph: 3.19 A B { 5'2?' Ph--Ph: 3.51 A
SiLp—43? ®; = 63.1°, 70.0° Sy Sl ®; = 83.2°
p G | 0y = 34.6° \ ®, = 50.2°
® 1siz trans-3a (C,) 3
- rans-3a (C, Q N
ral = 0, =56.6° si1 ,}Sz; 5a {anti: Ci)
b - = ° ®, =of.
LA st 0, = 167.1 of & R

Figure 4. Optimized geometries of (a) cis-3a, (b) trans-3a, and (c) 5a at MP2/6-311G(d) level.
Ph~'Ph means the distance between the ipso carbon atoms on the phenyl rings.

2.3. UV absorption spectra

The UV absorption spectra of 3 and 5 measured in 3-methylpentane at room temperature are
plotted in Figure 5 and the data are summarized in Table 1. The notable features of these spectra
are as follows. (1) Substituent effects: The 'L, band of the parent compound 3a is observed to
red-shift in all the para-substituted derivatives 3b—3e. The intensity of the 'L, band is increased by
the electron-donating para-substituents such as methyl, methoxy, and dimethylamino groups, while
it is decreased by the electron-withdrawing trifluoromethyl substituent. (2) Conformation effect:
The absorption maximum wavelength Amax of the 'L, band red-shifts in the order of cis-3a < 5a <
trans-3a.  Although the difference between the cis and trans isomers is only 4 nm (740 cm™,
0.09 eV), this tendency is always the case with the disilanes 3 employed in the present study. On
the basis of the structural analysis (Figure 4), a more efficient c—m conjugation is expected in the cis
isomer since the torsion angle w; of cis-3a is larger than that of trans-3a. Therefore, the order of
the UV absorption maximum wavelength would be trans-3a < cis-3a. However, the observed
spectra disagree with this assumption. This discrepancy will be accounted for by the molecular
orbital calculations and configuration interaction of the excited states on the basis of the
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Figure 5.

3-methylpentane at room temperature.

UV absorption spectra of cis-3 (dashed line), trans-3 (solid line), and 5 (dotted line) in

Table 1. Summary of UV absorption spectra of 1,2-diaryldisilanes 3 and 5.”

Amax / M (g)
Ar Ar Me Me Ar - Me
Me~=Si—Si=Me Ar—Si-Si—Ar Me=Si—Si—=Ar
MeMe

Y cis-3a-e acyclic (5a-e) trans-3a-e
H (a) 233.4 (13700) 236.4 (18400) 2375 (15200)
[234.6  (13300)]”  [236.4  (13300)]Y  [238.0  (14200)]”

CFs (b) 241.1 (15000) 243.3 (17200) 246.7 (13600)
268 (sh)®  (4300) 268 (sh)®  (4500) 268 (sh)  (5600)

275 (sh)®  (2400) 275 (sh)®  (2200) 276 (sh)? (2500)

Me (c) 232.0 (19300) 237.9 (24500) 238.6 (20700)
MeO (d) 237.4 (33900) 238.6 (26200) 240.0 (31500)
275.2 (3100) 275.3 (3200)

281.9 (2500) 282.1 (2300)

Me;N  (e) 266.1 (48300) 272.5 (58300) 271.4 (45600)
305 (sh)® (4200) 305 (sh)® (5500) 305 (sh)® (4200)

315 (sh)® (1900) 315 (sh)® (2400) 315 (sh)® (1800)

a) All measurements were performed in 3-methylpentane at room temperature unless otherwise noted; b) in acetonitrile

at room temperature; c) Shoulder
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time-dependent DFT calculations (see below).

(3) In addition to the intense L, band, weak absorption bands with a vibrational structure,
assignable to the 'Ly band of the aromatic rings, are observed at 250-315 nm for some compounds,
especially ones with strong electron-donating or accepting groups such as the methoxy,
N,N-dimethylamino, or trifluoromethyl groups. These bands were barely observable for the parent
compounds 3a and 5a but their existence was unambiguously detected using MCD spectroscopy, as
will be discussed later.

2.4. Molecular Orbital Calculations

To understand the electronic transitions of these disilanes, the author carried out molecular
orbital and excited state calculations.

2.4.1. Orbital interaction. Figure 6a illustrates the molecular orbitals of the cis- and
trans-3a drawn on the basis of the population analysis using the 6-311G(d) basis set. The HOMO
is formed by the interaction between o(SiSi) and ns(Ph) and its energy level is significantly elevated
compared with their levels. This interaction is consistent with the traditional description of the
HOMO of an aryldisilane o—r conjugated system. The LUMO is composed of the ns*(Ph) orbital
and one of the originally degenerate m-symmetry orbitals with respect to the Si-Si bond
(m*(SiSi)) ' ® rather than the Si-Si antibonding o*(SiSi), as illustrated in Figure 6a and
schematically drawn in Figure 7.  This is because the n*(SiSi) orbital lies lower in energy than the
o*(SiSi) orbital, as discussed in the previous report,’ and the former is comparable in energy level
to and thus interacts strongly with the n*(Ph) orbitals. It is additionally noted that the LUMO and
LUMO+2 of cis-3a involve the interaction of two n*(Ph) orbitals on the phenyl groups.

2.4.2. Orbital energy. A key point in Figure 6a is the comparison of the orbital energy
levels. The HOMO energy level of cis is higher by 0.12 eV than that of the trans. This is
consistent with the results from the geometry optimization calculations (Figure 4), which claim that
the o—n interaction of the HOMO of cis-3a would be stronger than that of the trans due to the
larger torsion angle ®;. However, the calculated HOMO-LUMO gaps of both isomers are
essentially the same (5.64 eV for cis and 5.65 eV for trans).  Since these analyses of the molecular
orbitals did not provide useful information to elucidate the conformation dependence of the
observed UV absorption spectra, time-dependent DFT calculations were performed.

2.5. Excited State Calculations by the Time-dependent DFT Method

The results of the calculations (TD B3LYP/6-311G(d)//MP2/6-311G(d)) of the cis- and
trans-3a as well as 5a are summarized in Table 2, in which some major transitions and excited
configurations are highlighted with bold-face characters. The primary electronic transitions and
the estimated UV spectra are visualized in Figure 6b. Although the calculated excitation energies
are somewhat underestimated, the observed spectra are reasonably reproduced. (1) For trans-3a,
the observed 'L, band is composed of only one transition (So—S:) in which the excited
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configuration of HOMO—LUMO is predominant. (2) In contrast, for cis-3a, the 'L, band
comprises four transitions with comparable excitation energies due to the congested molecular
orbitals around the HOMO and LUMO. The most intense transition (So—S3) is chiefly composed
of the excited configuration of HOMO—LUMO, but the higher-energy excited configurations also
significantly participate in the transition, as shown in Table 2. As a result, the Sp—S; transition
energy of the cis isomer becomes higher than that of the Sp—S; transition of the trans, and the UV
absorption maximum of cis-3a blue-shifts as compared to that of trans-3a. (3) The above
mentioned conformation dependence of the UV absorption is the case for each conformer of the
free-chain diphenyldisilane 5a. Thus, as shown in Table 2, the gauche conformer has four

@n v

VY @/\X G 1r1> <%

#

o g
LUMO+2 cis-3a trans-3a
LUMO+2 -0.40eV AN LUMO+1
Tas + % Iy -0.33eV
? 3& T8 uMo+1
(g —0.52eV sy ) —‘ LUMO * LUMO
LUMO L -0.67 eV ]
M uf LUMOs1  —056eV ) .- (SiSi) +
e 3(SiSi)+r’s 4 3 1
Q < NN 5
LUMO _
L+ T HOMO 5 @8
T(SiSi) +m; 620 eV HOMO %@ HOMO
U HOMO-1 —6.32 eV Fx- o(SiSi) — g
@ QD -6.58 eV
@3 HOMO HOMO-2
-6.82 eV HOMO-1
(.% = o(SiSi) — s —6.91eV

(b)

Figure 6. Molecular orbitals of cis- and trans-3a drawn using 6-311G(d) basis set together with a
simulation of the UV absorption spectra estimated by TD B3LYP/6-311G(d) calculations. The
bars in the spectra represent the calculated transitions (shifted by 9.6 nm toward the short
wavelength from the calculated values).
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Table 2. Summary of the time-dependent DFT calculations (TD B3LYP/6-311G(d)) for cis- and trans-3a and 5a.

cis-3a (C, symmetry)

trans-3a (C, symmetry)

gauche-5a (C, symmetry)

anti-5a (C; symmetry)

S1 (A)?: 249.05 nm (f = 0.0162)"

HOMO-3 - LUMO® 0.16179%
HOMO-2 — LUMO+1 -0.13612
HOMO-1 - LUMO  -0.10132
HOMO-1 — LUMO+1 —0.22694
HOMO —LUMO  -0.24900
HOMO — LUMO+1  0.28969
HOMO — LUMO+2 0.47301
S, (A): 247.12 nm (f = 0.0610)
HOMO-1 — LUMO  -0.14587
HOMO-1 — LUMO+1  0.17637
HOMO —LUMO  -0.19650
HOMO — LUMO+1 0.49539
HOMO — LUMO+2 -0.34295

Sz (A): 244.21 nm (f = 0.1135)

HOMO-2 — LUMO+2 -0.10065
HOMO-1 — LUMO -0.17283
HOMO — LUMO 0.57987
HOMO — LUMO+1 0.22301
HOMO — LUMO+3  0.10387
Sy (A): 241.67 nm (f = 0.0395)
HOMO-3 — LUMO+1 -0.19704
HOMO-2 — LUMO 0.12741
HOMO-2 — LUMO+2  0.26460
HOMO-1 - LUMO 0.41781
HOMO — LUMO 0.11529
HOMO — LUMO+1  0.29091
HOMO — LUMO+3 -0.28667

S1 (B): 247.09 nm (f = 0.2681)

HOMO-4 — LUMO
HOMO — LUMO

0.12121
0.66877

S, (B): 241.44 nm (f = 0.0074)

HOMO-3 — LUMO+1 -0.25749
HOMO-2 — LUMO 0.33289
HOMO-1 — LUMO+3 -0.20810
HOMO — LUMO+2 0.51847
Sz (A): 241.11 nm (f = 0.0000)
HOMO-3 — LUMO -0.32833
HOMO-2 —» LUMO+1  0.26162
HOMO-1 — LUMO+2 -0.21259
HOMO — LUMO+1 -0.22900
HOMO — LUMO+3  0.46422

S (A): 248.22 nm (f = 0.0592)

HOMO-3 — LUMO -0.13624
HOMO-2 — LUMO+1  0.18144
HOMO-1 — LUMO+1 -0.14863
HOMO — LUMO 0.57255
HOMO — LUMO+2 -0.28264

S, (B): 247.82 nm (f = 0.0107)

HOMO-3 — LUMO+1  0.14224
HOMO-2 —» LUMO+2 -0.22261
HOMO-1 — LUMO 0.51460

HOMO — LUMO+1 0.33540
HOMO — LUMO+3 0.21974

S (A):242.69 nm (f = 0.0586)

HOMO-3 — LUMO 0.16869
HOMO-1 — LUMO+1  0.28323
HOMO-1 —> LUMO+3 —0.16951
HOMO - LUMO 0.34948
HOMO — LUMO+2 0.46481

S, (B): 238.75 nm (f = 0.0961)
HOMO-2 — LUMO 0.12752
HOMO-2 — LUMO+2  0.14954
HOMO-1 — LUMO  —0.24041
HOMO — LUMO+1 0.59041
HOMO — LUMO+3 -0.16119

S1(Ay): 252.31 nm (f = 0.5161)
HOMO —LUMO 067392

S, (Ay): 245.90 nm (f = 0.0000)

HOMO-3 —» LUMO+3  0.16398
HOMO-2 — LUMO 0.33369
HOMO-1 — LUMO+2 -0.20743
HOMO — LUMO+1 0.56986
S3(Ay): 244.51 nm (f = 0.0000)

HOMO-3 —» LUMO+1  0.18052
HOMO-2 — LUMO+2 -0.21803
HOMO-1 — LUMO 0.36046

HOMO — LUMO+3 0.54492

a) Irreducible representation to which each excited state belongs; b) oscillator strength; c) excited electron configurations; d) coefficients of the wavefunction for each excitation.
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Figure 7. Schematic drawing of some occupied and unoccupied molecular orbitals in a
phenyl-substituted disilane.

transitions in the corresponding region, including the most intense transition at 238.75 nm, which is
shorter than that of cis-3a, while the anti conformer has only one transition at 252.31 nm, which is
longer than that of trans-3a, with a much larger oscillator strength. The real spectrum of 5a is
represented as a summation of these transitions, and the apparent peak happens to appear between
those of the cis- and trans-3a.

2.6. MCD spectroscopy

The magnetic circular dichroism (MCD) spectra of the cis- and trans-3a as well as 5a were
observed in 3-methylpentane at room temperature. The spectra are plotted in Figure 8 and the data
are summarized in Table 3. The wavelength of the negative MCD peak (positive B term) at
234-237 nm coincides with that of the UV absorption maximum (*L, band) of each compound. In
addition, another band with a positive MCD signal (negative B term) was detected in the range of
260-273 nm with the vibrational fine structure of ca. 960 cm™and was assigned to the 'L, band
corresponding to the n—=n* (1A1g — !B,,) transition in a benzene ring. Since the effect of the
disilane moiety is slight on this transition, the shapes of the 'L, band are essentially the same among
these three spectra. These MCD signal patterns (i.e., positive for 'L, and negative for 'Ly)
observed in the present study are the same as those of phenylpentamethyldisilane'” and other

silyl-substituted benzenes. *°
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2.7. Photoluminescence

The emission spectra of the cis- and trans-3a and 5a excited at 250 nm were recorded at room
temperature in 3-methylpentane and acetonitrile, as plotted in Figure 9, and the data are
summarized in Table 3. Several characteristic aspects are noted as follows. (1) Only one broad
S t r u c t u r e | e S S

Bs-owos/E O F ‘ ‘

oM LE -

200 220 240 260 280 300
Al nm

Figure 8. (a) MCD spectra of cis-3a (dashed line), trans-3a (solid line), and 5a (dotted line)
measured in 3-methylpentane at room temperature, together with (b) the corresponding UV
absorption spectra.

Table 35 Summary of MCD and photoluminescence of the 1,2-diphenyldisilanes cis-3a, trans-3a,
and 5a.?

d) ) -3
Amco” / nm ([®]MC)] g-EIQA/IPf/) nm (iel-llggl)\l )
cis-3a 273 (0.08) 366 (0.63) 387 (7.8)
266 (0.10)
261 (0.05)
235 (-0.37)
trans-3a 273 (0.11) 366 (3.9) 387 (9.5)
267 (0.14)
261 (0.08)
234 (-0.37)
5a 273 (0.11) 364 (1.4) 375(3.7)
266 (0.08)
261 (0.14)
237 (-0.44)
a) All spectra were recorded at room temperature; b)
maximum/minimum  wavlength  of MCD  signal in
3-methylpentane; c)magnetic molar ellipticity in a unit of
degM™m™G™; d) emission maximum wavelength excited at 250
nm; €) emission quantum vyield. Naphthalene was used as a
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reference (@ = 0.23); f) 3-methylpentane
emission band with a large Stokes shift was observed in both solvents. (2) The emission

maximum wavelength, Aem, and the intensity depend on the polarity of the solvent.  In acetonitrile,
the Agwm red-shifts by ca. 20 nm with an increase in intensity compared with that in 3-methylpentane.
These facts demonstrate that the observed emission is that from the intramolecular charge-transfer
(ICT) state, as has been developed by Shizuka, Ishikawa, Kumada et al.*' and Sakurai, Kira et
al.??  (3) The 20 nm red-shift of Agm of 3a and 5a by changing the solvent from 3-methylpentane
to acetonitrile is smaller than that (ca. 33 nm from isooctane to acetonitrile) * % of
pentamethylphenyldisilane. ~ This can be understood by the less polar ICT states of the
1,2-diphenyldisilanes 3a and 5a due to the larger charge delocalization as compared to the
monophenyldisilane. (4) The emission intensity is also dependent on the conformation. The
orders of the emission quantum yield are cis-3a < 5a < trans-3a in 3-methylpentane and 5a < cis-3a
< trans-3a in acetonitrile. The emission quantum yield of trans-3a is higher than those of the others
in both solvents although the absolute values are low, while that of cis-3a is quite low in
3-methylpentane.

. (b)

300 400 500 600
Al nm

Figure 9. Emission spectra of cis-3a (dashed line), trans-3a (solid line), and 5a (dotted line) at
room temperature: (a) in 3-methylpentane; (b) in acetonitrile.

The conformation dependence of the emission intensity is explained in terms of the schematic
diagram shown in Figure 10. (i) The formation of the ICT state from the non-relaxed excited

states S, (path a)?'? followed by the radiative decay (path d) is more preferred in trans-3a, mainly
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due to steric reasons. (ii) The weak emission of the cis-3a in a non-polar solvent should be
ascribed to another radiationless decay path. One possibility is the excimer formation (path b or
b’) or energy transfer on the basis of the intramolecular n—r interaction of the two phenyl groups in
a non-polar solvent as seen in the calculated orbitals (Figure 6a). However, the excimer in the cis
isomer, even if really formed, would end up as a radiationless decay (e.g., path e) under the present
conditions, because the band shape of cis-3a is the same as that of trans-3a, therefore, there is no
significant distortion in the observed spectrum arising from the overlap with the excimer emission.
There is another possibility that the intersystem crossing to the triplet state (path ¢)®'® would be
more favored in the cis isomer. In any case, the formation of the polar ICT state is more preferred
in acetonitrile to afford the CT emission with the larger quantum yield than that in 3-methylpentane.
(iii) The emission quantum yield of the acyclic disilane 5a is lower than those of the cyclic disilanes
3a even in acetonitrile. Even considering the conformation change by varying the solvent, the
relative quantum yield 5a is too small. Therefore, this phenomenon can be attributable to another
radiationless decay path, most probably due to the free rotation about the Si-Si bond. This result
provides a nice example that demonstrates that the conformation constraint by the cyclic structure is
effective for controlling the photophysical properties, especially the emission of the o—=n
conjugation system.

) -‘E:\\
a
LE b ‘b‘~\\\\ \\\tz
‘:\\“\:\\ (cis only)
i N7 excimer
T orT,
hv hy
q e
et ! _S_O_*___,_ — SE)*
SO .—*f—:—"' —————

Figure 10. Schematic energy levels of the ground and the excited states and relaxation paths for
diaryldisilanes.

3. Conclusion

A series of conformationally constrained cis- and trans-1,2-diaryl-1,2-disilcyclohexanes 3, as
well as their acyclic analogues 5, have been prepared in order to investigate the effect of the
conformation on their photophysical properties. (1) The UV absorption maximum wavelength of
the trans isomer is always slightly longer (3-6 nm) than that of the cis isomer. (2) The 'L, band in
the MCD spectra is also conformation-dependent, while the first transition (*L, band) is not. (3)
The emission quantum vyields, but not Agym, are significantly dependent on the conformation and
solvent. The orders of the emission quantum yield are cis-3a < 5a < trans-3a in 3-methylpentane
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and 5a < cis-3a < trans-3a in acetonitrile. The conformation control by introduction of a cyclic
structure is effective for controlling the photophysical properties in the c—r conjugation system.
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Experimental Section

General. Melting points (mp) were determined with a Yanaco MP-S3 instrument and are
uncorrected. 'H NMR spectra were measured with Varian Mercury (300 MHz for *H) in C¢Ds.
3¢, 1°F, and 2°Si NMR spectra were measured with JEOL EX-270 (67.94 MHz for **C, 254.2 MHz
for *°F, and 53.67 MHz for 2°Si) spectrometer in C¢Ds.  Chemical shifts are reported in & ppm with
reference to internal solvent peak for *H (CsHDs: 7.20 ppm) and *3C (C¢Ds: 128.0 ppm), to external
CFCl5 (0.0 ppm) for *°F, and to external TMS (0.0 ppm) for S, respectively. Mass spectra were
measured with SHIMADZU GCMS-QP5050 mass spectrometer.  Recycle preparative gel
permeation chromatography (GPC) was performed using polystyrene gel columns (JAIGEL 1H and
2H, LC-918, Japan Analytical Industry) with chloroform or toluene as an eluent. Recycle
preparative high-performance liquid chromatography (HPLC) was performed using a silica-gel
column (JAIGEL-SIL S-043-15, Japan Analytical Industry) or an ODS column (JAIGEL-ODS
S-343-15 or JAIGEL-ODS-AP, Japan Analytical Industry). Preparative gas chromatography (GC)
was performed using a silicone column (Silicone DC-550, 3 m x 5 mm; column, injector, and
detector temperature was 250 °C; flow rate = 1.2 ml/s, hydrogen as a carrier gas; GC-4B,
SIMADZU). Thin-layer chromatography (TLC) was performed on plates coated with 0.25 mm
thickness of silica gel 60F-254 (Merck). Column chromatography was performed by using
Kieselgel 60 (70-230 mesh; Merck). All reactions were carried out under a nitrogen atmosphere,
unless otherwise stated. All dry solvents were freshly distilled under N, before use. Et,O and
THF were distilled from sodium/benzophenone. Benzene was distilled from lithium aluminum
hydride or sodium. Hexane was distilled from sodium/benzophenone/triglym. Toluene was
distilled from sodium. CH,Cl, was distilled from calcium hydride. Acetone was distilled from
anhydrous K,COs.

Spectral measurements. UV absorption spectra were recorded with a SHIMADZU
UV-3101 spectrometer or a Perkin-Elmer Lambda 900 with a data interval of 0.1 nm. MCD
spectra were recorded with a JASCO J-820 spectrometer in the presence of 1.5 T of magnetic field
parallel to the propagation direction of the light (100 scans taken at 5 nm/min with 4 s response
time were averaged). These spectra were taken with about 10 M solutions in a quartz cell with
the path-length of 1 cm. Fluorescence spectra were recorded with a Perkin-Elmer LS50B
spectrometer with a data interval of 0.5 nm. These spectra were taken with about 10> M solutions
in a quartz cell with path-length of 1 cm. The fluorescence quantum yields were determined by
comparison with a naphthalene as a standard (® = 0.23 in cyclohexane).*® 3-Methylpentane
(3-MP) was purified by passage over a silver nitrate-alumina column and was degassed before the
fluorescence measurement. Spectral grade acetonitrile was purchased (Nakalai Tesque) and
degassed before use.

1,2-Dimethyl-1,2-diphenyl-1,2-disilacyclohexane  (3a). To a solution of
1,1,2,2-tetraphenyl-1,2-disilacyclohexane (23.8 g, 56.7 mmol) in CH,Cl, (100 ml) was added TfOH
(10 ml, 110 mmol) dropwise at 0 °C over 10 minutes. Upon completion of the addition, the
addition funnel was rinsed with CH,Cl, (2 x 2 ml). After being stirred at 0 °C for 1.5 h, the
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solvent was evaporated. The residue was dissolved in Et,O (100 ml) and cooled to 0 °C. To the
resulting solution was added 180 ml (170 mmol) of a 0.94 M solution of MeMgl in Et,O dropwise
at 0 °C over 1.5 h. Upon completion of the addition, the addition funnel was rinsed with Et,O (10
ml), then the reaction mixture was allowed to warm to room temperature. After being stirred for
1.5 h, the reaction mixture was hydrolyzed with 10% NH,CI (100 ml). Then the biphasic mixture
was separated and the aqueous layer was extracted with Et,O (3 x 100 ml). The combined organic
layer was washed with brine (100 ml) and dried over MgSO,.  After filtration and evaporation, the
residue was subjected to silica-gel column chromatography (hexane, Ry = 0.29). The collected
fraction was concentrated to give 12.9 g (43.6 mmol, 77% vyield, cis/trans = 1/2.5) of
1,2-dimethyl-1,2-diphenyl-1,2-disilacyclohexane 3a as a colorless oil.

Isomers were separated by preparative HPLC (ODS, CHsCN as eluent). trans-3a: *H NMR
6 =10.38 (s, 6H), 1.08 (m, 4H), 1.59 (m, 2H), 1.96 (m, 2H), 7.2-7.3 (m, 6H), 7.55 (dd, J = 7.4, 2.0
Hz, 4H). *C NMR & = -4.55, 15.79, 26.54, 128.23, 128.94, 134.47, 138.48. *°Si NMR & =
-23.42. UV (Amax(e) in 3-MP) 237.5 (15200). UV (Amax(€) in acetonitrile) 238.0 nm (14200).
cis-3a: 'H NMR & = 0.42 (s, 6H), 0.9-1.0 (m, 2H), 1.15-1.25 (m, 2H), 1.7-1.85 (m, 4H), 7.15-7.2 (m,
6H), 7.4-7.5 (m, 4H). *C NMR & = -4.14, 15.89, 26.57, 128.05, 128.92, 134.80, 138.02. *°Si
NMR 6 = -23.37. UV (Amax(€) in 3-MP) 233.4 nm (13700). UV (Amax(€) in acetonitrile) 234.6
nm (13300).

Conversion from 3a to 3b—e. A typical procedure:
1,2-Dimethyl-1,2-bis(p-methylphenyl)-1,2-disilacyclohexane  (3c). To a solution of
1,2-dimethyl-1,2-diphenyl-1,2-disilacyclohexane 3a (1.04 g, 3.50 mmol) in CH,Cl, (7 ml) was
added TfOH (0.62 ml, 7.0 mmol) dropwise at 0 °C to afford a mixture of cis- and trans-4-OTT.
After being stirred for 1.5 h at 0 °C, the solvent was evaporated. The crude 4-OTf was dissolved
in Et,O (7 ml) and cooled to 0 °C. To the resulting solution were added CuCN (31.7 mg, 0.354
mmol, 10.1 mol%) in one portion and 145 ml (14 mmol) of a 0.96 M solution of
p-methylphenylmagnesium bromide in Et,O dropwise over 10 min at 0 °C. Upon completion of
the addition, the addition funnel was rinsed with Et,O (2 ml); then the reaction mixture was allowed
to warm to room temperature. After being stirred for 1.5 h, the reaction mixture was hydrolyzed
with 10% NH4CI (9 ml). The resulting biphasic mixture was separated and the aqueous layer was
extracted with Et,O (3 x 30 ml). The combined organic layer was washed with brine (50 ml) and
dried over MgSQO,. After filtration and evaporation, the residue was subjected to column
chromatography on silica gel (hexane/AcOEt = 10/1, Rf = 0.58) followed by preparative HPLC
(hexane/AcOEt = 20/1) to give 687 mg (2.12 mmol, 61% yield, cis/trans = 1/2.2) of
1,2-bis(p-methylphenyl)-1,2-dimethyl-1,2-disilacyclohexane 3c as a colorless oil.

Isomers were separated by preparative GC. trans-3c: colorless crystals. Mp 71-72 °C. *H
NMR & = 0.44 (s, 6H), 1.10-1.16 (m, 4H), 1.58-1.68 (m, 2H), 1.95-2.05 (m, 2H), 2.18 (s, 6H), 7.12
(d, J =78, 4H), 7.53 (d, J = 7.8, 4H). *C NMR & = —4.37, 16.01, 21.58, 26.65, 129.10, 134.58,
134.86, 138.47. 2°Si NMR & = -23.67. MS(EI) m/z (relative intensity) 324 (M+, 11), 225 (100).
UV (Amax(€) in 3-MP) 238.6 nm (20700). Found: C, 73.78; H, 8.75%. Calcd for CyH2sSi,: C,
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74.00; H, 8.69%. cis-3c: a colorless oil. *H NMR & = 0.46 (s, 6H), 0.95-1.05 (m, 4H), 1.20-1.30
(m, 2H), 1.70-1.90 (m, 2H), 2.12 (s, 6H), 7.04 (d, J = 7.7, 4H), 7.46 (d, J = 7.7, 4H). CNMR § =
-3.92, 16.14, 21.55, 26.64, 128.95, 134.47, 134.93, 138.43. 2°Si NMR & =-23.67. MS(EI) m/z
(relative intensity) 324 (M+, 13), 225 (100). UV (Amax(€) in 3-MP) 232.0 nm (19300). Found: C,
74.11; H, 8.89%. Calcd for CyoH2sSi,: C, 74.00; H, 8.69%.

1,2-dimethyl-1,2-bis(p-trifluoromethylphenyl)-1,2-disilacyclohexane (3b). Yield (67%,
cis/trans = 1/2.6). Isomers were separated by preparative HPLC (ODS, CH3;CN as eluent).
trans-3b: a colorless oil. 'H NMR &= 0.20 (s, 6H), 0.90-0.96 (m, 4H), 1.44-1.58 (m, 2H),
1.80-1.94 (m, 2H), 7.32 (d, J = 7.8, 4H), 7.46 (d, J = 7.8, 4H). *C NMR & = -5.17, 15.13, 26.18,
124.71 (q, J = 3.7 Hz), 125.00 (q, J = 271.7 Hz), 131.03 (q, J = 32.0 Hz), 134.60, 143.12. Si
NMR & = -23.07. F NMR & =-62.38. MS(EI) m/z (relative intensity) 432 (M+, 8), 314 (100).
UV (Amax(€) In 3-MP) 246.7 nm (13600). Found: C, 55.37; H, 5.23%. Calcd for CyoHz2FsSiz: C,
55.53; H, 5.13%. cis-3b: a colorless oil. *H NMR & = 0.30 (s, 6H), 0.78-0.87 (m, 2H), 0.96-1.07
(m, 2H), 1.6-1.7 (m, 4H), 7.16 (d, J = 8.3 Hz, 4H), 7.32 (d, J = 8.3 Hz, 4H). *C NMR & = -4.71,
15.17, 26.24, 124.52 (q, J = 3.7 Hz), 124.90 (q, J = 271.7 Hz), 131.02 (g, J = 32.0 Hz), 134.80,
142.68. *Si NMR & =-22.82. FNMR & =-62.42. MS(EI) m/z (relative intensity) 432 (M+,
9), 314 (100). UV (Amax(e) in 3-MP) 241.1 nm (15000). Found: C, 55.62; H, 5.20%. Calcd for
CaoH22F6Sio: C, 55.53; H, 5.13%.

1,2-Bis(p-methoxyphenyl)-1,2-dimethyl-1,2-disilacyclohexane  (3d). Isomers  were
separated by preparative HPLC (hexane/AcOEt = 10/1) to give 466 mg (1.31 mmol, 44% yield) of
trans-3d as colorless solids and 179 mg (0.501 mmol, 17% yield) of cis-3d as a colorless oil.

trans-3d: mp 72-73 °C. 'H NMR & = 0.46 (s, 6H), 1.10-1.20 (m, 4H), 1.58-1.72 (m, 2H),
1.96-2.10 (m, 2H), 3.36 (s, 6H), 6.92 (d, J = 8.3, 4H), 7.53 (d, J = 8.3, 4H). *C NMR § = -4.17,
16.24, 26.70, 54.64, 114.28, 129.04, 135.85, 160.85. 2°Si NMR & = -23.80. MS(EI) m/z (relative
intensity) 356 (M+, 15), 257 (100). UV (Amax(€) in 3-MP) 240.0 nm (31500). Found: C, 67.50;
H, 7.90%. Calcd for CyH2s0,Sis: C, 67.36; H, 7.91%. cis-3d: 'H NMR & = 0.48 (s, 6H),
0.98-1.07 (m, 4H), 1.22-1.31 (m, 2H), 1.76-1.91 (m, 2H), 3.30 (s, 6H), 6.84 (d, J = 8.4, 4H), 7.46 (d,
J =84, 4H). °C NMR &= -3.74, 16.37, 26.70, 54.56, 114.13, 128.66, 136.21, 160.81. *Si
NMR 6= -23.90. MS(EI) m/z (relative intensity) 356 (M+, 16), 257 (100). UV (Amax(€) in
3-MP) 237.4 nm (33900). Found: C, 67.46; H, 7.97%. Calcd for CyH30,Si,: C, 67.36; H,
7.91%.

1,2-Dichloro-1,2-dimethyl-1,2-disilacyclohexane  (4-Cl). To a solution of
1,2-dimethyl-1,2-diphenyl-1,2-disilacyclohexane (2.41 g, 8.13 mmol) in benzene (10 ml) was added
AICl; (12.1 mg, 0.0906 mmol), and then HCI gas was introduced into this mixture for 1.3 h at room
temperature.  Additional AICI; (16.9 mg, 0.127 mmol) was added. After being stirred for 2.3 h,
hexane (10 ml) and acetone (2 ml) were added to quench the reaction, and the resulting
acetone/AlCl; complex was removed by filtration. Evaporation followed by distillation gave 1.37
g (6.40 mmol, 79% vyield) of 1,2-dichloro-1,2-dimethyl-1,2-disilacyclohexane 4-Cl as colorless oil:
bp 98-107 °C/26 mmHg (lit.' ®* bp 102-108 °C/35 mm Hg). 'H NMR & = 0.44 (s, 6H), 0.7-0.8 (m,
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2H), 1.0-1.1 (m, 2H), 1.4-1.5 (m, 2H), 1.65-1.75 (m, 2H).

1,2-Bis[p-(dimethylamino)phenyl]-1,2-dimethyl-1,2-disilacyclohexane (3e). To a mixture
of 1,2-dichloro-1,2-dimethyl-1,2-disilacyclohexane 4-Cl (652 mg, 3.06 mmol) and CuCN (29.1 mg,
0.325 mmol) in THF (6 ml) was added p-(dimethylamino)phenylmagnesium bromide (12.0 mmol)
in THF (18 ml) dropwise for 10 min at room temperature. Upon completion of the addition, the
addition funnel was rinsed with THF (2 x 2 ml). After being stirred for 36 h, the solvent was
evaporated. The residue was hydrolyzed with 10% NH4CI (20 ml), and Et,O (20 ml) was added.
The biphasic mixture was filtered and separated. The aqueous layer was extracted with Et,0 (4 x
20 ml). The combined organic layer was washed with brine (40 ml) and dried over MgSOs..
After filtration and evaporation, the residue was subjected to column chromatography on silica gel
(hexane/AcOEVEtsN = 20/1/0.6, Rs = 0.35). The collected fraction was subjected to preparative
GPC (toluene as eluent) to give 1.13 g (2.51 mmol, 82% vyield, cis/trans = 1/4) of 3e as colorless
solids.

Isomers were separated by silica gel column chromatography. trans-3e: colorless crystals.
Mp 85-86 °C. 'H NMR & = 0.59 (s, 6H), 1.22-1.28 (m, 4H), 1.7-1.8 (m, 2H), 2.05-2.15 (m, 2H),
2.56 (s, 12H), 6.72 (d, J = 8.7, 4H), 7.64 (d, J = 8.7, 4H). *C NMR & = -3.82, 16.63, 26.93, 40.06,
112.83, 123.79, 135.59, 151.17.  2°Si NMR & = -24.12.  MS(EI) m/z (relative intensity) 383 (M+,
36), 283 (100). UV (Amax(e) in 3-MP) 271.4 nm (45600). Found: C, 68.79; H, 8.94; N, 7.33%.
Calcd for Cy,Ha4N,Sis: C, 69.05; H, 8.96; N, 7.32%. cis-3e: a colorless oil. '"H NMR (300 MHz)
8 =0.57 (s, 6H), 1.11-1.17 (m, 2H), 1.34-1.43 (m, 2H), 1.84-2.00 (m, 4H), 2.51 (s, 12H), 6.65 (d, J
= 8.4, 4H), 7.60 (d, J = 8.4, 4H). 3C NMR (67.94 MHz) & = -3.38, 16.86, 26.90, 39.98, 112.70,
123.44,135.98, 151.12.  #Si NMR (53.67 MHz) § = —24.30. MS(EI) m/z (relative intensity) 383
(M+, 32), 283 (100). UV (Amax(e) in 3-MP) 266.1 nm (48300). Found: C, 68.85; H, 9.03; N,
7.28%. Calcd for Cy,H34N,Sip: C, 69.05; H, 8.96; N, 7.32%.

Preparation of 1,1,2,2-Tetramethyl-1,2-bis(p-trifluoromethylphenyl)disilane (5b). A
typical procedure via silyltriflate. To a solution of 1,1,2,2-tetramethyl-1,2-diphenyldisilane 5a
(2.82 mmol) in CH.CI; (4 ml) was added TfOH (0.35 ml, 4.0 mmol) dropwise at 0 °C. After
being stirred at 0 °C for 2.5 h, the solvent was evaporated. The residue was dissolved in Et,O (4
ml) and cooled to 0 °C. To the resulting solution was added 13.0 ml (8.1 mmol) of a 0.62 M
solution of p-(trifluoromethyl)phenylmagnesium bromide in Et,O dropwise at 0 °C over 10 min.
Upon completion of the addition, the addition funnel was rinsed with Et;O (3 ml); then the reaction
mixture was allowed to warm to room temperature. After being stirred for 14 h, the resulting
mixture was hydrolyzed with 10% NH4CI (10 ml) and separated. The aqueous layer was extracted
with Et,0 (3 x 15 ml). The combined organic layer was washed with brine (20 ml) and dried over
MgSQO,. After filtration and evaporation, the residue was distilled under reduced pressure
(210 °C/33 mmHg). The fraction was subjected to short path column chromatography on silica
gel (hexane, Rf = 0.55) to give 501 mg (1.23 mmol, 62% yield) of 5b as colorless solids: mp
51.5-52.5 °C. 'H NMR (300 MHz) & = 0.18 (s, 12H), 7.2 (m, 4H), 7.40 (d, J = 8.4 Hz, 4H). C
NMR (67.94 MHz) 6 =-4.20, 124.54 (q, J = 3.7 Hz), 125.00 (q, J = 271.7 Hz), 130.89 (g, J = 32.0
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Hz), 134.24, 143.70. *Si NMR (53.67 MHz) & = —=20.89. MS(EI) m/z (relative intensity) 407
(M+, 0.7), 203 (M/2, 100). UV (Amax(€) in 3-MP) 243.3 nm (17200). Found: C, 53.39; H, 5.02%.
Calcd for CyigHzoF6Siz: C, 53.18; H, 4.96%.

Calculations. The initial geometry for the optimization procedure was based on the
structures built on Spartan™ and performed a conformation search by MMFF.  Starting with the
most stable conformer, geometry optimization calculations were performed with the Gaussian 98
program with an HPC-PA264U computer at the HF/3-21G(d) level, and frequency analyses were
performed at the same level, followed by MP2/6-31G(d) and then MP2/6-311G(d) level. Based on
the finally optimized geometry, time-dependent (TD) density functional theory (DFT) excitation
energies were calculated at the B3LYP/6-311G(d) level.

X-ray crystallographic analyses. Crystals of trans-3d suitable for the structural analysis
were obtained by recrystallization from hexane-ethanol. A colorless crystal (0.5 x 0.3 x 0.1 mm)
was mounted on a cryoloop. Intensity data were collected at —100 °C on a Rigaku Saturn CCD
diffractometer with graphite monochromated Mo-K radiation (A = 0.71070 A). The crystal
structure was solved by a direct method (SIR97) and refined by a full-matrix least square method on
F? for all reflections (SHELX-97). All non-hydrogen atoms were refined anisotopically. All
hydrogen atoms were placed using AFIX instructions and refined isotopically. The crystal data
and analytical conditions are summarized in Table 4.

Crystallographic data have been deposited with Cambridge Crystallographic Data Centre:
Deposition number CCDC-266593 for trans-3d. Copies of the data can be obtained free of charge
via http//www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk). Instruction for deposition of the crystallographic data is available at
http://www.ccdc.cam.ac.uk/conts/depositing.html.
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Table 4. Crystal data and structure refinement for trans-3d.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

y4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I > 26(1)]

R indices (all data)

Largest diff. peak and hole

C20 H28 O2 SI2

356.60

173(2) K

0.71070 A

orthorhombic

Pbca (#61)

a=8.0518(19) A a =90°.
b =17.507(4) A B = 90°.
c=28.671(7) A y=90°,
4041.4(16) A3

8

1.172 Mg/m3

0.185 mm-!

1536

0.50 x 0.30 x 0.10 mm?

3.16 to 27.48°.

-10<=h<=9, -18<=k<=22, -37<=|<=37
29947

4629 [R(int) = 0.0361]

99.7 %

0.9818 and 0.9134

Full-matrix least-squares on F2
4629/0/329

1.211

R1 =0.0493, wR2 = 0.1091
R1=0.0521, wR2 = 0.1107

0.297 and -0.184 e A3
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Chapter 2

Photoinduced Electron Transfer of Dialkynyldisilane-Linked Zinc
Porphyrin-[60]Fullerene Dyad

(Ar = 3,5-di-tert-butylphenyl)

Abstract

A zinc porphyrin-fullerene dyad with a disilane as a o-conjugated linker has been newly
synthesized to evaluate the electron transfer ability of the oligosilane chain. Its photoinduced
processes have been studied using the time-resolved fluorescence and absorption measurements.
Photoexcitation of the dyad causes the energy and/or electron transfer from the excited singlet state
of the ZnP to Cgo moiety in polar solvents. The charge separation takes place as a final step in the
excited state process to yield the radical-ion pair with a radical cation on the zinc porphyrin and a
radical anion on the fullerene, similar to other porphyrin—fullerene dyads. Its lifetime has been

estimated to be 0.43-0.52 us on the basis of the decay rate of the fullerene radical anion in polar
solvents.
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1. Introduction

A variety of donor—acceptor linked molecules and supermolecules has been prepared to study
the intramolecular photoinduced electron transfer (ET) aimed at the construction of artificial
photosynthetic systems. ' In particular, intramolecular photoinduced ET processes in
porphyrinoid—fullerene linked systems® have been extensively studied during the past decade. It
has been demonstrated that the photoexcitation of the well-designed porphyrinoid—fullerene
molecules causes fast electron transfer from the porphyrinoid to the fullerene to afford long lifetime
charge-separated states,”** which are favorable for the subsequent ET to other chromophores or
electrodes. Porphyrins and related compounds are quite appropriate as electron donors and
photosensitizers that can mimic the natural photosynthetic systems, in which these expanded
n-electron systems work as efficient light-harvesting pigments as well as the donors during the early
stage of the ET processes.®  Fullerenes, such as Cg, are regarded as good electron acceptors and
photosensitizers,® "' ® because they exhibit some advantageous features over other acceptors as
follows. (1) Fullerenes have absorptions over a wide visible-region range. (2) A long lifetime
excited triplet state (3Cgo*), from which the efficient ET takes place to form the radical anion
species (Cgo™) in the presence of electron donors, is generated by an efficient intersystem crossing
from the excited singlet state (*Ceo*). (3) The resulting Ceo*~ exhibits a characteristic transient
absorption band in the 1000-1100 nm region so that it is easy to detect its generation and to trace
the excited dynamics. (4) The small reorganization energy A of Ceo”' ' © accelerates the forward
ET process and decelerates the back ET process.'' According to the Marcus theory, another
important factor is the electronic coupling V that controls the ET processes, which depends not only
on the donor-acceptor distance, but also on the electronic properties of the linker. Thus, extensive
studies have been carried out to prepare the porphyrinoid—fullerene hybrid molecules with a variety
of linkers. For example, o-carbon-based linkers, such as amides,®" %' ' 4 1% imjdes,' ¢ and
norbornylogous bridges, ' © show a large attenuation factor for the electronic coupling, while
n-framework linkers, such as oligoynes ' ® and oligothiophenes, ' * work as long-range molecular
wires. These linkers are mostly composed of a carbon-based framework and other second row
elements, while a heavier element-based framework has not yet been studied to the best of my
knowledge.

Silicon is a heavier homolog of carbon and can form catenated systems called oligosilanes and
polysilanes. These compounds are regarded as a pseudo one-dimensional molecular wire and have
attracted much attention due to their unique photophysical and electronic properties,* © as ascribed
to the o-electron delocalization over the silicon framework (c-conjugation).”'  Construction of
the porphyrin—fullerene-based intramolecular photoinduced ET system linked by a silicon chain is
of interest in the light of the evaluation of the intramolecular ET ability along the c-conjugated
Si-Si bonds.  Since such an ET system is unprecedented,®** *®* **+ 2 the author now reports the
synthesis of the disilane-linked zinc porphyrin—fullerene dyad ZnP-Si—Cgy (Chart 1) and its
excited state dynamics on the basis of time-resolved absorption and fluorescence measurement
studies.
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Chart 1.

2. Result and Discussion
2.1. Synthesis

The synthetic procedure of the spacer molecules is shown in Scheme 1. Two methyl groups
of the each end of the commercially available hexamethyldisilane were replaced by the reaction
with AICI;3 and acetyl chloride, followed by the substitution reaction with ethynyl Grignard reagent
to afford disilane 2 with two enthynyl groups on the each end of disilane.  The
phenylethynyl-capped disilane 3 was also synthesized in the similar manner. At first, the author
tried to synthesize the disilane-linked porphyrin. However, the Sonogashira and Negishi coupling
reactions with monobrominated porphyrin 4 only afforded the complex mixture, probably because
of the slow oxidative addition of the Pd complex to 4 (Scheme 2). Therefore, the author changed
the leaving group to the iodo group which would accelerate the oxidative addition. As expected,
the Sonogashira coupling reaction of the monoiodinated porphyrin 5 with 2 gave the disilane-linked
porphyrin ZnP-Si,—H in relatively good yield (Scheme 3). Because ZnP-Si,—H was labile to the
silica gel, the author performed the subsequent Sonogashira coupling reaction without further
purification to give the disilane-linked porphyrin with the formyl group ZnP-Si,-CHO. The
Prato reaction” ® with Cgo and N-mehtylglycine to afford the target compound ZnP-Si,—Cgo. The
reference compounds of the porphyrin and the Cgo moiety, ZnP-Si, and Si,—Cg, Were prepared in a
similar manner. The structures of these compounds synthesized in the present study were
characterized by ‘H, **C, ?°Si NMR, and FAB mass spectra.

2.2. IH NMR

In the 'H NMR spectrum of ZnP-Si,—Cgo, the three sets of tert-butyl protons became
magnetically unequivalent and are shifted downfield by 0.6 ppm at a maximum, whereas the
protons of the porphyrin ring are shifted upfield by 0.03-0.15 ppm as compared to those of
ZnP-Si,. The former phenomenon can be understood by the deshielding effect of the Cgo moiety
in close proximity.?” The latter case can also be explained by the shielding effect of the
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five-membered ring moiety of Cgo®® or the reduction in the ring current of the porphyrin ring by
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an electron-withdrawing Ceo. > °  Based on these results, the folded conformer should exist, but the

ratio of the extended and folded conformers could not be determined due to the fast equilibrium
between the conformers.

2.3. Steady-State Photophysical Properties

The steady-state absorption spectrum of ZnP-Si,—Cgy in benzonitrile (BN) at room
temperature is shown in Figure 1a together with those of the reference compounds ZnP-Si, and
Si)—Cg. The representative absorption peaks (Aamax) are summarized in Table 1. The
absorption peak of the Soret band of ZnP-Si>—Csgo (1a max = 445 nm) showed a red-shift by 3 nm
and the extinction coefficient was about half of that of ZnP-Si,, whereas the absorption maximum
wavelengths and absorption intensities of the Q bands of ZnP-Si,—Cg and ZnP-Si, are essentially
identical to each other. The spectrum of ZnP-Si,—Cg slowly tails off up to 800 nm where the
reference compounds have no absorption. Similar absorption spectra were observed in other
solvents such as THF. This band can be assigned to the CT absorption band of the folded
conformer having an interaction between the ZnP- and the Cgo moiety in the ground state due to the
geometrical proximity of these two chromophores, which can directly form an exciplex by
photoexcitation.®°  The variable temperature (VT) absorption spectra of ZnP-Si,—Ce in toluene
(Figure 1b) indicates increase in the interaction between ZnP and Cgp; that is, the ratio of the folded
conformer increases upon cooling even though the ratio cannot be precisely determined.
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Figure 1. (a) UV-vis-NIR absorption spectra of ZnP-Si,—Cg (red line), ZnP-Si, (blue line), and
Si,—Ceo (green line) in benzonitrile. Inset: Expanded spectra in the 480-780 nm region. (b) VT
steady-state absorption spectra of ZnP-Si,—Cgg in toluene. The volume reduction of the solvent is
not corrected.
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Table 1. UV-vis-NIR Absorption and Fluorescence in BN of ZnP-Si,—Cgp and ZnP-Si, at Room
Temperature.

Absorption Fluorescence

Compound Moiety

Aamax / nm (£/10° M7t cm™) Jum /M P
445 (27),
ZnP-Si,~Ceo  ZnP 632, 684 (sh) 2.0x10°°
535 (0.5), 577 (1.2), 625 (1.6)
Ceo 706 (0.04) -2 -
442 (52),
ZnP-Si, ZnP 627, 681 7.3 x 1072

535 (0.5), 577 (1.7), 625 (2.5)
# Not observed in BN. ° Fluorescence quantum yields of ZnP moiety of the dyad (dayas) and the reference compound

(d)ref) .

Figure 2 shows the steady-state fluorescence spectra of ZnP-Si,—Cg, and ZnP-Si, in BN with
excitation at 553 nm, where the extinction coefficients of the two samples are equal. These results
are summarized in Table 1. For the dyad, the fluorescence of the ZnP moiety (600-670 nm) was
exclusively observed,®®® ' whereas that of the Cso moiety, normally appearing around 720 nm, * 2
was hardly recognized. This observation is due to the spectral overlap with the shifted ZnP
fluorescence and/or the CS from ZnP-Si,—'Ceo* in BN. The relative fluorescence quantum yield
of 'ZnP* for ZnP-Si,—Cs to ZnP-Siy, based on the integration of the spectra from 560 to 750 nm,
(dayad/ drer) Was evaluated to be 0.03 (Figure 2a).

Intensity
Intensity

600 700 800 600 700 800
Wavelength / nm Wavelength / nm

Figure 2. Fluorescence spectra of ZnP-Si,—Cg (solid line) and ZnP-Si, (dotted line) in BN
excited at 553 nm; (a) proportional to the fluorescence quantum yield and (b) normalized at a peak
wevelength.
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2.4. Energy Diagram

On the basis of the electrochemistry measurements and the transient photophysical properties,
the Jablonski diagram and the possible decay processes for the extended conformer of ZnP-Si,—Cgp
were drawn (Scheme 4) although there must be other decay paths, such as isomerization to the
folded conformer followed by the immediate formation of the non-emissive exciplex, which are not
detectable in this study. The time-resolved absorption measurements indicated that the CS from
1ZnP*-Si,—Cg obviously occurs in polar solvents. Its lifetime has been estimated to be 0.43-0.52
us on the basis of the decay rate of the fullerene radical anion. However, clear-cut evidence of the
CS from ZnP-Si,—"Ceo* was not obtained from the spectroscopic studies although it is also possible
in polar solvents based on the Jablonski diagram. The lifetimes of the radical-ion pair
ZnP**=Si,—Cgo"” in polar solvents are on the sub-microsecond order. The radical-ion pairs are in
equilibrium with the excited triplet species as suggested by the transient absorption experiment in
the O,-saturated solution. The present excited-state dynamics are qualitatively consistent with
those determined for other porphyrin—fullerene dyads.***% % ?

Scheme 4. The energy diagram of ZnP-Si,—Cego.

lZn P*—Siz—CGO
2.02 eV

A
3Zn P*—Siz—CGO
1.57 eV

Zn P—Siz—]'CGO*
4.8 x 10° s71 (THF) 1.75 eV
5.8 x 10% s71 (BN) —_—
A
ZnP.+—Si2—Ceo._ ¢

1.57 eV (THF) ZnP-Si—3Cgo*
—_— 1.50 eV

hv _\1.35eV(BN)>_ hv

1.9 x 10 s71 (THF)
2.3x 108 s71 (BN)

ZnP-Si,—Cgq

3. Conclusion

A novel zinc porphyrin-fullerene dyad covalently connected by a disilane bridge
(ZnP-Si,—Ceo) was synthesized and fully identified by its *H, *C, and *Si NMR and FAB mass
spectra. The quenching paths from 'ZnP*-Si,—Cg, are most probably attributed to the charge
separation in polar solvents. The transient absorption spectra in Ar-saturated polar solvents clearly
show the formation of the radical ion pair. The dialkynyldisilane linkage plays an important role
as a molecular wire, but the characteristic contribution of the silicon bridge to the photoexcited
dynamics is not appreciable at the present stage.
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Experimental Section

General. *H and *3C spectra were measured with JEOL EX-270 (270 MHz for *H and 67.94
MHz for **C) spectrometer or Varian Mercury (300 MHz for *H) in C¢Ds. Chemical shifts are
reported in & ppm with reference to internal solvent peak for *H (C¢HDs: 7.20 ppm) and **C (CgDe:
128.0 ppm). *°Si NMR spectra were recorded with JEOL EX-270 (59.62 MHz for #Si)
spectrometer with the use of the proton-decoupled INEPT technique using tetramethylsilane (0.0
ppm) as an external standard. Mass spectra were performed at the Mass Spectrum Division of
Institute for Chemical Research, Kyoto University. Recycle preparative gel permeation
chromatography (GPC) was performed using polystyrene-gel columns (JAIGEL 1H and 2H,
LC-908, Japan Analytical Industry) with toluene as an eluent. Thin-layer chromatography (TLC)
was performed on plates coated with 0.25 mm thickness of silica gel 60F-254 (Merck). Column
chromatography was performed by using Kieselgel 60 (70-230 mesh, Merck) unless otherwise
stated. All reactions were carried out under nitrogen unless otherwise stated. Dry THF was
freshly distilled from sodium/benzophenone under a nitrogen atmosphere before use.

UV-vis absorption spectra were recorded with a Perkin-Elmer Lambda 900 with a data interval
of 0.5 nm. These spectra were taken with about 10°-10° M solutions in a quartz cell with
pathlength of 1 cm. Spectral grade THF, EtOH, and toluene and HPLC grade benzonitrile
(Aldrich) were used for UV-vis absorption measurement. Fluorescence spectra were recorded
with a Perkin-Elmer LS50B spectrometer with a data interval of 0.5 nm. These spectra were taken
with about 107" M solutions in a quartz cell with pathlength of 1 cm. The fluorescence quantum
yields were determined by comparison with a Rhodamine 101 as a standard (® = 1.0 in EtOH).
Solvents were degassed by bubbling with argon before use.

Synthesis.

1,1,2,2-Tetramethyl-1,2-dichlorodisilane (1).°* To a suspension of AICl; (52.1 g, 0.391
mol) in hexamethyldisilane (40 ml, 0.195 mol) was added acetyl chloride (32.0 ml, 0.440 mol)
dropwise over 1 h at ambient temperature. Upon completion of the addition, the reaction mixture
was heated to 80 °C. After being stirred for 12 h, the resulting mixture was allowed to cool to
room temperature. Distillation gave 28.9 g (0.154 mol, 79% vyield) of 1 as a colorless oil: bp
130-135°C. 'H NMR (300 MHz) & 0.37 (s, 12H).

1,2-Diethynyl-1,1,2,2-tetramethyldisilane (2).° > To a solution of 1 (4.58 g, 24.5 mmol) in
THF (25 ml) was added 100 ml (50 mmol) of a 0.5 M solution of ethynylmagnesium chloride in
THF dropwise over 1 h at 0 °C Upon completion of the addition, the reaction mixture was
allowed to warm to room temperature. After being stirred for 3.5 h, the resulting mixture was
guenched with H,O (0.2 ml) and evaporated to remove THF. To the residue were added H,O (50
ml) and Et,O (50 ml). The resulting biphasic mixture was separated and the aqueous layer was
extracted with Et,0O (3 x 50 ml). The combined organic layer was washed with brine (100 ml) and
dried over MgSO,. After filtration, the resulting solution was distilled and the fraction was
transferred to a cold trap under vacuum to give 901 mg (5.41 mmol, 22% yield) of 2 as a colorless
oil: bp 140-145 °C.  'H NMR (300 MHz) & 0.33 (s, 12H), 2.16 (s, 2H).
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1-Ethynyl-2-phenylethynyl-1,1,2,2-tetramethyldisilane (3). To a solution of 1 (3.70 g, 19.8
mmol) in THF (20 ml) was added 185 ml (20.2 mmol) of a 1.09 M solution of
phenylethynylmagnesium bromide in THF dropwise over 15 min at 0 °C.  Upon completion of the
addition, the reaction mixture was allowed to warm to room temperature. After being stirred for 4
h, the resulting mixture was cooled to 0 °C. To this mixture was added 40 ml (20.0 mmol) of a 0.5
M solution of ethynylmagnesium chloride in THF dropwise over 20 min at 0 °C. Upon
completion of the addition, the reaction mixture was allowed to warm to room temperature. After
being stirred for 19 h, the resulting mixture was evaporated to remove THF. To the residue were
added H,O (50 ml) and Et,O (50 ml). The resulting biphasic mixture was separated and the
aqueous layer was extracted with Et,O (4 x 50 ml). The combined organic layer was washed with
brine (100 ml) and dried over MgSQO,. After filtration and evaporation, the residue was distilled
under reduced pressure (bp 130-135 °C / 8 mmHg) to give 3.54 g (14.6 mmol, 74% yield) of 3 as a
colorless oil. *H NMR (300 MHz) & 0.41 (s, 6H), 0.46 (s, 6H), 2.20 (s, 1H), 6.94-6.96 (m, 3H),
7.47-7.50 (m, 2H). '*C NMR (67.81 MHz) & -2.82, —2.74, 92.03, 96.51, 108.71, 123.71, 128.48,
128.68, 132.13, 132.20. *Si NMR (53.67 MHz) & -36.89, -36.19. HRMS(EI): Calcd for
C14H18Si5: 242.0947. Found: 242.0943.

5-Bromo-10,20-bis[3’,5°-(di-tert-butyl)phenyl]porphyrin. °° To a solution of
5,15-bis[3’,5’-(di-tert-butyl)phenyl]porphyrin® (1.01 g, 1.47 mmol) in CH,Cl, (400 ml) was added
N-bromosuccinimide (66.3 mg, 0.372 mmol) in one portion at room temperature. After being
stirred for 19 h, to the reaction mixture was added acetone (10 ml). The resulting mixture was
fitered through a pad of silica gel. ~ After evaporation, the residue was dissolved in a mixed solvent
(hexane/CS, = 3/1). This solution was put on silica gel column and eluted with a mixed solvent
(hexane/CS; = 3/1) until purple solids of silica gel are completely dissolved. A mixed solvent
(hexane/toluene = 4/1) was eluted until a purple solution of di-bromynated porphyrin was turned
out completely. A mixed solvent (hexane/toluene = 3/1) was eluted to give a purple solution
containing target compound. After evaporation, the residue was washed with MeOH to give 110
mg (0.144 mmol, 39% yield based on N-bromosuccinimide) of
5-Bromo-10,20-bis[3’,5’-(di-tert-butyl)phenyl]porphyrin as purple solids. *H NMR (300 MHz) &
-2.30 (s, 2H), 1.55 (s, 36 H), 8.05 (t, J = 1.5 Hz, 2H), 8.24 (d, J = 1.8 Hz, 4H), 9.03 (d, J = 4.8 Hz,
2H), 9.11 (d, J = 4.8 Hz, 2H), 9.16 (d, J = 4.5 Hz, 2H), 9.80 (d, J = 4.5 Hz, 2H), 9.86 (s, 1H).

[5-Bromo-10,20-bis[3,5’-(di-tert-butyl)phenyl]porphinato]zinc(11) (4).** To a solution of
5-Bromo-10,20-bis[3’,5’-(di-tert-butyl)phenyl]porphyrin (207 mg, 0.271 mmol) in CHCI; (30 ml)
was added a solution of Zn(OAc),*2H,O (307 mg, 1.40 mmol) in one portion. The reaction
mixture was heated to reflux and stirred for 5 h.  After cooling, the resulting mixture was filtered
through a pad of silica gel.  After evaporation, the residue was washed with MeOH to give 214 mg
(0.257 mmol, 95% yield) of 4 as purple solids. *H NMR (300 MHz) & 1.59 (s, 36H), 8.08 (t, J =
1.8 Hz, 2H), 8.42 (d, J = 1.8 Hz, 4H), 9.20 (d, J = 4.5 Hz, 2H), 9.30 (d, J = 4.8 Hz, 2H), 9.35 (d, J =
4.5 Hz, 2H), 9.94 (s, 1H), 9.97 (d, J = 4.8 Hz, 2H).

5,10,15-Tris[3’,5’-(di-tert-butyl)phenyl]porphyrin.  °7 A mixture  of
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3,5-di-tert-butylbenzaldehyde (8.08 g, 37.0 mmol), dipyrrolylmethane (903 mg, 6.18 mmol), and
NaCl (248 mg, 4.24 mmol) in CH,CI; (360 ml) was deoxygenized by bubbling with nitrogen for 30
min and sonicated under a nitrogen stream for 20 min.  To this solution was added pyrrole (2.2 ml,
31.7 mmol). Upon stirring for 5 min, to the resulting mixture was added BF3*Et,0O (0.4 ml, 3.16
mmol) in one portion in the dark. The reaction mixture was stirred for 20 min at room temperature.
To the resulting mixture was added the solution of 2,3-dichloro-5,6-dicyanobenzoquinone (13.1 g,
57.7 mmol) in toluene (100 ml) in one portion at room temperature. The resulting mixture was
heated under reflux with a pre-heated oil bath at 60 °C. After being stirred for 25 min, the
resulting mixture was allowed to cool to room temperature and filtered through a pad of alumina.
After evaporation, the residue was dissolved in a mixed solvent (hexane/toluene = 1/1) and filtered
through a pad of silica gel. After evaporation, the residue was subjected to silica gel column
chromatography (hexane/toluene = 4/1 to 3/1, Rs = 0.30 (hexane/toluene = 4/1)) to give 786 mg
(0.898 mmol, 15% vyield) of 5,10,15-Tris[3’,5’-(di-tert-butyl)phenyl]porphyrin as purple solids
containing some impurities. *H NMR (300 MHz) & —2.08 (s, 2H), 1.49 (s, 18H), 1.54 (s, 36 H),
8.00 (t, J = 2.0 Hz, 1H), 8.04 (t, J = 1.8 Hz, 2H), 8.34 (d, J = 1.8 Hz, 6H), 9.13 (d, J = 4.5 Hz, 2H),
9.19 (s, 4H), 9.29 (d, J = 4.5 Hz, 2H), 9.97 (s, 1H).

5-lodo-10,15,20-tris[3’,5’-(di-tert-butyl)phenyl]porphyrin.*’ A solution  of
5,10,15-Tris[3’,5°-(di-tert-butyl)phenyl]porphyrin (786 mg, 0.898 mmol) in CHCI; (90 ml) was
deoxygenized by bubbling with nitrogen for 30 min. To this solution were added iodine (209 mg,
0.826 mmol) and [bis(trifluoroacetoxy)iodo]benzene (435 mg, 1.01 mmol) in one portion at room
temperature in the dark. After being stirred for 20 min, the reaction mixture was quenched with
saturated NaHCO3 aqg (25 ml). The resulting biphasic mixture was separated. The organic layer
was washed with saturated Na,SO3; ag (2 x 30 ml) and brine (30 ml) and dried over MgSQO,.
Evaporation gave 1.10 g of purple solids containing
5-lodo-10,15,20-tris[3’,5’-(di-tert-butyl)phenyl]porphyrin as a major product. This crude product
was used in the next step without further purification. *H NMR (300 MHz) & —1.90 (s, 2H), 1.49
(s, 18H), 1.52 (s, 36 H), 7.99 (t, J = 2.0 Hz, 1H), 8.02 (t, J = 1.8 Hz, 2H), 8.26 (d, J = 1.8 Hz, 4H) ,
8.30 (d, J = 1.8 Hz, 2H), 9.04-9.10 (m, 6H), 9.77 (d, J = 5.1 Hz, 2H).

[5-10do-10,15,20-tris[3’,5°-(di-tert-butyl)phenyl]porphinato]zinc(1) (5).* To a solution
of 5-lodo-10,15,20-tris[3’,5-(di-tert-butyl)phenyl]porphyrin (1.10 g) in CH,CIl, (100 ml) was
added a solution of Zn(OAc),+2H,0 (1.38 g, 6.29 mmol) in MeOH (100 ml) at room temperature.
The mixture was heated under reflux. After being stirred for 2 h, the resulting mixture was
allowed to cool to room temperature and filtered through a pad of silica gel.  After evaporation, the
residue was washed with MeOH to give 577 mg (0.542 mmol, 60% yield, 2 steps) of 5 as purple
solids. 'H NMR (300 MHz) & 1.52 (s, 18H), 1.56 (s, 36 H), 8.02 (t, J = 1.5 Hz, 1H), 8.05 (t, J =
1.8 Hz, 2H), 8.40-8.41 (m, 6H), 9.22-9.26 (m, 6H), 9.99 (d, J = 4.8 Hz, 2H).

ZnP-Si,—CHO. A solution of 5 (206 mg, 0.194 mmol) in THF (50 mL) was deoxygenized
by bubbling with nitrogen for 30 min. To this solution were added
1,2-diethynyl-1,1,2,2-tetramethyldisilane (191 mg, 1.15 mmol), dichlorobis
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(triphenylphosphine)palladium(ll) (21.4 mg, 0.0305 mmol), cupper(l) iodide (14.9 mg, 0.0782
mmol), and triethylamine (1.0 mL, 7.17 mmol). After being stirred for 4 h at room temperature,
the reaction mixture was evaporated, suspended in CH,Cl,, and filtered through a pad of silica gel
(Wakogel 50C18). Evaporation gave 403 mg of a crude product as a purple solid.

A solution of thus prepared crude product (361 mg, 0.174 mmol) in THF (50 mL) was
deoxygenized by bubbling with nitrogen for 30 min. To this solution were added
p-iodobenzaldehyde (249 mg, 1.07 mmol), tetrakis(triphenylphosphine)palladium(0) (22.4 mg,
0.0194 mmol), cupper(l) iodide (4.6 mg, 0.0242 mmol), and triethylamine (2.0 mL, 14.3 mmol).
After being stirred for 12 h at room temperature, the reaction mixture was evaporated and
suspended in CH,Cl, and filtered through a pad of silica gel. After the evaporation, the residue
was subjected to GPC (toluene as an eluent, tg =74 min). The collected fraction was evaporated
and subjected to silica gel column (hexane/toluene = 1/1, then 1/2) to give 61.2 mg (0.0507 mmol,
29% yield in 2 steps) of ZnP-Si,—~CHO as a purple solid. *H NMR (300 MHz) & = 0.74 (s, 6H),
0.86 (s, 6H), 1.53 (s, 18H), 1.56 (s, 36 H), 7.39 (d, J = 8.1 Hz, 2H), 8.02 (t, J = 1.8 Hz, 1H), 8.05 (t,
J=1.8 Hz, 2H), 8.39-8.41 (m, 6H), 9.19-9.24 (m, 4H), 9.31-9.32 (m, 3H), 10.25 (d, J = 4.5 Hz, 2H).
3C NMR (67.81 MHz) & = -2.33, —2.06, 32.03, 35.29, 35.32, 97.51, 98.40, 99.53, 107.68, 112.27,
121.16, 123.59, 124.69, 127.84, 129.14, 129.29, 130.17, 130.22, 131.19, 132.39, 132.44, 132.80,
133.43, 134.68, 135.72, 142.71, 142.88, 149.05, 149.08, 150.53, 150.61, 151.35, 153.03, 190.12.
2Si NMR (53.67 MHz) & = —36.04, -35.47. HRMS(FAB): Calcd for C;7HgsN4OSi,Zn: 1204.5788.
Found: 1204.5822.

ZnP-Si,—Cgp. A solution of ZnP-Si,—~CHO (30.6 mg, 0.0253 mmol), Cs (94.0 mg, 0.130
mmol), and N-methylglycine (115 mg, 1.28 mmol) in toluene (150 mL) was deoxygenized by
bubbling with nitrogen for 30 min and heated under reflux. After being stirred for 12 h in the dark
at this temperature, the reaction mixture was allowed to cool to room temperature and filtered
through a pad of silica gel. After the evaporation, the residue was subjected to silica-gel column
chromatography (hexane/toluene = 4/1, then 2/3). The collected fraction was evaporated and
subjected to GPC (toluene as an eluent, tg = 75 min) to give 38.1 mg (0.0195 mmol, 77% yield) of
ZnP-Si—Cq as a dark purple solid. *H NMR (300 MHz) & = 0.70 (s, 3H), 0.73 (s, 3H), 0.76 (s,
6H), 1.58 (s, 18H), 1.59 (s, 18H), 1.62, (s, 18H), 2.45 (s, 3H), 3.03 (d, J = 9.6 Hz, 1H), 3.82 (s, 1H),
3.95 (d, J = 9.0 Hz, 1H), 7.45-7.48 (m, 2H), 7.70 (d, J = 8.7 Hz, 2H), 8.02 (t, J = 1.8 Hz, 1H), 8.04
(t, J = 1.7 Hz, 2H), 8.32-8.33 (m, 2H), 8.39 (m, 2H), 8.45-8.46 (m, 2H), 9.05 (d, J = 4.5 Hz, 2H),
9.12 (d, J = 4.5 Hz, 2H), 9.26 (d, J = 4.5 Hz, 2H), 10.15 (d, J = 4.5 Hz, 2H). '*C NMR (67.81
MHz) & =-2.31, -2.21, -2.03, 32.36, 32.17, 35.39, 39.60, 68.22, 69.14, 76.46, 82.35, 93.72, 99.12,
99.94, 109.04, 111.40, 121.14, 123.52, 123.77, 124.84, 126.40, 127.21, 127.84, 128.18, 128.77,
128.92, 129.07, 129.27, 129.53, 130.11, 130.24, 130.32, 130.52, 131.32, 132.46, 133.00, 133.32,
133.79, 134.22, 134.30, 135.49, 135.67, 137.68, 137.91, 138.14, 138.63, 139.07, 139.19, 139.77,
139.95, 140.08, 140.14, 140.57, 140.77, 140.92, 141.21, 141.26, 141.30, 141.43, 141.48, 141.71,
141.82, 141.86, 142.04, 142.65, 142.73, 143.22, 143.42, 143.57, 143.73, 143.78, 144.06, 144.14,
144.29, 144.36, 144.41, 144.47, 144.64, 145.10, 145.18, 145.29, 145.39, 145.43, 145.48, 146.58,
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149.05, 149.10, 150.28, 150.46, 151.15, 152.12, 152.19, 152.57, 152.88, 155.41. 2°Si NMR (53.67
MHz) § = -35.74, -35.69. FAB-MS: 1953 (M + H").

ZnP-Si,. A solution of 5 (102 mg, 0.0953 mmol) in THF (25 mL) was deoxygenized by
bubbling with nitrogen for 30 min. To this solution were added 3 (180.6 mg, 0.745 mmol),
dichlorobis(triphenylphosphine)palladium(Il) (11.4 mg, 0.0162 mmol), cupper(l) iodide (8.6 mg,
0.0452 mmol), and triethylamine (0.5 mL, 3.59 mmol). After being stirred for 4 h at room
temperature, the reaction mixture was evaporated, suspended in CH,Cl,, and filtered through a pad
of silica gel. After evaporation, the residue was subjected to silica-gel column chromatography
(hexane/toluene = 2/1, then 1/1). The collected fraction was evaporated and subjected to GPC
(toluene as an eluent, tg = 74 min) to give 52.2 mg (0.0443 mmol, 47% yield) of ZnP-Si, as a
purple solid. 'H NMR (300 MHz) & = 0.76 (s, 6H), 0.87 (s, 6H), 1.52 (s, 18H), 1.56 (s, 36H),
6.93-6.95 (m, 3H), 7.02-7.06 (m, 2H), 7.50-7.53 (m, 2H), 7.59-7.62 (m, 2H), 8.01 (t, J = 1.8 Hz,
1H), 8.04 (t, J = 1.8 Hz, 2H), 8.39-8.40 (m, 4H), 8.41-8.42 (m, 2H), 9.20-9.24 (m, 4H), 9.29 (d, J =
4.8 Hz, 2H), 10.27 (d, J = 45 Hz, 2H). *C NMR (67.81 MHz) & = -2.14, -2.10, 31.95, 31.98,
35.26, 35.29, 92.92, 99.04, 100.06, 108.96, 111.73, 121.16, 123.48, 123.97, 124.48, 127.84, 128.18,
128.56, 128.79, 129.20, 130.11, 130.16, 131.41, 132.31, 132.38, 132.71, 133.41, 142.68, 142.84,
149.08, 150.51, 151.24, 153.09. #Si NMR (53.67 MHz) & = -36.04, —35.99. HRMS(FAB):
Calcd for C76HggN4SipZn: 1176.5839. Found: 1176.5817.

Si~Ce. A solution of 1-(p-formylphenyl)-1,1,2,2-tetramethyl-2-phenyldisilane ® ® (27.2 mg,
0.0911 mmol), Cgo (324 mg, 0.449 mmol), and N-methylglycine (407 mg, 4.54 mmol) in toluene
(400 mL) was deoxygenized by bubbling with nitrogen for 40 min and heated under reflux. After
being stirred for 14 h in the dark at this temperature, the reaction mixture was allowed to cool to
room temperature and filtered through a pad of silica gel. After the evaporation, the residue was
subjected to silica-gel column chromatography (hexane/toluene = 4/1, then 1/1). The collected
fraction was evaporated and subjected to GPC (toluene as an eluent, t = 100 min). After
evaporation, the residue was washed with MeOH to give 39.9 mg (0.0381 mmol, 42% vyield) of
Si,—Cgo as a brown solid. *H NMR (300 MHz) & = 0.24 (s, 3H), 0.26 (s, 3H), 0.32 (s, 6H), 2.54 (s,
3H), 3.83 (d, J = 9.3 Hz, 1H), 4.51 (d, J = 9.3 Hz, 1H), 4.72 (s, 1H), 7.30-7.34 (m, 3H), 7.47 (d,J =
7.8 Hz, 2H), 7.7-7.8 (br, 2H). 3C NMR (67.81 MHz) & = -3.99, -3.82, -3.77, 39.75, 69.44, 69.88,
77.80, 83.64, 128.82, 128.99, 134.15, 134.43, 136.11, 136.33, 136.87, 137.08, 137.86, 138.71,
139.67, 139.88, 140.18, 140.44, 140.49, 141.84, 141.97, 142.09, 142.28, 142.37, 142.43, 142.55,
142.61, 142.89, 143.01, 143.37, 143.50, 144.70, 144.88, 145.00, 145.44, 145.56, 145.69, 145.77,
145.82, 145.87, 146.00, 146.18, 146.36, 146.48, 146.53, 146.61, 146.76, 147.17, 147.53, 153.74,
154.02, 154.34, 156.73.  **Si NMR (53.67 MHz) & = -21.77, —21.42. HRMS(FAB): Calcd for
Cr9H27NSiy: 1045.1682. Found: 1045.17009.
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Chapter 3

Conformation Effect of Oligosilane Linker on Photoinduced Electron Transfer
of Tetrasilane-Linked Zinc Porphyrin—-[60]Fullerene Dyads

< v Si,
Si=—Si zSi’ gsllg
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syn anti free chain

little conformation dependence

(Ar = 3,5-di-tert-butylphenyl)

Abstract

A series of zinc porphyrin—[60]fullerene dyads linked by conformation-constrained tetrasilanes
and permethylated tetrasilane have been synthesized for the evaluation of the conformation effect of
the tetrasilane linkers on the photoinduced electron transfer. The excited-state dynamics of these
dyads have been studied using the time-resolved fluorescence and absorption measurements. The
fluorescence of the zinc porphyrin moiety in each dyad was quenched by the electron transfer to the
fullerene moiety. The transient absorption measurements revealed that the final state of the
excited-state process was a radical ion pair with a radical cation on the zinc porphyrin moiety and a
radical anion on the fullerene moiety as a result of the charge separation. The charge separation
and charge recombination rates were found to show only slight conformation dependence of the
tetrasilane linkers, which is characteristic for the Si-linkages.
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1. Introduction

Electron transfer (ET) plays a key role in many essential biological reactions, such as in natural
photosynthesis, in which an incident light causes a cascade of energy transfer (EN) and subsequent
ET. Recently, various types of covalently linked donor-acceptor molecules have been synthesized
for understanding and mimicking the ET and EN during the natural photosynthesis to develop an
artificial photosynthesis as a new energy source . The most widely investigated donor-acceptor
systems are the porphyrin-fullerene hybrid molecules since the photoexcitation of these dyads
induces a fast ET from the porphyrin to the fullerene moiety to generate long-lived charge-separated
(CS) states®>® which are essential for the further transduction of the incident light energy. "
Porphyrins are some of the most ideal donors and photo-sensitizers because of their low oxidation
potentials as well as their expanded m-electron system which are suitable for -efficient
light-harvesting by covering the wide spectral range of the solar irradiation.”  Fullerenes, such as
Cso, have been revealed as promising photo-sensitizers and electron-acceptors due to the following
unique structural and electronic properties®>">®?>'°; the wide absorption range due to their
extremely expanded m-electron systems, the low-lying LUMO, and the small reorganization
energies which accelerate the forward ET process and decelerate the back ET process as described
by the Marcus parabola. ' '

Another important factor of the Marcus theory is the electronic coupling between the donor
and acceptor, which depends not only on the donor-acceptor distance, but also on the electronic
properties of the linkers. Thus, the donor-acceptor hybrid molecules with a wide variety of linkers

6,12,13,14,15 . - 16
0 imides 7, and norbornylogous

including non-conjugated linkers, such as amides
bridges ' *, and m-conjugated linkers, such as oligoynes'® and oligothiophenes'®, have been
synthesized in order to elucidate the influence of the electronic properties of the linkers on the
electronic coupling term. These studies have demonstrated that the attenuation factors of the
non-conjugated linkers are large, while those of the m-conjugated linkers are small. These cases
dealt with mainly carbon-based linkers, and it is of great interest to study the ET through the
heavier element-based architecture.

Among the heavy main group element-catenated systems, polysilanes and oligosilanes have
been extensively studied because of their potential utilities as charge transport materials and
photoconductive materials derived from the high degree of o-electron delocalization over the
silicon framework (c-conjugation).”®  One of the most striking features of the oligosilanes is the
high sensitivity of their properties to the conformation of the silicon framework. Since the silicon
backbones of the oligosilanes are highly flexible due to a small rotational barrier of the Si—Si bond,
the elucidation of the structural dependence of their properties requires conformation control in an

. 21,22
appropriate manner. -~

One approach for freezing the dynamic behavior of the oligosilanes is
based on the incorporation of the disilane or trisilane into the bicyclic framework®', and these
studies have provided clear-cut evidence for the generally accepted idea that the anti conformation
with large SiSiSiSi dihedral angle () effectively extends the o-conjugation while syn and cisoid

conformations with a small @ insulate the -conjugation.
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In Chapter 2, the author reported the synthesis of a zinc porphyrin-fullerene dyad linked by
1,2-dialkynyldisilane and investigated their excited-state dynamics. The occurrence of the
effective intramolecular photoinduced ET and the generation of the CS state indicates that the
disilane moiety works as a molecular wire.””® The construction of the porphyrin—fullerene dyads
linked by conformation-constrained oligosilane chain is of interest for evaluating the influence of
the degree of o-conjugation and the dynamic behavior of the silicon chain on the ET. In this
chapter, the author reports the synthesis of the porphyrin—fullerene dyads linked by the
conformation-constrained tetrasilane, such as ZnP—[Sig(anti)]-Cso and ZnP—[Si4(syn)]-Ceo, as well
as the permethylated tetrasilane-linked dyad ZnP—[Sis]-Ceo (Chart 1) to study their excited-state

dynamics on the basis of time-resolved fluorescence and absorption measurements.

Chart 1.

Ar
(Ar = 3,5-di-tert-butylphenyl)

Me, Me,

=y Rsfhsﬂieii % {M?

Si=—Si

SR TN

ZnP—[Siy(syn)]-Ceg ZnP-[Siy(anti)]-Cgg ZnP—[Sis]—Cgo

Ar

2. Result and Discussion
2.1. Synthesis

Scheme 1 and 2 shows the preparation of the tetrasilane moieties. As demonstrated in
Scheme 1, the author has developed an alternative synthetic route for the conformation-constrained

tetrasilanes to the previously reported selective synthesis based on the stereospecific nucleophilic
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substitution reaction on the silicon center.?'* Thus, the mixture of the conformation-constrained
tetrasilanes Ph—Sis(anti)-Ph and Ph-Sis(syn)-Ph having phenyl groups on each end of the silicon
chain was first prepared by the reaction of a bicyclic dichlorodisilane CI-Siy(syn)-Cl and
dimethylphenylsilyllithium. >* The mixture of the isomers was subjected to the reaction with
trifluoromethanesulfonic acid (TfOH) followed by the treatment with 2-propanol to give a mixture
of i-PrO-Siy(anti)-Oi-Pr and i-PrO-Sis(syn)-Oi-Pr with isopropoxy groups on each end. The
crystalline anti-isomer was obtained in pure form by crystallization of the viscous reaction mixture
from toluene/acetonitrile, while the oily Syn-isomer was obtained by silica gel column
chromatography of the concentrated mother liquor. The configuration of the anti-isomer was
confirmed by X-ray crystallography (Figure 1). The current procedure is advantageous when both
isomers are needed at once and is applicable to the gram-scale preparation of the

conformation-constrained tetrasilane units.

Scheme 1.
_Ph
Me,Si Me Me
Cl Cl 2 =2 =2
\S, o PhMeSiLi(:2) 4 Ph—S~  Si—Ph
—_— _— . A
'\ ! THF Q/S//G Si—Si
RT, 2 h |' &Q
75% /SiMez
CI-Si,(syn)-ClI Ph
Ph-Si,(anti)-Ph Ph-Si,(syn)-Ph
1 : 1.7
Oi-Pr
(1) TIOH (x 2) Me,Si Me, Me,
Oﬁ'éz?zh L HPO—Si Si—OiPr
(2) i-PrOH (x 3) Q/SI//C Si—Si
2,6-lutidine (x 4) | w
CH,Cl, _SiMe,
RT, 2h i-PrO
88% i-PrO-Si,(anti)-0i-Pr  i-PrO-Si,(syn)-Oi-Pr
1 : 1.6

Figure 1. ORTEP drawing of i-PrO-Sis(anti)-Oi-Pr with thermal ellipsoid plot (50%
probability). Sellected bond lengths (A) and angles (°): Si(1)-Si(2) 2.3597(12), Si(2)-Si(2*)
2.3588(18), Si(1)-Si(2)-Si(2*) 109.06(3), Si(1)-Si(2)-Si(2*)-Si(1*) 180.
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Scheme 2 shows the synthesis of the permethylated tetrasilane CI-Si,—Cl having chlorine on
each  end. Thus, the reaction of 1,2-dichlorotetramethyldisilane  with  the
dimethylphenylsilylmagnesium reagent”® produced Ph-Sis;—Ph, which was dephenylchlorinated
with hydrogen chloride in the presence of AICl; to give the target product. It should be noted that
the reaction of 1,2-dichlototetramethyldisilane with the silyllithium reagent afforded the complex
mixture containing polymerized organosilicon compounds, showing that the silylmagnesium

reagents are suitable to prepare oligosilanes with a stepwise manner.

Scheme 2.
Me Me Me
| PhMe,SiLi / i-PrMgBr (x 2) | HCl gas / cat AICl, |
o] s|| Cl THFELO Ph SI| Ph o Cl s|| Cl
2 6'16
Me/2 RT,8h Me/ 4 RT,3h Me/ 4
62% , 89% .
Ph-Si,~Ph CI-Si,~Cl

Scheme 3 shows the preparation of the dyads from the obtained tetrasilanes. The chlorine or
isopropoxy groups of the tetrasilanes were substituted with p-bromophenyl groups using
p-bromophenyllithium, followed by the transformation of one bromine atom to a formyl group to
give the unsymmetrical tetrasilanes Br—[Si4]-CHO having a p-bromophenyl group on one end and
a p-formylphenyl group on the other end. Suzuki-Miyaura coupling between the porphyrin
boronic ester ZnP-Bpin and Br—[Si4]-CHO produced the porphyrin-linked tetrasilanes containing
a formyl group ZnP—[Sis]-CHO. The Prato reaction”°® using Cso and N-methylglycine gave the
tetrasilane-linked zinc porphyrin-fullerene dyads ZnP—[Si4]-Cgo. The products were characterized
on the basis of their 'H, °C, *’Si NMR, and FAB-mass spectra. The reference compounds
ZnP—[Si;] and [Si,]-Cgo were synthesized in a similar manner.

In the '"H NMR spectra of the dyads ZnP-[Sis]-Cgo and ZnP-[Sis(anti)]-Ceo, the signals of
eight B protons of the ZnP core are shifted upfield by 0.01-0.10 ppm relative to ZnP—[Sis]-CHO
and the porphyrin reference ZnP—[Siy]. These spectral perturbations can be understood by the
shielding effect of the Cgp moiety, and the author assumed the existence of a fast equilibrium
between two conformers: a folded conformer, in which the ZnP and Cgy moieties are proximate to
each other, and an extended conformer, in which the ZnP and Cgy moieties are separated from each
other. Such an upfield shift of the porphyrin § protons of ZnP—[Sis(syn)]-Ceo is small relative to
ZnP—[Sig(anti)]-Cgo and ZNP—[Sis]-Cso, suggesting that the folded-extended equilibrium moves to
the extended conformer in ZnP-[Sis(syn)]-Ces. These assumptions are supported by the
semi-empirical calculations (Figure 2) and photophysical measurements described below.
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Scheme 3.
(1) n-BulLi (x 1)
THF

Br Li (x4) _78°
X—Si—x - . C S C o 18°C1n Br@SiOCHO
_ Etz0 (2)(_\-CHO(x 1.5)
(X=Cl,i-PrO)  RT,1h Br—[Si,]-Br THE Br—[Sis]-CHO
RT, 40 min
(3)HCl ag

Ar

—©—8| CHO (x 5) _
Pd(PPhy), (x 0.2) ~ A (-si < > CHO
Ba(OH), (x 5), DME/H,0
80°C, 1h
A

r
ZnP-[Si,]-CHO

ZnP BPin
Ar
N methC?OI(Z'ige( 50)
- ] X .
i/o?u);ne = Ar O SI
110°C,7h
Ar

ZnP—[Si4(syn)]-Cego ZnP—[Si,(anti)]—Cgq
folded; Ry, = 14.8 A folded; R.c = 9.9 A

Figure 2. Folded conformers of ZnP—[Siy(syn)]-Ceo and ZnP-[Sis(anti)]-Ceo with

center-to-center-distances between ZnP and Cgy moiety (Rec).

2.2. Steady-State Photophysical Properties

The UV-vis-NIR absorption spectra of the dyads and the reference compounds measured in
benzonitrile (BN) at room temperature are shown in Figure 3 and the data are summarized in Table
1. The Soret bands of ZnP—[Sis(anti)]-Cso and ZnP—[Sis]-Ceo (Amax = 437.5 nm) show a 6.5 nm
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red-shift and their extinction coefficients are about a half that of ZnP—[Si,]. The spectra of
ZnP—[Siy(anti)]-Cgo and ZnP—[Sis]-Cgp show the broadened Q bands, as compared to that of
ZnP—[Siy], in addition to the weak broad absorption bands close to near-IR region (800-900 nm)
where the reference compounds show no or little absorption. On the other hand, such spectral
perturbations are somewhat smaller in ZnP—[Si4(Syn)]-Ceo than the other dyads. Thus, the Soret
band of ZnNP—[Sis(syn)]-Ceo (Amax = 433.5 nm) is red-shifted by only 2.5 nm relative to the
reference compound ZnP—[Si;], and the absorption band in the near-IR region is slightly weaker
than those of ZnP—[Sis(anti)]-Cso and ZnP—[Sis]-Cgp. These spectral features can be understood
by considering the existence of the folded conformers in equilibrium with extended conformers; it
is well-known that the Soret and Q bands of porphyrins are broadened, and a weak broad CT
absorption band arises in the NIR region when porphyrins are located close to fullerenes.”” The
weaker perturbation in ZnP—[Sis(syn)]-Cego than those in ZnP—[Si4(anti)]-Cgp and ZnP—[Sis]-Cso
is explained by the hindrance of the approach of ZnP to Cgp in ZNP—[Si4(syn)]-Ceo (Figure 2).
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Figure 3.  Steady-state UV-vis-NIR absorption spectra of ZnP—[Siy(anti)]-Cso (- —-),
ZnP—[Sis(syn)]-Ceo (++--- ), ZNP—[Sis]-Cep ( ), ZNP—-[Siy] (—-—-— ), and [Si;]-Ceo (—+--—), in
BN. Inset: longer wavelength region.

Figure 4 shows the steady-state fluorescence spectra of ZnP-[Sis(anti)]-Cso,
ZnP—[Siy(syn)]-Ceo, ZNP—[Sig]-Cso, and ZNP—[Si,;] measured in BN at room temperature with
excitation at 546 nm, which is one of the isosbestic points of the absorption spectra. The
fluorescence quantum yields of the dyads (@r ™) and ZnP—[Si,] (@ ") were evaluated using
zinc tetraphenylporphyrin as a reference as summarized in Table 1.”®  The shapes of the spectra
of the dyads are almost identical to that of the porphyrin reference ZnP—[Si]. The fluorescence of

the Cgp moiety, which is normally expected to appear around 720 nm by the direct and indirect
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Table 1. Steady-state UV-vis-NIR absorption and fluorescence of the dyads ZnP—[Sis]-Cgo and
the reference compound ZnP—[Si;] in BN.

Compound Absorption Fluorescence
xABSmaX (8) / nm kFLmaX / nm (@FL)a @FLDyad/ @FLRGf
ZnP—[Sis(anti)]-Ceo  437.5 (317,000) 609, 660 (1.4 x 107°) 0.025

563.5 (16,400)
604.5 (10,900)

ZnP-[Sis(syn)]-Ceo  433.5(303,000) 608, 660 (2.0 x 107) 0.035
563.0 (15,900)
604.5 (10,200)

ZnP—-[Si]-Cso 437.5(312,000) 609, 659 (8.7 x 107 0.015
563.5 (16,400)
604.5 (10,800)

ZnP—[Si,] 431.0 (572,000) 609, 660 (5.8 x 1072 —

561.0 (20,200)

602.5 (11,500)
? Fluorescence quantum yield relative to zinc tetraphenylporphyrin (@ = 0.04).

S DT> T S .

600 650 700

Wavelength / nm
DT> T S .

600 650 700 750 800
Wavelength / nm

Figure 4. Steady-state fluorescence spectra of ZnP—[Sis(anti)]-Ceo (-« - - ), ZNP—[Si4(syn)]-Ceo
(——), ZNP—[Si4g]-Ceo ( ), and ZNP—[Si;] (—-—-—) excited at 546 nm in BN. Inset: Full Picture

of the fluorescence spectra.

excitation, was hardly recognized in Figure 4 due to its low fluorescence quantum yield. The
fluorescence intensities of the ZnP moiety of the dyads significantly decreased compared to that of
ZnP—[Si,], indicating the occurrence of the quenching of the lowest singlet excited-state of the ZnP
by connecting the C¢ moiety. The order of the fluorescence intensities is ZNP—[Si4(syn)]-Ceso >
ZnP—[Sig(anti)]-Cso > ZnP-[Sig]-Cg. The fact that the fluorescence intensitics of the
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conformation-constrained dyads are higher than that of ZnP—[Sis]-Cgy can be attributed the
suppression effect of the vibrational and rotational non-radiative decay of the excited state in terms
of the constraint of the molecular movement by the cyclic structure.”” The slightly higher
fluorescence quantum yield of ZnP—[Sis(syn)]-Ceo than that of ZnP—[Sis(anti)]-Cgo is consistent
with the NMR and the absorption spectral measurements that the ZnP—[Sis(Syn)]-Ceo has a lower
amount of the folded conformer than ZnP—[Sis(anti)]-Cso.

2.3. Excited-State Dynamics

By the time-resolved fluorescence measurements of the BN solution of the dyads
ZnP—[Sig(anti)]-Ceo, ZNP—[Sis(syn)]-Csop and ZnP—[Sis]-Ce and the porphyrin reference
ZnP—[Siy], we can estimate the fluorescence lifetimes of the ZnP moiety (Table 2). The
remarkable shortening of the fluorescence lifetimes of the dyads compared with the porphyrin
reference indicates the occurrence of the ET from the lowest singlet excited states of ZnP to Cgy of
the dyads, which is supported by the fact that the charge-separated states of the dyads could be
detected by the transient absorption measurements. The order of the fluorescence lifetimes of the
dyads is as follows: ZnP—[Sis(anti)]-Ceo > ZnP—[Si4(syn)]-Ceo > ZNP—[Sig]-Cso. The shortest
lifetime of ZnNP—[Sis]-Cgo is due to the dynamic behavior of the silicon chain®, as already
discussed. Such a dynamic molecular motion would be also the origin of the shorter lifetime of
ZnP—[Si4(syn)]-Ceo than that of ZnP—[Sis(anti)]-Ceo.”®  The relative t values of the dyads

Dyad

/ TFLRef)

(TrL are higher than the fluorescence quantum yields estimated from the steady-state
fluorescence measurements (CDFLDyad / CDFLRef) in Table 2.°'  This inconsistency between these two
parameters can be understood by the assumption that the dyads contain a considerable amount of
the folded conformers which immediately transit to the non-fluorescent state, such as exciplex,

which is hardly observable in the steady-state fluorescence measurements.

Table 2. Fluorescence lifetime (771) and charge-recombination rate (kcg) in BN.

Compound e / 1s (fraction / %)* 7 DY ) g ReE ker /s
ZnP—[Si4(anti)]-Cso 0.40 (77) 0.21 43 x10°
ZnP—[Si4(syn)]-Ceo 0.32 (70) 0.17 2.9 x 10°

ZnP—[Sis]-Ceo 0.25 (65) 0.13 2.7 x 10°

ZnP—[Siy] 1.90 (100) — —

& Fitted by bi-exponential function.

Table 2 also summarized the rates of the charge recombination estimated by the nano-second
transient absorption measurements. The Kcr of the dyads slightly depend on the linkage
conformation: ZnP-[Sis(anti)]-Cgso > ZNnP-[Sis(syn)]-Cso > ZNP—[Sig]-Cgso, which shows an

y

opposite tendency to that of the 1/77."** values. However, the variation of the Kcg values is not
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large, which is suggestive to superexchange mechanism in the ET through the Si-linkages.

3. Conclusion

Zinc porphyrin—fullerene dyads linked by the conformation-constrained tetrasilanes were
synthesized together with the permethylated tetrasilane-linked dyad. Time-resolved fluorescence
measurements revealed that the ET occurs on a sub-nanosecond to nanosecond timescale. The
transient absorption spectra in polar solvents are mainly composed of the Cgp-radical anion and the
ZnP-radical cation, indicating the generation of the CS state with a sub-microsecond lifetime. The
lifetimes of the CS states hardly depend on the conformation of the tetrasilane linkers. This is in
sharp contrast to the m-conjugated linkers, which show the linkage dependence of the ET rates, and

would be one of the characteristics of the silicon linkage.
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Experimental Section

General. Melting points (mp) were determined with a Yanaco MP-S3 instrument and are
uncorrected. 'H and *C NMR spectra were recorded on a Varian Mercury (300 MHz for 'H) and
JEOL EX-270 (67.94 MHz for 13C) spectrometer in C¢Dg unless otherwise stated and chemical
shifts are reported in & ppm with reference to internal solvent peak for 'H (C¢HDs: 7.20 ppm) and
BC (CeDg: 128.0 ppm), respectively. 2’Si NMR spectra were recorded with JEOL EX-270 (59.62
MHz for *’Si) spectrometer in C¢Dg with the use of the proton-decoupled INEPT technique using
tetramethylsilane (0.0 ppm) as an external standard. Recycle preparative gel permeation
chromatography (GPC) was performed using polystyrene gel columns (JAIGEL 1H and 2H,
LC-908, Japan Analytical Industry) with toluene as an eluent. Column chromatography was
performed using Kieselgel 60 (70-230 mesh, Merck) unless otherwise stated. All reactions were
carried out under nitrogen unless otherwise stated. All dry solvents were freshly distilled under N,
before use. THF, Et,0, and DME were distilled from sodium/benzophenone. Benzene and
toluene were distilled from sodium. CH,Cl, were distilled from CaH,. Acetone was distilled
from anhydrous K,CO;. Hexane was distilled from sodium/benzophenone/triglym.
1,7-Dichloro-1,7-disilabicyclo[5.5.0]dodecane * ' * 1,2-dichloro-1,1,2,2-tetramethyldisilane °* ,
1-(4-bromophenyl)-1,1,2,2-tetramethyl-2-phenyldisilane 09 ,
[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10,15,20-tris[3’,5’-(di-tert-butyl)phen-yl]porphinat
o]zinc(IT) (ZnP-BPin)® *, and [Si;]-Ceo were synthesized as described before.

Synthesis.
Anti- and syn-1,7-isopropoxydimethylsilyl-1,7-disilabicyclo[5.5.0]dodecane
(i-PrO-Si4(anti)-O-iPr and I-PrO-Si4(syn)-Oi-Pr). To a solution of

1,7-dichloro-1,7-disilabicyclo[5.5.0]dodecane (CI-Siy(syn)—Cl; 2.35 g, 8.78 mmol) in THF (10 mL)
was added a solution of dimethylphenylsilyllithium, which was prepared from lithium (granular,
512 mg, 73.7 mmol) and chlorodimethylphenylsilane (3.0 mL, 18.1 mmol) in THF (20 mL),
dropwise over 10 min at 0 °C.  Upon completion of the addition, the reaction mixture was allowed
to warm to room temperature. After being stirred for 2 h, the resulting mixture was quenched with
H,0 (20 mL) and evaporated to remove THF. To the residue was added Et,O (20 mL). The
resulting biphasic mixture was separated and the aqueous layer was extracted with Et,O (3 x 20
mL). The combined organic layer was washed with brine (40 mL) and dried over MgSO4.  After
filtration and evaporation, the residue was subjected to silica gel column chromatography (hexane,
Ry = 032) to give 3.09 g (6.62 mmol, 75% vyield) of a mixture of anti- and
syn-1,7-dimethylphenylsilyl-1,7-disilabicyclo[5.5.0]dodecanes (Ph-Si4(anti)-Ph and
Ph-Sis(syn)-Ph) as white solids (syn/anti = 1.7/1). This mixture was used for the next reaction
without separating the isomers.

To a solution of the mixture of Ph-Si4(anti)-Ph and Ph-Si4(syn)-Ph (3.09 g, 6.62 mmol) in
CHCI; (16 mL) was added TfOH (1.2 mL, 13.6 mmol) dropwise over 5 min at 0 °C. Upon
completion of the addition, the reaction mixture was stirred for 1 h. To this mixture was added

2,6-lutidine (3.1 mL, 26.7 mmol) in one portion and added a solution of isopropyl alcohol (1.5 mL,
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19.6 mmol) in CH,Cl, (5§ mL) dropwise over 5 min at 0 °C. Upon completion of the addition, the
reaction mixture was allowed to warm to room temperature and stirred for 2 h. To this mixture
was added H,O (20 mL). The resulting biphasic mixture was separated and the aqueous layer
was extracted with Et;O (3 x 20 mL). The combined organic layer was washed with brine (30
mL) and dried over MgSO,. After filtration and evaporation, the residue was subjected to silica
gel column chromatography (Silica Gel 60 N (spherical, neutral), Kanto Chemical Co., Inc,
hexane/Et;N = 100/1, Ry = 0.07-0.15) to give 2.50 g (5.80 mmol, 88% yield) of a mixture of anti-
and syn-1,7-isopropoxydimethylsilyl-1,7-disilabicyclo[5.5.0]dodecane (i-PrO-Sis(anti)-Oi-Pr and
I-PrO-Si,(syn)-0i-Pr) as a colorless oil (syn/anti = 1.6/1).

Isomers were separated by neutralized silica gel column chromatography (PSQ 100B, Fuji
Silysia, hexane/AcOEt = 100/1) and recrystallization from toluene/acetonitrile.
i-PrO-Si(anti)-Oi-Pr: colorless crystals. Mp 72-73 °C. 'H NMR (C¢D¢): & = 3.94 (sept, J =
6.0 Hz, 2H), 1.82-2.04 (m, 8H), 1.62-1.69 (m, 4H), 1.26 (ddd, J = 13.9, 8.5, 5.2 Hz, 4H), 1.16 (d, J
= 6.0 Hz, 12H), 1.02 (ddd, J = 13.9, 8.5, 5.2 Hz, 4H), 0.47 (s, 12H). ">C NMR (CDs): & = 65.57,
31.05, 28.05, 26.36, 12.90, 2.60. *°Si NMR (C¢Dg): & = 14.48, —30.43. HRMS(EI): Calc. for
Ca0Hi0,Sis: 430.2575. Found: 430.2594.  i-PrO-Sis(syn)-Oi-Pr: colorless oil. 'H NMR
(CsDg): & =3.97 (sept, J = 6.0 Hz, 2H), 1.79-1.87 (m, 8H), 1.64-1.71 (m, 4H), 1.19 (d, J = 6.0 Hz,
12H), 0.95-1.14 (m, 8H), 0.49 (s, 12H). "*C NMR (C¢Ds): & = 65.70, 33.09, 26.42, 23.95, 11.53,
1.87. *°Si NMR (CgDg): & = 14.08, -38.70. HRMS(EI): Calc. for Ca0H4s0,Si4: 430.2575. Found:
430.2589.

1,4-Dichloro-1,1,2,2,3,3,4,4-octamethyltetrasilane (Cl-Si;—Cl). To a suspension of lithium
(granular, 1.66 g, 239 mmol) and THF (50 mL) was added a solution of chlorodimethylphenylsilane
(10.0 mL, 60.5 mmol) in THF (10 mL) dropwise over 20 min at 0 °C. After being stirred for 4 h,
the resulting mixture was filtered to remove excess lithium. To this silyllithium solution was
added 60 mL (60.6 mmol) of a 1.01 M solution of isopropylmagnesium bromide in Et,O dropwise
over 20 min at 0 °C to give a silylmagnesium reagent.

To a solution of 1,2-dichloro-1,1,2,2-tetramethyldisilane (5.65 g, 30.2 mmol) in THF (30 mL)
was added the solution of thus prepared silylmagnesium reagent dropwise over 20 min at 0 °C.
Upon completion of the addition, the reaction mixture was allowed to warm to room temperature.
After being stirred for 8 h, the reaction mixture was quenched with saturated NH4Cl aq (20 mL) and
H,O (40 mL). The resulting biphasic mixture was separated and the aqueous layer was extracted
with Et;0O (3 x 50 mL). The combined organic layer was washed with brine and dried over
MgSO,4.  After filtration and evaporation, the residue was subjected to silica gel column
chromatography (hexane, Ry = 0.33) to give 7.19 g (18.6 mmol, 62% yield) of
1,1,2,2,3,3,4,4-octamethyl-1,4-diphenyltetrasilane *° as white solids. 'H NMR (Ce¢Dg): & =
7.46-7.49 (m, 4H), 7.2-7.3 (m, 6H), 0.39 (s, 12H), 0.16 (s, 12H).

To a solution of 1,1,2,2,3,3,4,4-octamethyl-1,4-diphenyltetrasilane (6.39 g, 16.5 mmol) in
benzene (20 mL) was added AICl; (66.2 mg, 0.497 mmol), and then HCI gas was blown on this

mixture for 3 h at room temperature. Hexane (20 mL) and acetone (1 mL) were added and the
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resulting acetone/AlCl; complex was filtered off. Evaporation followed by distillation at reduced
pressure  (190-195 °C/13 mmHg) gave 444 ¢ (14.6 mmol, 89% yield) of
1,4-dichloro-1,1,2,2,3,3,4,4-octamethyltetrasilane ®® (CI-Si;~Cl) as colorless oil. '"H NMR
(CsDg): 6 =0.44 (s, 12H), 0.24 (s, 12H).

Conversion from X-Sis—X (X = Cl or i-PrO) to Br-[Sis]-Br.

A  typical procedure: 1,4-bis(4-bromophenyl)-1,1,2,2,3,3,4,4-octamethyltetrasilane
(Br—[Sis]-Br). To a suspension of p-dibromobenzene (4.79 g, 20.3 mmol) in Et;0 (20 mL) was
added 12.8 mL (20.0 mmol) of a 1.56 M solution of n-butyllithium in hexane dropwise over 10 min
at =78 °C. Upon completion of addition, the reaction mixture was allowed to warm to room
temperature and stirred for 2.5 h to give a suspension of p-bromophenyllithium in Et,O.

To a suspension of p-bromophenyllithium in Et,O was added a solution of CI-Si,—Cl (1.54 g,
5.07 mmol) in Et,O (15 mL) dropwise over 10 min at =78 °C. Upon completion of addition, the
reaction mixture was allowed to warm to room temperature and stirred for 1.5 h. To the resulting
mixture was added 5% NH4Cl aq (40 mL). The resulting biphasic mixture was separated and the
aqueous layer was extracted with Et;O (3 x 40 mL). The combined organic layer was washed with
brine (40 mL) and dried over MgSO,4. After filtration and evaporation, the residue was subjected
to silica gel column chromatography (hexane, Rf = 0.43) to give 2.26 g (4.15 mmol, 82% yield) of
Br—[Sis]-Br as pale yellow oil. The product contained some impurities but was used for the next
reaction without further purification. 'H NMR (C¢De): 8 = 7.40 (d, J = 8.1 Hz, 4H), 7.10 (d, ] =
8.1 Hz, 4H), 0.28 (s, 12H), 0.06 (s, 12H). "°C NMR (C¢Ds): & = —5.34, —2.82, 123.71, 131.28,
135.55, 138.52.  *’Si NMR (C¢Dg): & = —44.28, —17.31.  HRMS(EI): Calc. for Cy0H3,Br,Sis:
541.9948. Found: 541.9955.

Anti-1,7-bis(4-bromophenyl)-1,7-disilabicyclo[5.5.0]dodecane (Br—[Sis(anti)]-Br). Yield:
91% (white solids). Mp 97.5-98 °C.  'H NMR (C¢D¢): & = 7.41 (d, J = 8.1 Hz, 4H), 7.16 (d, J =
8.1 Hz, 4H), 1.42-1.51 (m, 8H), 1.21-1.27 (m, 4H), 0.95 (dt, J = 14.4, 6.9 Hz, 4H), 0.64 (dt, ] =
14.4, 6.9 Hz, 4H), 0.44 (s, 12H). ">C NMR (C¢Ds): & = 139.50, 135.82, 131.16, 123.56, 30.78,
27.72,13.32, -0.88. *’Si NMR (C¢De): & = —16.68, —28.43. HRMS(EI): Calc. for Co6H4oBr,Sis:
622.0574. Found: 622.0562.

Syn-1,7-bis(4-bromophenyl)-1,7-disilabicyclo[5.5.0]dodecane (Br—[Sis(syn)]-Br). Yield:
69% (white solids). '"H NMR (C¢Ds): 8 = 7.42 (d, J = 8.1 Hz, 4H), 7.16 (d, J = 8.1 Hz, 4H),
1.40-1.60 (m, 12H), 0.75-0.80 (m, 8H), 0.35 (s, 12H). ">C NMR (C¢Ds): & = 138.75, 135.73,
131.28, 123.76, 32.84, 23.51, 11.51, —1.85.  *’Si NMR (C¢Ds): & = —17.93, —35.57.  HRMS(EI):
Calc. for Co6H40Br»Sis: 622.0574. Found: 622.0573.

Conversion from Br—[Si4]-Br to Br-[Si;]-CHO.

A typical procedure:
1-(4-bromophenyl)-4-(4-formylphenyl)-1,1,2,2,3,3,4,4-octamethyltetrasilane (Br—[Si;]-CHO).
To a solution of Br—[Sis]-Br (2.13 g, 3.91 mmol) in THF (16 mL) was added 2.5 mL (4.00 mmol)
of a 1.56 M solution of n-butyllithium in hexane dropwise over 5 min at —=78 °C. Upon completion

of addition, the reaction mixture was stirred for 1 h at this temperature to give a white suspension.
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To this suspension was added a solution of N-formylpiperidine (0.65 mL, 5.64 mmol) in THF (8
mL) dropwise over 5 min at =78 °C. After being stirred for 20 min, the reaction mixture was
allowed to warm to room temperature and stirred for 45 min. To the resulting clear solution was
added 1N HCI aq (30 mL). The resulting biphasic mixture was evaporated to remove THF. To
the residue was added Et,O (60 mL). The resulting biphasic mixture was separated and the
aqueous layer was extracted with Et;O (3 x 30 mL). The combined organic layer was washed with
brine (50 mL) and dried over MgSO,4. After filtration and evaporation, the residue was subjected
to silica gel column chromatography (hexane/toluene = 1/1 to toluene, then toluene/AcOEt = 10/1,
R¢=0.58 (toluene)) to give 781 mg (1.58 mmol, 40% yield(containing small amount of impurities))
of Br=[Sis]-CHO as a pale yellow paste. 'H NMR (C¢D¢): & = 9.76 (s, 1H), 7.65 (d, J = 8.1 Hz,
2H), 7.40 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 0.30 (s, 6H), 0.28 (s,
6H), 0.06 (s, 6H), 0.05 (s, 6H). >C NMR (C¢Dg): & = 191.32, 148.11, 138.42, 136.99, 135.54,
134.29, 131.31, 128.68, 123.76, —2.87, —3.05, —5.37 (one peak is overlapped). *’Si NMR (C¢Ds): &
= —17.01, —-17.31, —43.91, —44.08. HRMS(EI): Calc. for C;H3;BrOSis: 492.0792. Found:
492.0793.

Anti-1-(4-bromophenyl)-7-(4-formylphenyl)-1,7-disilabicyclo[5.5.0]dodecane
(Br—[Sis(anti)]-CHO). Yield: 39% (white solids). Mp 125-127 °C. "H NMR (C4D¢): & =9.75
(s, 1H), 7.65 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 7.15 (d, J = 8.1
Hz, 2H), 1.41-1.48 (m, 8H), 1.20-1.27 (m, 4H), 0.90-1.01 (m, 4H), 0.60-0.69 (m, 4H), 0.46 (s,
6H), 0.44 (s, 6H). "°C NMR (C¢De): & = 191.34, 149.19, 139.40, 136.82, 135.80, 134.55, 131.19,
128.58, 123.59, 30.78, 27.72, 27.69, 13.31, —0.89, —1.06 (one peak is overlapped). »Si NMR
(CsDg): 6 = —16.38, —16.66, —28.03, —28.30. HRMS(EI): Calc. for C,7H4BrOSis: 572.1418.
Found: 572.1408.

Syn-1-(4-bromophenyl)-7-(4-formylphenyl)-1,7-disilabicyclo[5.5.0]dodecane
(Br—[Sis(syn)]-CHO). Yield: 36% (white waxy solids). '"H NMR (C¢De): & =9.79 (s, 1H), 7.66
(d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 8.1 Hz, 2H),
1.4-1.7 (m, 12H), 0.7-0.8 (m, 8H), 0.37 (s, 6H), 0.35 (s, 6H). ">C NMR (C¢Ds): & = 191.37,
148.37, 138.65, 136.95, 135.72, 134.45, 131.29, 128.64, 123.79, 32.81, 23.46, 11.45, —1.85, —2.06
(two peaks are overlapped). 2’Si NMR (C¢Dy): 8 = —17.61, —17.96, —35.29, —35.49. HRMS(EI):
Calc. for C,7H4BrOSiy: 572.1418. Found: 572.1408.

Preparation of ZnP-[Sis]-CHO.

A typical procedure: ZnP—[Si4]-CHO. A mixture of Br—[Si;]-CHO (781 mg, 1.58 mmol)
and ZnP-BPin (151 mg, 0.142 mmol) in DME (40 mL) and H,O (0.8 mL) was deoxgenized by
bubbling  with  nitrogen for 30 min. To  this mixture were added
tetrakis(triphenylphosphine)palladium(0) (45.5 mg, 0.0394 mmol) and Ba(OH),*8H,0O (501 mg,
1.59 mmol). The resulting mixture was warmed to 80 °C and stirred for 20 min. After cooling,
the resulting mixture was filtered through a pad of silica gel and washed with CH,Cl,. After
evaporation, the residue was subjected to silica gel column chromatography (hexane/toluene = 2/1
to 1/3, R¢=0.70 (hexane/toluene = 1/4)) and subjected to GPC (toluene as an eluent, tg = 72 min) to
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give 96.2 mg (0.0712 mmol, 50% yield) of ZnP—[Sis]-CHO as purple solids. "H NMR (C¢Dg): & =
9.72 (s, 1H), 9.33-9.36 (m, 6H), 9.24 (d, ] = 4.8 Hz, 2H), 8.46-8.47 (m, 6H), 8.41 (d, ] = 7.8 Hz,
2H), 8.03-8.04 (m, 3H), 7.85 (d, J = 8.1 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 7.8 Hz, 2H),
1.55 (m, 54H), 0.65 (s, 6H), 0.43 (s, 6H), 0.33 (s, 6H), 0.27 (s, 6H). ">C NMR (C¢D): & = 191.39,
151.05, 150.99, 150.94, 150.53, 149.03, 144.27, 143.12, 138.38, 136.84, 134.53, 134.35, 132.62,
132.53, 132.31, 132.16, 130.39, 130.32, 128.72, 122.78, 122.73, 121.06, 35.32, 32.03, -2.51, -2.82,
—5.01,-5.17.  *’Si NMR (C¢Ds): & =—16.88, —17.53, —43.58 (one peak is overlapped). FAB-MS:
1350 ([M+H]).

ZnP-[Sis(anti)]-CHO. Yield: 30% (purple solids). '"H NMR (C¢Ds): & = 9.78 (s, 1H), 9.38
(d, J=4.8 Hz, 2H), 9.32-9.35 (m, 4H), 9.26 (d, J = 4.8 Hz, 2H), 8.46-8.47 (m, 6H), 8.40 (d, J = 8.1
Hz, 2H), 8.03-8.04 (m, 3H), 7.89 (d, J = 8.1 Hz, 2H), 7.70 (d, J = 8.1 Hz, 2H), 7.53 (d, ] = 8.1 Hz,
2H), 1.6-1.8 (m, 8H), 1.55 (s, 54H), 1.22-1.40 (m, 4H), 1.05-1.17 (m, 4H), 0.80-0.96 (m, 4H),
0.80 (s, 6H), 0.56 (s, 6H). "°C NMR (CS,): & = 189.87, 150.86, 150.41, 149.72, 148.68, 143.73,
142.61, 139.24, 136.95, 134.94, 134.76, 132.85, 132.74, 132.33, 131.87, 130.53, 129.58, 128.94,
127.38, 122.77, 121.42, 121.14, 35.56, 32.66, 31.69, 28.73, 28.66, 14.43, 14.26, 0.06, —0.12. *’Si
NMR (C¢D¢): 8 =—15.98, —16.66, —27.38 (one peak is overlapped). FAB-MS: 1430 ([M+H]").

ZNnP-[Si4(syn)]-CHO. Yield: 33% (purple solids). 'H NMR (Ce¢De): & = 9.69 (s, 1H),
9.34-9.38 (m, 6H), 9.27 (d, ] = 4.8 Hz, 2H), 8.47-8.48 (m, 6H), 8.43 (d, J = 8.1 Hz, 2H), 8.03-8.04
(m, 3H), 7.92 (d, J = 8.1 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H), 1.6-1.9 (m,
12H), 1.55 (s, 54H), 1.0-1.2 (m, 4H), 0.84-0.92 (m, 4H), 0.71 (s, 6H), 0.56 (s, 6H). C NMR
(CsDg): 6 =191.45, 151.04, 150.97, 150.91, 150.51, 148.98, 148.73, 144.29, 143.14, 138.47, 136.80,
134.52, 132.61, 132.53, 132.20, 130.39, 130.34, 128.69, 127.84, 122.75, 122.70, 121.02, 35.31,
32.96, 32.00, 23.72, 23.64, 11.93, 11.60, —1.47, —1.80. *’Si NMR (C¢De): & = —17.41, —18.01,
—-34.97,-35.19. FAB-MS: 1430 ([M+H]").

Preparation of ZnP—[Sis]-Cseo.

A typical procedure: ZnP—[Sis]-Cso. A solution of ZnP-[Si,]-CHO (81.7 mg, 0.0605
mmol), Cep (216 mg, 0.300 mmol), and N-methylglycine (275 mg, 3.06 mmol) in toluene (300 mL)
was deoxygenized by bubbling with nitrogen for 30 min and heated under reflux. After being
stirred for 10 h in the dark at this temperature, the reaction mixture was allowed to cool to room
temperature and filtered through a pad of silica gel. ~After evaporation, the residue was subjected
to silica gel column chromatography (hexane/toluene = 4/1 to 2/3, R¢= 0.65 (hexane/toluene = 1/1))
followed by preparative GPC (toluene as an eluent, tr = 73 min). After evaporation, the residue
was washed with MeOH to give 100 mg (0.0477 mmol, 79% yield) of ZnP—[Si4]-Cgo as dark
purple solids. 'H NMR (C¢Ds): & = 9.33 (m, 4H), 9.27 (d, ] = 4.8 Hz, 2H), 9.16 (d, J = 4.8 Hz,
2H), 8.59 (d, J = 1.8 Hz, 2H), 8.53 (d, J = 1.8 Hz, 4H), 8.35 (d, ] = 8.1 Hz, 2H), 8.07 (t, J = 1.8 Hz,
1H), 8.04 (t, J = 1.8 Hz, 2H), 7.77 (d, ] = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 4.33 (s, 1H), 4.19 (d,
J=9.3 Hz, 1H), 3.45 (d, J = 9.3 Hz, 1H), 2.46 (s, 3H), 1.63 (s, 18H), 1.61 (s, 18H), 1.60 (s, 18H),
0.65 (s, 3H), 0.64 (s, 3H), 0.46 (s, 3H), 0.46 (s, 3H), 0.38 (s, 6H), —0.13 (s, 3H), —0.16 (s, 3H) (Two
aromatic protons are overlapped with the solvent peak). "“C NMR (C¢Dg): 8 = 155.66, 153.03,
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152.70, 151.05, 150.94, 150.82, 150.44, 149.03, 148.98, 146.07, 145.72, 145.44, 145.25, 144.85,
144.60, 144.55, 144.49, 144.46, 144.36, 144.24, 143.90, 143.83, 143.67, 143.58, 143.47, 143.17,
142.97, 142.81, 142.60, 141.90, 141.69, 141.39, 141.28, 141.18, 141.03, 140.85, 140.82, 140.46,
140.39, 140.26, 140.23, 140.14, 139.96, 139.93, 139.27, 139.24, 138.94, 138.78, 138.22, 137.48,
135.98, 135.83, 135.49, 134.85, 134.70, 134.04, 132.69, 132.54, 132.48, 132.36, 130.44, 130.29,
128.79, 122.93, 122.85, 121.50, 121.02, 83.11, 77.01, 69.40, 68.53, 39.65, 35.39, 32.15, -2.77,
—2.82, —2.85, —4.89, —5.40, —5.58. *Si NMR (C¢D¢): & = —16.61, —17.41, —43.23, —44.48.
FAB-MS: 2097 ([M+H]").

ZnP-[Sis(anti)]-Ceo. Yield: 67% (dark purple solids). '"H NMR (CsDs): & = 9.30-9.34 (m,
6H), 9.16 (d, J = 4.8 Hz, 2H), 8.52-8.56 (m, 6H), 8.34 (d, J = 8.1 Hz, 2H), 8.03-8.06 (m, 3H), 7.81
(d, J =8.1 Hz, 2H), 7.52 (d, J = 8.1 Hz, 2H), 4.19 (s, 1H), 4.09 (d, J = 9.3 Hz, 1H), 3.28 (d, ] = 9.3
Hz, 1H), 2.45 (s, 3H), 1.63-1.82 (m, 8H), 1.63 (s, 18H), 1.62 (s, 36H), 1.2—1.6 (m, 12H), 0.76 (s,
3H), 0.74 (s, 3H), 0.65 (s, 3H), 0.63 (s, 3H) (Two aromatic protons are overlapped with the solvent
peak). >C NMR (CeDg): & = 155.76, 153.04, 152.78, 151.07, 150.94, 150.86, 150.48, 149.03,
146.18, 145.94, 145.54, 145.44, 145.41, 145.23, 144.87, 144.60, 144.55, 144.50, 144.42, 144.37,
143.98, 143.73, 143.62, 143.53, 143.50, 143.45, 143.19, 143.04, 142.78, 142.68, 141.90, 141.67,
141.48, 141.43, 141.26, 141.16, 141.11, 141.08, 140.98, 140.84, 140.57, 140.51, 140.41, 140.24,
140.18, 140.03, 139.27, 139.01, 138.93, 137.41, 136.13, 135.90, 135.44, 134.91, 134.70, 132.84,
132.74, 132.41, 130.48, 130.40, 130.30, 128.36, 128.00, 127.64, 122.90, 121.65, 121.09, 83.18,
77.02, 69.34, 68.58, 39.64, 35.39, 32.15, 31.03, 30.91, 28.13, 28.00, 27.90, 13.85, 13.19, —0.50,
—0.61, —0.98, —1.01.  *’Si NMR (C¢Dg): & = —16.61, —27.28, —28.35 (one peak is overlapped).
FAB-MS: 2177 ((M+H]").

ZNnP-[Sis(syn)]-Ceo. Yield: 77% (dark purple solids). '"H NMR (C¢De): § =9.31 (d, J=4.5
Hz, 2H), 9.25-9.28 (m, 6H), 8.48-8.50 (m, 2H), 8.45 (d, J = 1.5 Hz, 4H), 8.37 (d, J = 7.8 Hz, 2H),
8.02-8.05 (m, 3H), 7.95 (d, J = 7.8 Hz, 2H), 7.59-7.64 (m, 2H), 4.05-4.08 (m, 2H), 3.27 (d, J = 9.0
Hz, 1H), 2.50 (s, 3H), 1.62—-1.88 (m, 12H), 1.60 (s, 36H), 1.57 (s, 18H), 1.04-1.16 (m, 4H), 0.8-1.0
(m, 4H), 0.74 (s, 3H), 0.73 (s, 3H), 0.58 (s, 3H), 0.54 (s, 3H) (Two aromatic protons are overlapped
with the solvent peak). “C NMR (C¢Dg): & = 155.35, 152.98, 152.42, 150.91, 150.87, 150.74,
150.43, 149.01, 146.36, 145.97, 145.67, 145.31, 145.20, 145.11, 145.02, 144.92, 144.65, 144.49,
144.36, 144.26, 144.16, 144.11, 144.01, 143.85, 143.73, 143.48, 143.37, 143.12, 143.06, 141.99,
141.76, 141.72, 141.64, 141.38, 141.26, 141.20, 141.10, 141.03, 140.98, 140.92, 140.84, 140.75,
140.59, 140.42, 140.24, 139.01, 138.96, 138.93, 138.86, 138.60, 137.56, 136.21, 135.47, 134.93,
134.60, 134.29, 132.92, 132.72, 132.64, 132.41, 130.47, 130.39, 130.24, 128.94, 122.88, 122.75,
121.32, 121.07, 83.09, 76.71, 69.34, 68.38, 39.78, 35.39, 32.91, 32.17, 30.34, 13.89, 12.25, 12.12,
12.01, —1.11, —1.19, —1.42, —1.57.  *°Si NMR (C¢D¢): & = —17.33, —17.88, —35.34 (one peak is
overlapped). FAB-MS: 2177 ([M+H]).

Synthesis of ZnP—[Siy]. A solution of
1-(4-bromophenyl)-1,1,2,2-tetramethyl-2-phenyldisilane (61.2 mg, 0.175 mmol) and ZnP-BPin
(20.4 mg, 0.0192 mmol) in DME (5 mL) and H,O (0.1 mL) was deoxygenized by bubbling with
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nitrogen for 30 min. To this mixture were added dichlorobis(triphenylphosphine)palladium(II)
(4.7 mg, 0.00670 mmol) and Ba(OH),*8H,0 (58.2 mg, 0.184 mmol). The resulting mixture was
heated to 80 °C and stirred for 0.5 h at this temperature. After cooling, the resulting mixture was
filtered through a pad of silica gel and washed with CH,Cl,. After evaporation, the residue was
subjected to silica gel column chromatography (hexane/toluene = 4/1to 2/1, Ry = 0.18
(hexane/toluene = 4/1)) followed by preparative GPC (toluene as an eluent, tg = 74 min) to give
11.2 mg (0.00928 mmol, 48% yield) of ZnP—[Siz] as purple solids. 'H NMR (C¢Dg): & =
9.33-9.35 (m, 6H), 9.21 (d, J = 4.5 Hz, 2H), 8.47-8.48 (m, 6H), 8.35 (d, J = 8.1 Hz, 2H), 8.04 (t,J
= 1.7 Hz, 3H), 7.79 (d, J = 8.1 Hz, 2H), 7.61-7.64 (m, 2H), 7.27-7.39 (m, 3H), 1.56 (s, 36 H), 1.54
(s, 18H), 0.61 (s, 6H), 0.56 (s, 6H). ">C NMR (C¢De): & = 150.97, 150.91, 150.53, 149.00, 143.99,
143.14, 143.11, 137.79, 134.37, 134.30, 132.56, 132.49, 132.39, 132.28, 130.42, 130.30, 128.95,
128.36, 128.21, 128.00, 127.64, 122.69, 122.65, 121.24, 121.01, 35.31, 32.00, -3.40. *’Si NMR
(CeDg): &6 = —21.04, —21.44. HRMS(FAB): Calc. for C73H9,ON4Si,Zn: 1204.6152. Found:
1204.6177.

Spectral Measurements. Steady-state fluorescence spectra were measured on a
spectrofluorophotometer (Shimazu RF-5300 PC). These spectra were taken with about 10-6 M
solutions. The time-resolved fluorescence spectra were measured by a single photon counting
method using a streakscope (Hamamatsu Photonics, C4334-01) equipped with a polychrometer and
a SHG (400 nm) of a Ti:sappire laser (Spectra-Physics, Tsunami 3950-L2S, 1.5 ps fwhm) as
excitation source. Nanosecond laser flash photolysis experiments were carried out using the 532
nm light from SHG of a Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR-130, 6 ns fwhm) as an
excitation source. For the transient absorption spectra in the near-IR region (600-1200 nm),
monitoring light from a pulsed Xe-lamp was detected with a Ge-APD detector. For spectra in the
visible region (400-1000 nm), a photomultiplier tube or a Si-PIN photodiode was used as a detector.
All the samples in a quartz cell (1 cm X 1 cm) were deaerated by bubbling argon gas through the
solution.

X-ray Crystallography. Crystallographic data for the structural analysis has been deposited
with the Cambridge Crystallographic Data Centre, CCDC No. 299888 for compound
I-PrO-Sis(anti)-Oi-Pr. Copies of this information may be obtained free of charge from: The
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ UK, Fax. (int code) +44(1223)336-033 or
Email: deposit@ccdc.cam.ac.uk or www:http://www.ccdc.cam.ac.uk.  The crystal data and

analytical conditions are summarized in Table 3.
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Table 3. Crystal data and structure refinement for i-PrO-Sis(anti)-Oi-Pr.

Formula CooH460,S14

Formula weight 430.93

Temperature 1732) K

Wavelength 0.71070 A

Crystal system triclinic

Space group P-1(#2)

Unit cell dimensions a=7.5035)A a=91.205(7)°

b=8.992(6)A P =109.362(8)°
c=10.658(7) A y=106.988(8)°

Volume 643.2(7) A’

Z 1

Density (calculated) 1.112 g/cm3

Absorption coefficient 0.243 mm '

F(000) 238

Crystal size 0.50 x 0.30 x 0.20 mm’

Theta range for data collection 3.37 to 27.52°

Index ranges -9<h<9,-10<k<11,-13<I<13
Reflections collected 5092

Independent reflections 2814 [R(int) = 0.0339]

Completeness to theta =27.52° 95.0 %
Max. and min. transmission 0.9530 and 0.8881

Refinement method Full-matrix least-squares on F>
Data / restraints / parameters 2814 /0/202

Goodness-of-fit on F* 1.037

Final R indices [I > 2o(1)] R; =0.0318, wR, = 0.0825

R indices (all data) R;=0.0370, wR, = 0.0846

Largest diff. peak and hole 0.346 and —0.208 eA™
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Chapter 4

Oligosilane Chain Length Dependence of Electron Transfer of Zinc
Porphyrin-Oligosilane—Fullerene Molecules

W Ar eg

Ar

Ar
(Ar = 3,5-di-tert-butylphenyl)

p=0.16105

Abstract

A new series of zinc porphyrin—fullerenes bridged by flexible oligosilane chains
ZnP—[Siy]-Cgo (n = 1-5) was synthesized and the photophysical properties of these molecules were
investigated using steady-state and time-resolved spectroscopic methods. The spectral
observations can be well explained by assuming the coexistence of extended conformers and folded
conformers, that is, the observed emissions are from the extended conformers while the folded
conformers form very short-lifetime nonfluorescent excited-state CT complexes. Time-resolved
transient absorption spectra suggest the generation of intramolecular radical-ion pairs that have
submicrosecond lifetimes. With the number of silicon atoms of the bridged oligosilane, the
lifetimes of the radical-ion pairs do not vary regularly, indicating that intramolecular collision of the
radical-cation moiety with the radical-anion moiety controls the charge-recombination rate. The
attenuation factor of the electron transfer of the silicon chain was evaluated by the bridge length
dependence of charge separation rate to be 0.16 A on the basis of the oligosilane chain-length
dependence of fluorescence lifetimes. This is the first evaluation of the attenuation factor for the

one dimensional Si—Si chain to the best of my knowledge.
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1. Introduction

Photoinduced electron transfer (ET) processes in a covalently linked donor (D) and acceptor
(A) with bridge (B) systems have been studied during the past decades to understand and mimic the
well-arranged natural photosynthetic systems.! These studies have clarified the mechanisms of the
ET, which strongly depends on the electron-donating and accepting abilities of both the D and the A
moieties, as well as the electronic couplings between D-B and B—A. In strongly-coupled systems,
a hopping mechanism dominates the electron or hole transfer,” while a superexchange mechanism
governs the carrier transfer in weakly-coupled systems.’

The flexibility of the bridge also affects the photoexcited-state dynamics. In D-B—A systems
in which a rigid bridge separates the D and A moieties from each other, the relationship between the
ET rate and bridge length can be described in terms of the through-bond couplings, such as the
attenuation factors (/) of the bridges.” On the other hand, in D-B-A systems with flexible bridges,
ET usually competes with exciplex formation,” and the efficiencies of these processes are affected
by the relative geometry between D and A, as well as the properties of the media, such as the
polarities and viscosities of solvents.

In photoinduced ET systems, porphyrins and fullerenes are widely used as D and A,
respectively, due to their favorable features, such as electron-donating or accepting abilities, long
lifetimes of triplet-excited (T;) states, and wide absorptions in the visible region as good
light-harvesting ensembles.” In most cases, various carbon-based bridges were used in the

porphyrin—fullerene systems.’

Chart 1.

Ar
(Ar = 3,5-di-tert-butylphenyl)

Ar
I\/!e I\I/Ie
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In Chapter 2 and 3, the author reported the occurrence of photoinduced ET and the silicon
chain-conformation dependence of the ET in zinc porphyrin (ZnP)—[60]fullerene (Csp) dyads linked
with 1,2-dialkynyldisilane and with conformation-constrained tetrasilanes.® The author choses
silicon-catenated chains as bridges in the ZnP—Cgy because they are expected to construct other
classes of carrier-transporting media than the preceding carbon-based bridges. Oligosilanes and
polysilanes show o-electron delocalization along the silicon framework (o-conjugation),” which is
responsible for their unique photophysical and electronic properties, such as ultraviolet light
emission and hole-transfer ability. Although the carrier-hopping probabilities between molecules
in thin polysilane films have been well investigated,'® carrier-transport abilities along a discrete
oligosilane chain have not yet been experimentally evaluated to the best of my knowledge.

In this chapter, the author describes the synthesis of a new series of oligosilane-bridged
ZnP—Cgp molecules, ZnP—[Sin]-Cso (N = 1-5, Chart 1), and the investigation of the bridge-length
dependence of their photophysical properties, using steady-state and time-resolved spectroscopic

methods.

2. Result and Discussion
2.1. Synthesis

At first, the author synthesized the oligosilane moieties as shown in Scheme 1. The reaction
between dichlorodimethylsilane CI-Si;—Cl and dimethylphenylsilyllithium gave Ph—Sis—Ph, which
was dephenylchlorinated with hydrogen chloride in the presence of the catalytic amount of AICI; to
afford CI-Si3—Cl. As for the synthesis of the pentasilane, the phenyl groups of Ph-Sis—Ph were
activated by trifluoromethanesulfonic acid (TfOH), followed by the treatment with
dimethylphenylsilyllithium to give Ph-Sis—Ph. Cl-Sis—Ph was obtained by the similar method to
the synthesis of CI-Sis—Cl. The synthesis of the tetrasilane linker is described in Chapter 3.

Scheme 1.
I\I/Ie I\l/le l\llle
. PhMe,SiLi (x 0.35 HCl gas / cat AICI
Cl—si—cl ZTHF(X )+ phL-Si—-ph gc v > ClSi—-Cl
6'16
Me RT, 16 h l\l/le 3 RT,2h |\|/|e 3
Cl-Si,—Cl 4% Ph—Sis—Ph 54% Cl-Siz—Cl
I\I/Ie
TIOH (x2) ol gi L ors PhMesSiLi (x2)
toluene | THF/toluene
0°C,15h Me/ 3 RT,9.5h
TfO-Si;—OTf 78%
l\l/le
HCl gas / cat AICI3‘ )
Si Cl
CeHs |
Me 5 RT,2h Me 5
Ph—Sis—Ph 52% Cl-Sis—Cl

Then, a series of zinc porphyrin-oligosilane-fullerene molecules ZnNP—[Siy]-Cso has been

synthesized as described in Chapter 3. Thus, a p-formylphenyl group and a p-bromophenyl group

71



were introduced to each end of a dichlorooligosilanes CI-Si—Cl by a substitution reaction with
p-bromophenyllithium, followed by the transformation of one bromine atom to a formyl group to
afford Br—[Sin]-CHO. Oligosilanes and zinc porphyrins were connected with a phenylene spacer
by the Suzuki-Miyaura coupling reaction'' of ZnP-BPin and Br-[Si]-CHO to give
ZnP—[Siy]-CHO, which contains a formyl group for further transformation. Finally, the Prato
reaction'” with Cg and N-methylglycine gave the zinc porphyrin-oligosilane-fullerene
ZnP—[Sin]-Cgo (Scheme 2). The products were characterized on the basis of their 'H, C, and
»Si NMR, and FAB-mass spectra. The synthesis of the reference compounds ZnP-[Si,] and
[Siz]-Ceo were described in Chapter 2 and 3.

Scheme 2.
Me Br—{_)-Li Me 1) n-Buli Me
CH-Si4-Cl ———— Br Si Br ——— Br Si CHO
Me EL,O Me/n O Me/n
N _78°C-nt 2)
Cl-Si,-Cl  78-94% Br—[Si,]-Br N Br—[Si,]-CHO
CHO
37-62%
Ar Ar
0O Me Pd(PPhs), Nlle
Ar B [+ si CHO————— Ar { Vs CHO
o Me/n Ba(OH), Me/n
DME/H,O0
Br—[Si,]-CHO 80 °C

Ar 37-75% Ar

ZnP-Bpin ZnP—[Si,]-CHO
Ar
Ceo
N-methylglycine
> Ar

toluene
110 °C

- 0,
58-76% )

Because of the flexibility of the oligosilane bridge, the conformation of ZnP—[Sin]-Cgo should
be considered. First of all, the "H NMR spectra of ZnP—[Si,]-Ceo suggest the existence of folded
conformers (in Figure la an example of optimized folded conformer obtained by the molecular
mechanics; n = 5), in which the ZnP and C¢, moieties are spatially placed close to each other. For
example, the siginals of the B protons of the ZnP ring of ZnP—[Si,]-Cg are shifted upfield by
0.02-0.2 ppm compared to those of the corresponding precursor ZnP—[Sin]-CHO. This
phenomenon can be explained by the shielding effect of the five-membered ring moiety of Cg or by
the reduction in the ring current of the ZnP ring with the attachment of an electron-withdrawing
Ceo.>'*  The signals of the three protons of the pyrrolidine moiety of ZnP—[Si;]-Cgo (on 3.54,
4.27, and 4.39 ppm) appeared in a higher magnetic field region than those of the fullerene reference
[Siz]-Ceo (6n 3.83, 4.51, and 4.72 ppm) are attributed to the shielding effect of the porphyrin ring.
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The formation of folded conformers is also in agreement with the observation of the greatest shift
for ZnP—[Si;]-Cgp, in which the ZnP moiety can approach the Cg moiety most easily
(“sila-Hirayama rule”).”” It should be noted that folded conformers are supposed to be in fast
equilibrium with extended conformers (an example for n =5 in Figure 1b) and that averaged signals

could not be separated even at low temperatures.

(b)

Figure 1. Representative structures of folded (a) and extended (b) conformers of ZnP—[Sis]—Csgo
optimized with molecular mechanics method using UFF force field.

2.2. Steady-State Photophysical Properties

The steady-state absorption spectra also afforded the information on the structural aspects of
the ZnP—[Si,]-Cgo molecules in the ground state. Figure 2 shows the spectra of ZnP—[Si;]-Cso,
ZnP—[Sis]-Ceo, and the reference compound ZnP—[Si;] in benzonitrile (PhCN) at room temperature.
The absorption spectra of ZNnP—[Siy]-Cgo (N = 2-4) are similar to that of n = 5, as summarized in
Table 1, in which the absorption maxima and molar extinction coefficients are listed.

500 600 700 800
Wavelength / nm

N
400 600 800
Wavelength / nm

Figure 2. Steady-state absorption spectra of ZnP—[Si;]-Cgo (solid line), ZnP—[Sis]-Cgo (dashed
line), and ZnP—[Si;] (dotted line) in PACN. Inset: Spectra of NIR region.
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Table 1. Steady-State Absorption and Fluorescence Spectral Data of ZnP—[Sin]-Cg in PhCN.

Absorption Fluorescence
ﬂABSmaX /nm (&/ M cm'l) /IFLmaX / nm rel @r
431.5 (5.86 x10°)
ZnP-[Si;]-Ceo 562.5 (2.06 x10%) 606, 658 0.026

603.0 (1.18 x10%)
437.5 (3.10 x10°)

ZnP—[Si»]-Ceo 563.5 (1.69 x10%) 609, 658 0.0097
604.0 (1.05 x10%)
437.5 (3.14 x10°)

ZnP—[Si3]-Cso 563.5 (1.66 x10%) 607, 657 0.014
603.5 (1.05 x10%)
437.5 (3.12 x10°)

ZnP—[Sis]-Ceo 563.5 (1.64 x10%) 607, 657 0.015
604.0 (1.07 x10%)
437.5 (3.30 x10°)

ZnP—-[Sis]-Cso 563.0 (1.66 x10%) 608, 659 0.017
603.5 (1.04 x10%)
431.0 (5.72 x10°)

ZnP—[Si,] 561.0 (2.02 x10%) 609, 661 -

602.5 (1.15 x10%

The spectrum of ZnP—[Si;]-Cso was almost identical to that of ZnP—[Si,], suggesting that
there is no significant interaction between the ZnP and Cg moieties in the ground state. In
contrast, the spectrum of ZnP—[Sis]-Cgy shows the characteristics of molecules that have an
interaction between the ZnP and Csy moieties; i.e., the absorption coefficient (&) at the Soret-band
peak of ZnP—[Sis]-Cgo is about half of that of ZnP—[Si;], with a 6.5 nm red shift of the peak
wavelength. In addition, the Q band peaks of ZnP—[Sis]-Cgy broaden compared to that of
ZnP—[Si;], and a weak broad absorption band was observed in the NIR region, where no absorption
exists in ZnP—[Si;]. These results also support the existence of folded conformers for
ZnP—[Sin]-Cg with n > 2.%m8 I the case of ZnP—[Si;]-Cgp, the inflexible short linkage
separates the ZnP and Cg moieties from each other, and thus the perturbations due to the ZnP—Cgg
interaction are smaller than other ZnP—[Sin]-Cg in the ground state.

Figure 3 shows the steady-state fluorescence spectra of ZnP—[Si,]-Cso and ZnP—[Si;] excited
at 560 nm where the concentrations of all PhCN solutions were adjusted to give the same

absorbance. The spectral shapes of ZnP—[Si,]-Cs are almost the same as that of ZnP—[Si;],
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which indicates that the emission occurs from the locally excited state of the ZnP moiety as a mirror
image of the Q-absorption band. The relative fluorescence quantum yields (rel@) of
ZnP—[Sin]-Cgo to ZNP—[Si,] reference are summarized in Table 1.'%7 The rel@: values were
0.0097-0.026, indicating the existence of quenching paths of the ZnP fluorescence in the presence
of the Cg moiety. The cause of these results will be revealed in a later section through

comparison with fluorescence lifetime.

N A zid

— ZnPSiy]

=

Intensity / a.u.

5 V;_\\ ZnP—[Si,]-Cgo '
2 \w 7N/ ZnP—{Sis]~Ceo ZNP—{[Si,]~Ceo
Bt /
D 600 650 700
g Wavelength / nm
E ZnP—[Sis]—Ceo

600 700 800

Wavelength / nm

Figure 3. Steady-state fluorescence spectra of ZNnP—[Sin]-Cgo excited by 560 nm light in PhCN.
Inset: Spectra of the ZnP—[Si,]-Cso with ZNnP—[Si;].

2.3. Excited-State Dynamics

The results of the time-resolved fluorescence and transient absorption measurements are
summarized in Table 2. The fluorescence decay-curves of the dyad with n > 2 could be fitted by
the tri-exponential functions, while that of the dyad with n = 1 was attributed to the bi-exponential
function. The slowest components come from the ZnP parts of the decomposed dyads because of
the repeated irradiations of the pulsed femtosecond laser light for the fluorescence lifetime
measurements. The fluorescence-quenching rate constants (Kqi, ky2)'® calculated from the 7z, and
77 values are also listed in Table 1. To evaluate the fluorescence quantum yield from the
fluorescence lifetimes, relative fluorescence lifetimes (relzz) were calculated using the following

equation;
dyad f
rel TF = TF,ave va / Tpre (1)

where 75 a2 is the averaged fluorescence lifetime of the 7 and 7, values without considering
the slowest component (7¢3), and 7" is the fluorescence lifetime of ZnP—[Si;]. The values of
relzz are summarized in Table 1.  Since fluorescence quantum yield is known to be proportional to
fluorescence lifetime in the presence of quenching source,' relz values are expected to be the same
as rel@: values. However, the relzy values are almost 10-20 times larger than the rel @ values.
This difference can be rationalized by assuming that the majority of the molecules are nonemissive.
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Table 2. Fluorescence Lifetime (zr), Rate Constant of Fluorescence Quenching (K,), Relative
Fluorescence Lifetime (relzx), and Rate Constant of Charge Recombination (kcg) of ZNnP—[Sin]-Ceo
and ZnP—[Si;].

r/ns (fraction/%) Ky/ 10°s™!
T ™ T Kq1 K2 relze kep/10% s
ZnP—[Si]-Cs  0.15 (99) 1.88(1) 6.1 0.08 2.4
ZnP-[Si;]-Cso  0.14 (62)  0.30(28) 1.88(10) 6.6 28  0.10 43
ZnP-[Sis]-Cso  0.12(49) 0.39(49) 1.88(2) 78 20  0.14 2.0
ZnP-[Sis]-Cso  0.14 (37) 0.54(59) 1.88(3) 6.6 13 021 2.7
ZnP-[Sis]-Ceo  0.17(33) 0.67(62) 1.88(5) 54 096 026 3.0
ZnP-[Si,] 1.88 (100)

® Fixed to 1.88 ns for ZnP-[Si,]-Cgo.

Such nonemissive species are supposed to be formed by the direct excitation of the folded
conformer. It should be noted that the folded-extended conformational change is much slower that
of the fluorescence quenching. Therefore, what the author observed in the fluorescence lifetime
measurements are the process via the excited states of the extended conformers. The most
probable quenching path responsible for the shortening of fluorescence lifetimes of the extended
conformers is ET process from the S; state of the ZnP moiety to the Cgp moiety, similar to other
covalently linked ZnP—Cy systems.5 ©

The faster fluorescence quenching process (Kqi1) is through-space ET in families of
short-extended conformers in which the oligosilane chain is partly extended resulting in relatively
short ZnP—Cs distance, based on the observation that ki barely depends on the length of
oligosilanes as shown in Figure 4. It is well-known that the through-space process is possible only
for short-range ET,” while through-bond ET governs CS process for molecules with longer
donor-acceptor distance. Note that the families of short-extended conformers should not be
categorized as folded conformers.”” The slower one (kq2) 1s through-bond ET in the families of
long-extended conformers in which the oligosilane chain is extended enough to minimize the rate of
through-space ET, based on the result that logky, linearly depends on the number of the silicon
atoms, suggesting the occurrence of through-bond ET. The fact that the bridge-length dependence
of the fraction of the fluorescence lifetime components, i.e., as N number increase, the fraction of Kq;
decrease and that of Ky, increase as shown in Table 1, supports these assignments. That is, the
proportion of the families of long-extended conformers become large as the Si number increase
because of the larger mobility of the longer oligosilane bridge. As for n = 1, the rate of the
through-bond ET in the families of long-extended conformer is almost the same as that of the
through-space ET in the families of short-extended conformer due to short Si; bridge, based on the

result that extrapolation of the Ky, plot to n = 1 meets the kq; value of ZnP—[Si;1]-Cgo as shown in
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Figure 4. The S value of the through-bond ET can be estimated from the slope of the plot of logky,
to be be 0.16 A™! based on Si-Si length of 2.34 A.*'  The small S value, which is the same order as

those of carbon n-conjugated bridges,** suggests that the oligosilane is excellent molecular wire.

Figure 4.
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The rates of the charge recombination estimated by the decay curves of the transient absorption
of the radical ion pair did not vary linearly with the number of silicon atoms as shown in Figure 5.
Considering that the rates of through-bond ET via a superexchange mechanism would vary
regularly with the bridge length, through-bond ET from extended conformers is not a major process.
It can be postulated that one of the major processes causing the charge recombination is the
extended-to-folded conformational changes, followed by fast intramolecular through-space charge

recombination.

log(kcg) / 108 s71

10

Figure 5. Plot of kcr (solid line with filled circles) against number of bridging dimethylsilylene

units (n).

3. Conclusion

A series of oligosilane-bridged zinc porphyrin—fullerene molecules ZnP-[Sin]-Cg with
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various bridge lengths (n = 1-5) was newly synthesized and their photochemical properties were
investigated using conventional and time-resolved spectroscopic methods. The 'H NMR and
steady-state absorption measurements indicate that ZnP—[Sin]-Cgo involve extended and folded
conformers.  The results of the steady-state fluorescence and fluorescence time-profile
measurements suggest the photoexcitation of the folded conformers form nonemissive short-lived
excited CT states, while the fluorescence quenching paths of the S, states of ZnP moieties of the
extended conformers are attributed to the competitive through-space and trough-bond electron
transfer. The transient absorption measurements unambiguously demonstrate the formation of the
radical-ion pair with a lifetime of submicroseconds. The through-bond ET of the present
ZnP—[Sip]-Cgo molecules are slower than those of other Zn—Cgy dyads due to the large energy gap
between LUMO orbitals of ZnP and oligosilane as confirmed by MO calculations. The £ value of
the ET of the o-conjugated oligosilane bridge was evaluated for the first time to be 0.16 A™' on the
basis of the bridge-length dependent component of the CS process, which is the same level as those
of the other bridges comprising n-conjugated carbon-based systems. These results indicate that
the oligosilane c-conjugation system works well as a good molecular wire for a long-range charge
separation and is promising material applicable to photovoltaic devices etc.
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Experimental Section

General. All reactions were carried out under nitrogen unless otherwise stated. All dry
solvents were freshly distilled under N, atmosphere before use. THF, Et,0, and DME were
distilled from sodium/benzophenone. Benzene and toluene were distilled from sodium. Acetone
was distilled from anhydrous K,CO;. Hexane was distilled from sodium/benzophenone/triglym.
1,2-Dichloro- 1,1,2,2-tetramethyldisilane (CI-Sig-CI),23 [5-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-
2-y1)-10,15,20-tris[3’,5’-(di-tert-butyl)phenyl]porphinato]zinc(II) (ZnP-Bpin),* and
Zn P-[Si4]-C60gb were synthesized as described before.

'H and “C NMR spectra were recorded on a Varian Mercury (300 MHz for 'H) and JEOL
EX-270 (67.94 MHz for °C) spectrometer in C¢Dg unless otherwise stated and chemical shifts are
reported in & ppm with reference to internal solvent peak for 'H (C¢HDs: 7.20 ppm) and *C (C¢D:
128.0 ppm), respectively. 2’Si NMR spectra were recorded with JEOL EX-270 (59.62 MHz for
*Si) spectrometer in C¢Ds with the use of the proton-decoupled INEPT technique using
tetramethylsilane (0.0 ppm) as an external standard.

Melting points (mp) were determined with a Yanaco MP-S3 instrument and are uncorrected.
Recycle preparative gel permeation chromatography (GPC) was performed using polystyrene gel
columns (JAIGEL 1H and 2H, LC-908, Japan Analytical Industry) with toluene as an eluent.
Column chromatography was performed using Kieselgel 60 (70-230 mesh, Merck) unless otherwise
stated.

Synthesis.

1,1,2,2,3,3-Hexamethyl-1,3-diphenyltrisilane  (Ph-Siz—Ph).” To a solution of
dichlorodimethylsilane (35.0 ml, 289 mmol) in THF (200 ml) was added a solution of
dimethylphenylsilyllithium, which was prepared from lithium (granular, 2.78 g, 400 mmol) and
chlorodimethylphenylsilane (16.5 ml, 100 mmol) in THF (100 ml), dropwise over 45 min at 0 °C.
Upon completion of the addition, the reaction mixture was stirred for 40 min and allowed to warm
to room temperature. After being stirred for 16 h, the resulting mixture was evaporated to remove
THF and excess dichlorodimethylsilane. To the residue were added Et,O (100 ml) and H,O (100
ml). The resulting biphasic mixture was separated and the aqueous layer was extracted with Et,O
(3 x 100 ml). The combined organic layer was washed with brine (100 ml) and dried over MgSOs.
After filtration and evaporation, the residue was dissolved in hexane and filtered through a pad of
silica gel. Evaporation gave 12.2 g (37.0 mmol, 74% yield) of Ph-Sis—Ph as a colorless liquid.
'H NMR (300 MHz) & 0.17 (s, 6H), 0.33 (s, 12H), 7.2-7.3 (m, 6H), 7.25-7.45 (m, 4H).

1,3-Dichloro-1,1,2,2,3,3-hexamethyltrisilane (CI-Sis—Cl).** To a solution of Ph-Sis—Ph
(5.18 g, 15.8 mmol) in benzene (30 ml) was added AICI; (289 mg, 2.17 mmol), and then HCI gas
was blown on this mixture for 1 h at room temperature. Then AICl; (87.6 mg, 0.657 mmol) was
added. After being stirred for 1 h, hexane (30 ml) and acetone (2 ml) were added and the resulting
acetone/AlCl; complex was filtered off. Evaporation followed by distillation gave 2.11 g (8.60
mmol, 54% yield) of CI-Sis—Cl as a colorless oil: bp 105 °C/12 mmHg. 'H NMR (300 MHz) &
0.19 (s, 6H), 0.43 (s, 12H).
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1,1,2,2,3,3,4,4,5,5-Decamethyl-1,5-diphenylpentasilane (Ph-Sis—Ph).” To a solution of
Ph-Si3;—Ph (12.2 g, 37.0 mmol) in toluene (70 ml) was added TfOH (6.55 ml, 74.0 mmol) dropwise
over 10 min at 0 °C. The reaction mixture was stirred for 1.5 h at 0 °C. To this was added a
solution of dimethylphenylsilyllithium, which was prepared from lithium (granular, 2.04 g, 290
mmol) and chlorodimethylphenylsilane (12.0 ml, 72.5 mmol) in THF (70 ml), dropwise over 20
min at 0 °C. Upon completion of the addition, the reaction mixture was allowed to warm to room
temperature. After being stirred for 9.5 h, the resulting mixture was evaporated to remove THF.
To the residue was added H,O (100 ml). The resulting biphasic mixture was separated and the
aqueous layer was extracted with Et;0O (3 x 100 ml). The combined organic layer was washed
with brine (80 ml) and dried over MgSQ,4. After filtration and evaporation, the residue was
subjected to silica gel column chromatography (hexane, Ry = 0.33) to give 12.9 g (28.9 mmol, 78%
yield) of Ph-Sis—Ph as white solids. 'H NMR (300 MHz) & 0.15 (s, 6H), 0.22 (s, 12H), 0.43 (s,
12H), 7.2-7.3 (m, 6H), 7.48-7.51 (dd, J = 7.7, 1.7 Hz, 4H).

1,5-Dichloro-1,1,2,2,3,3,4,4,5,5-decamethylpentasilane (Cl-Sis—Cl).?® The procedure was
the same as that for CI-Siz—Cl. Yield: 52% (a colorless oil). Bp 114-121 °C/0.6 mmHg. 'H
NMR (300 MHz) 5 0.26 (s, 12H), 0.30 (s, 6H), 0.46 (s, 12H).

Conversion from CI-Si.-ClI to  Br-[Siy]-Br. A typical procedure:
1,2-bis(4-bromophenyl)-1,1,2,2-tetramethyldisilane (Br-[Si;]-Br*’). =~ To a suspension of
p-dibromobenzene (4.72 g, 20.0 mmol) in Et,0 (20 ml) was added 12.8 ml (20.0 mmol) of a 1.56 M
solution of n-butyllithium in hexane dropwise over 10 min at =78 °C. Upon completion of
addition, the reaction mixture was allowed to warm to room temperature and stirred for 2 h to give a
suspension of p-bromophenyllithium in Et,0.

To a suspension of p-bromophenyllithium in Et,O was added a solution of
1,2-dichloro-1,1,2,2-tetramethyldisilane (CI-Si,—Cl) (993 mg, 5.31 mmol) in Et,O (5 ml) dropwise
over 10 min at =78 °C.  Upon completion of addition, the reaction mixture was allowed to warm to
room temperature and stirred for 1 h.  To the resulting mixture were added H,O (2 ml) and 5% aq.
NH4CI (50 ml). The resulting biphasic mixture was separated and the aqueous layer was extracted
with Et;0 (3 x 50 ml). The combined organic layer was washed with brine (100 ml) and dried
over MgSQO,4. After filtration and evaporation, the residue was subjected to silica gel column
chromatography (hexane, Ry = 0.43) to give 2.08 g (4.87 mmol, 92% yield) of Br—[Si,]-Br as white
solids. '"HNMR (300 MHz) & 0.18 (s, 12H), 6.99 (d, J = 7.8 Hz, 4H), 7.35 (d, J = 7.8 Hz, 4H).

Bis(4-bromophenyl)dimethylsilane (Br—[Si;]-Br*’).  Yield: 79 % (white solids). 'H NMR
(300 MHz) 6 0.28 (s, 6H), 7.04 (d, J=8.1 Hz, 4H), 7.37 (d, J = 8.1 Hz, 4H).

1,3-Bis(4-bromophenyl)-1,1,2,2,3,3-hexamethyltrisilane  (Br—[Sis]-Br). Yield: 94%
(containing some impurities, a pale yellow oil). 'H NMR (300 MHz) & 0.05 (s, 6H), 0.20 (s, 12H),
7.01 (d, J = 8.1 Hz, 4H), 7.37 (d, J = 8.1 Hz, 4H). ">C NMR (67.81 MHz) & —6.29, -3.10, 123.72,
131.24, 135.45, 138.24. *Si NMR (53.67 MHz) & —43.97, —17.93. HRMS(EI): Calcd for
Ci3H26Br>Si3: 483.9709. Found: 483.9713.

1,5-Bis(4-bromophenyl)-1,1,2,2,3,3,4,4,5,5-decamethylpentasilane (Br—[Sis]-Br). Yield:
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78% (containing some impurities, white solids). 'H NMR (300 MHz) & 0.08 (s, 6H), 0.15 (s, 12H),
0.32 (s, 12H), 7.14 (d, J = 8.1 Hz, 4H), 7.41 (d, J = 8.1 Hz, 4H). ">C NMR (67.81 MHz) & —5.04,
—4.28,-2.74, 123.71, 131.29, 135.57, 138.61.  *’Si NMR (53.67 MHz) & —43.08, —-39.98, —17.28.
HRMS(EI): Caled for C»,H3sBr,Sis: 600.0187.  Found: 600.0187.

Conversion from Br-[Si,]-Br to Br—[Si,]-CHO. A typical procedure:
1-(4-bromophenyl)-2-(4-formylphenyl)-1,1,2,2-tetramethyldisilane (Br-[Si;]-CHO®). To a
solution of Br—[Si;]-Br (2.06 g, 4.81 mmol) in THF (20 ml) was added 3.1 ml (4.84 mmol) of a
1.56 M solution of n-butyllithium in hexane dropwise over 5 min at —78 °C. Upon completion of
addition, the reaction mixture was stirred for 1 h at this temperature to give a white suspension.
To this suspension was added a solution of N-formylpiperidine (0.80 ml, 7.20 mmol) in THF (10
ml) dropwise over 10 min at =78 °C. After being stirred for 10 min, the reaction mixture was
allowed to warm to room temperature and stirred for 40 min. To the resulting clear solution was
added 1N aq. HCI (20 ml). The resulting biphasic mixture was evaporated to remove THF. To
the residue was added Et,O (50 ml). The resulting biphasic mixture was separated and the
aqueous layer was extracted with Et;O (3 x 30 ml). The combined organic layer was washed with
saturated aq. NaHCO; (30 ml) and brine (50 ml) and dried over MgSO,. After filtration and
evaporation, the residue was subjected to silica gel column chromatography (hexane/toluene = 1/1
to toluene, then toluene/AcOEt = 10/1, R¢ = 0.58 (toluene)) to give 1.12 g (2.97 mmol, 62% yield)
of Br=[Siz]-CHO as white solids. "H NMR (300 MHz) & 0.18 (s, 6H), 0.21 (s, 6H), 6.98 (d, J =
8.1 Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 8.1 Hz, 2H), 9.74 (s,
1H).

(4-Bromophenyl)(4-formylphenyl)dimethylsilane  (Br-[Si;]-CHO). Yield: 61%
(containing some impurities, white solids). 'H NMR (300 MHz) & 0.31 (s, 6H), 7.04 (d, J = 8.1
Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 8.1 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 9.73 (s, 1H).
PC NMR (67.81 MHz) & —2.62, 124.69, 128.76, 131.42, 134.73, 135.98, 136.06, 137.38, 145.61,
191.55.  *Si NMR (53.67 MHz) & —6.89. HRMS(EI): Calcd for C;sH;sBrOSi: 318.0076. Found:
318.0075.

1-(4-Bromophenyl)-3-(4-formylphenyl)-1,1,2,2,3,3-hexamethyltrisilane  (Br—[Siz]-CHO).
Yield: 44% (containing some impurities, a pale yellow paste). 'H NMR (300 MHz) & 0.05 (s, 6H),
0.19 (s, 6H), 0.22 (s, 6H), 7.01 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 8.1 Hz,
2H), 7.60 (d, J = 8.1 Hz, 2H), 9.79 (s, 1H). ">C NMR (67.81 MHz) & —6.34, -3.31, -3.15, 123.75,
128.64, 131.26, 134.22, 135.45, 136.90, 138.15, 147.87, 191.39. *°Si NMR (53.67 MHz) & —47.61,
—17.86,—17.58. HRMS(EI): Calcd for C;9H»7BrOSi;: 434.0553. Found: 434.0558.

1-(4-Bromophenyl)-5-(4-formylphenyl)-1,1,2,2,3,3,4,4,5,5-decamethylpentasilane
(Br—[Sis]-CHO). Yield: 37% (white solids). Mp 81-84 °C. 'H NMR (300 MHz) & 0.08 (s,
6H), 0.15 (s, 12H), 0.32 (s, 6H), 0.35 (s, 6H), 7.13 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H),
7.42 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 9.76 (s, IH). *C NMR (67.81 MHz) & —5.04,
—4.28, -2.93, -2.74, 123.74, 128.69, 131.31, 134.32, 135.59, 136.99, 138.57, 148.24, 191.35 (One
peak is overlapped). *°Si NMR (53.67 MHz) & —43.06, —42.76, —39.83, —17.28, —16.96.
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HRMS(EI): Calcd for C3H39BrOSis: 550.1031. Found: 550.1014.

Preparation of ZnP—[Si,]-CHO. A typical procedure: ZnP—[Si;]-CHO. A mixture of
Br—[Si;]-CHO (169 mg, 0.447 mmol) and ZnP-Bpin (93.3 mg, 0.0876 mmol) in DME (25 ml)
and H,O (0.5 ml) was deoxygenized by bubbling with nitrogen for 30 min. To this mixture were
added tetrakis(triphenylphosphine)palladium(0) (20.4 mg, 0.0177 mmol) and Ba(OH),*8H,0O (141
mg, 0.448 mmol). The resulting mixture was warmed to 80 °C and stirred for 1 h.  After cooling,
the resulting mixture was filtered through a pad of silica gel and washed with CH,Cl,. After
evaporation, the residue was subjected to silica gel column chromatography (hexane/toluene = 2/1
to 1/3, R = 0.58 (hexane/toluene = 1/4)) and subjected to GPC (toluene as an eluent, tg = 73 min) to
give 81.1 mg (0.0657 mmol, 75% yield) of ZnP—[Si,]-CHO as purple solids. 'H NMR (300
MHz) 6 0.48 (s, 6H), 0.55 (s, 6H), 1.55 (s, 18H), 1.57 (s, 36 H), 7.52 (d, J = 8.1 Hz, 2H), 7.70-7.73
(m, 4H), 8.04-8.06 (m, 3H), 8.36 (d, J = 8.1 Hz, 2H), 8.47-8.48 (m, 6H), 9.20 (d, J = 4.5 Hz, 2H),
9.36-9.39 (m, 6H), 9.73 (s, 1H). '“C NMR (67.81 MHz) & —3.81, —3.59, 32.00, 32.08, 35.31,
121.04, 122.73, 122.77, 127.84, 128.18, 128.74, 130.32, 130.44, 132.08, 132.25, 132.61, 134.47,
134.53, 137.02, 143.09, 143.12, 144.36, 149.01, 150.43, 150.92, 150.96, 151.02, 191.42. *Si
NMR (53.67 MHz) § —20.91, —20.64. FAB-MS: 1233 (M").

ZnP-[Si;]-CHO. Yield: 72% (purple solids). '"H NMR (300 MHz) & 0.68 (s, 6H), 1.54 (s,
18H), 1.55 (s, 36 H), 7.71-7.72 (m, 4H), 7.82 (d, J = 8.1 Hz, 2H), 8.03-8.04 (m, 3H), 8.39 (d, J =
8.1 Hz, 2H), 8.45-8.46 (m, 6H), 9.18 (d, J = 4.5 Hz, 2H), 9.33-9.35 (m, 6H), 9.76 (s, 1H). "“C
NMR (67.81 MHz) 6 —-2.14, 32.05, 35.36, 120.83, 121.06, 122.82, 122.88, 128.86, 130.34, 130.53,
132.18, 132.61, 132.69, 134.62, 134.91, 135.90, 137.25, 143.11, 143.16, 145.15, 146.43, 149.05,
150.45, 150.99, 151.04, 151.12, 191.57. *Si NMR (53.67 MHz) & —-6.96. HIMS(FAB): Calcd
for C77Hg;0N4SiZn ((M+H]"): 1175.5941. Found: 1175.5941.

ZNnP-[Siz]-CHO. Yield: 37% (purple solids). '"H NMR (300 MHz) & 0.32 (s, 6H), 0.42 (s,
6H), 0.56 (s,6H), 1.55 (s, 54H), 7.50 (d, J = 7.8 Hz, 2H), 7.68 (d, J = 7.8 Hz, 2H), 7.79 (d, J = 7.8
Hz, 2H), 8.04-8.05 (m, 3H), 8.39 (d, J = 7.8 Hz, 2H), 8.47-8.48 (m, 6H), 9.24 (d, J = 4.5 Hz, 2H),
9.35 (s, 4H), 9.38 (d, J = 4.5 Hz), 9.65 (s, IH). "“C NMR (67.81 MHz) & —6.06, —3.13, —2.84,
32.00, 35.31, 121.06, 122.72, 128.74, 130.35, 132.11, 132.26, 132.53, 132.61, 134.42, 134.48,
143.09, 144.27, 149.01, 150.48, 150.91, 150.97, 151.02, 191.39. *°Si NMR (53.67 MHz) & —47.11,
—18.01,—17.18. FAB-MS: 1292 ([M+H]").

ZNnP-[Sis]-CHO. Yield: 55% (purple solids). '"H NMR (300 MHz) & 0.28 (s, 6H), 0.29 (s,
6H), 0.41 (s, 6H), 0.42 (s, 6H), 0.69 (s,6H), 1.54 (s, 18H), 1.55 (s, 36H), 7.46 (d, J = 8.1 Hz, 2H),
7.59 (d, J = 8.1 Hz, 2H), 7.87 (d, J = 7.8 Hz, 2H), 8.04-8.05 (m, 3H), 8.40 (d, J = 7.8 Hz, 2H),
8.47-8.48 (m, 6H), 9.26 (d, J = 4.5 Hz, 2H), 9.36-9.39 (m, 6H), 9.55 (s, 1H). "*C NMR (67.81
MHz) 6 —4.83, —4.68, —4.09, —2.85, —2.44, 32.05, 35.34, 120.97, 121.02, 122.65, 122.72, 128.71,
130.39, 130.49, 132.20, 132.30, 132.49, 132.61, 134.32, 134.60, 136.74, 138.38, 143.29, 144.39,
148.54, 148.96, 150.56, 150.96, 151.02, 151.09, 191.42. *°Si NMR (53.67 MHz) & —42.73, —42.58,
—39.42,-17.51,-16.88. FAB-MS: 1408 ([M+H]").

Preparation of ZnP-[Siy]-Cg. A typical procedure: ZnP—[Si;]-Cg. A solution of
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ZnP—[Si;]-CHO (81.1 mg, 0.0657 mmol), Cg (235 mg, 0.326 mmol), and N-methylglycine (295
mg, 3.29 mmol) in toluene (300 ml) was deoxygenized by bubbling with nitrogen for 30 min and
heated under reflux. After being stirred for 8 h in the dark at this temperature, the reaction mixture
was allowed to cool to room temperature and filtered through a pad of silica gel. After
evaporation, the residue was subjected to silica gel column chromatography (hexane/toluene = 4/1
to 2/3, Rf = 0.52 (hexane/toluene = 1/1)) and subjected to GPC (toluene as an eluent, tg = 74 min).
After evaporation, the residue was washed with MeOH to give 75.6 mg (0.0381 mmol, 58% yield)
of ZnP—[Si;]-Ceo as dark purple solids. 'H NMR (300 MHz) & 0.51 (s, 3H), 0.54 (s, 3H), 0.60 (s,
3H), 0.65 (s, 3H), 1.59 (s, 18H), 1.60 (s, 18H), 1.64 (s, 18H), 2.33 (s, 3H), 3.54 (d, J = 9.3 Hz, 1H),
427 (d,J=9.3 Hz, 1H), 4.39 (s, 1H), 7.46-7.49 (m, 4H), 7.92 (d, J = 7.8 Hz, 2H), 8.03 (t,J = 1.5
Hz, 2H), 8.08 (t, J = 1.5 Hz, 1H), 8.41 (d, J = 1.5 Hz, 2H), 8.45 (d, J= 1.5 Hz, 2H), 8.60 (d, J=1.5
Hz, 2H), 9.03 (d, J = 4.5 Hz, 2H), 9.20 (d, J = 4.5 Hz, 2H), 9.25 (d, J=4.5 Hz, 2H), 9.32 (d, J = 4.5
Hz, 2H) (Two aromatic protons are overlapped with the solvent peak). 'C NMR (67.81 MHz) &
—3.54, -3.31, -2.95, -2.75, 32.13, 32.16, 35.37, 35.41, 39.80, 68.91, 69.50, 76.84, 83.93, 120.97,
121.11, 121.25, 122.67, 122.96, 130.27, 132.25, 132.49, 132.57, 132.69, 134.38, 134.70, 135.01,
135.93, 136.38, 136.66, 137.53, 138.32, 138.37, 139.42, 139.52, 139.55, 139.62, 139.72, 139.81,
140.08, 140.51, 140.57, 141.05, 141.31, 141.39, 141.46, 141.58, 141.89, 141.92, 141.99, 142.12,
142.53, 143.17, 143.22, 143.68, 143.76, 143.85, 143.95, 144.01, 144.14, 144.32, 144.41, 144.47,
144.60, 144.67, 144.75, 144.87, 145.15, 145.18, 145.23, 145.41, 145.57, 145.77, 146.43, 146.51,
148.87, 148.90, 149.06, 150.66, 150.81, 151.00, 152.72, 152.90, 153.42, 155.78.  *’Si NMR (53.67
MHz) § -21.17,-21.01. FAB-MS: 1281 (M").

ZNnP-[Si;]-Ceo. Yield: 76% (dark purple solids). 'H NMR (300 MHz) & 0.71 (s, 3H), 0.72
(s, 3H), 1.58 (s, 18H), 1.59 (s, 36H), 2.53 (s, 3H), 3.47 (d, J = 9.0 Hz, 1H), 4.22 (d, J = 9.0 Hz, 1H),
4.44 (s, 1H), 7.86-7.91 (m, 6H), 8.02-8.04 (m, 3H), 8.43-8.48 (m, 8H), 9.14 (d, J = 4.8 Hz, 2H),
9.25-9.31 (m, 6H). "“C NMR (67.81 MHz) & —1.78, —1.75, 32.16, 35.41, 39.92, 68.51, 69.42,
76.87, 83.26, 121.01, 121.04, 122.80, 122.95, 127.85, 129.27, 130.30, 130.45, 132.34, 132.59,
132.69, 132.82, 134.29, 134.62, 134.80, 134.89, 135.73, 136.33, 137.02, 138.58, 138.78, 138.88,
138.91, 139.09, 139.29, 140.37, 140.84, 140.87, 141.03, 141.10, 141.20, 141.25, 141.28, 141.36,
141.48, 141.67, 142.20, 143.07, 143.11, 143.29, 143.48, 143.53, 143.80, 144.13, 144.22, 144.29,
144.50, 144.62, 144.80, 144.90, 144.93, 145.11, 145.31, 145.67, 146.15, 146.25, 149.00, 149.03,
150.35, 150.81, 150.94, 150.99, 152.67, 152.80, 153.01, 155.50. *’Si NMR (53.67 MHz) & —7.49.
FAB-MS: 1923 ([M+H]").

ZNnP-[Sis]-Ceo. Yield: 58% (dark purple solids). 'H NMR (300 MHz) & 0.35 (s, 3H), 0.38
(s, 3H), 0.43 (s, 3H), 0.44 (s, 3H), 0.55 (s, 3H), 0.56 (s, 3H), 1.60 (s, 36H), 1.61 (s, 18H), 2.41 (s,
3H), 3.40 (d, J = 9.0 Hz, 1H), 4.15 (d, J = 9.0 Hz, 1H), 4.30 (s, 1H), 7.62 (d, J = 8.1 Hz, 2H), 7.68
(d, J= 8.1 Hz, 2H), 8.03-8.05 (m, 3H), 8.14 (d, J = 8.1 Hz, 2H), 8.42-8.48 (m, 4H), 8.51 (d,J=1.8
Hz, 2H), 9.13 (d, J = 4.8 Hz, 2H), 9.24-9.29 (m, 6H) (Two aromatic protons are overlapped with the
solvent peak). "°C NMR (67.81 MHz) & —5.70, —5.58, —2.64, —2.51, —2.13, 32.13, 32.18, 35.37,
39.83, 68.66, 69.47, 76.79, 83.49, 121.04, 121.14, 122.72, 122.93, 126.75, 127.11, 127.46, 127.84,
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128.77, 129.20, 130.30, 132.23, 132.53, 132.61, 132.69, 134.37, 134.70, 134.76, 135.73, 136.38,
137.81, 138.04, 138.88, 138.93, 139.14, 139.21, 140.19, 140.39, 140.62, 140.70, 140.75, 141.05,
141.15, 141.21, 141.28, 141.72, 141.81, 141.86, 142.86, 143.12, 143.40, 143.53, 143.68, 143.98,
144.06, 144.14, 144.26, 144.31, 144.36, 144.41, 144.47, 144.50, 144.82, 144.85, 144.97, 145.08,
145.29, 145.33, 145.64, 145.80, 146.50, 148.96, 149.01, 150.48, 150.79, 150.94, 150.97, 152.81,
152.90, 153.11, 155.46. *Si NMR (53.67 MHz) & —47.39, —17.01, —16.86. FAB-MS: 2038
(M).

ZNnP-[Sis]-Ceo. Yield: 74% (dark purple solids). 'H NMR (300 MHz) & 0.12 (s, 3H), 0.15
(s, 3H), 0.21 (s, 6H), 0.40 (s, 6H), 0.43 (s, 3H), 0.45 (s, 3H), 0.64 (s, 3H), 0.65 (s, 3H), 1.60 (s,
54H), 2.48 (s, 3H), 3.15 (d, J = 9.0 Hz, 1H), 3.96 (s, 1H), 4.06 (d, J = 9.0 Hz, 1H), 7.48 (d, J = 8.1
Hz, 2H), 7.83 (d, J = 8.1 Hz, 2H), 8.02-8.05 (m, 3H), 8.38 (d, J = 8.1 Hz, 2H), 8.49 (d, J = 1.8 Hz,
4H), 8.53 (d, J = 1.8 Hz, 2H), 9.13 (d, J = 4.5 Hz, 2H), 9.24-9.31 (m, 6H) (Two aromatic protons
are overlapped with the solvent peak). 'C NMR (67.81 MHz) & —4.89, -4.78, —4.51, —3.89, —2.80,
—2.65,-2.47,-2.41,32.15, 35.39, 39.72, 68.43, 69.32, 76.77, 82.96, 121.02, 121.30, 122.85, 122.93,
128.87, 130.30, 130.42, 132.26, 132.48, 132.54, 132.71, 132.76, 134.12, 134.43, 134.80, 135.70,
136.00, 137.48, 138.33, 138.76, 138.88, 139.17, 139.27, 140.09, 140.26, 140.42, 140.51, 140.54,
140.67, 140.77, 140.84, 140.97, 141.13, 141.23, 141.28, 141.41, 141.69, 141.95, 142.94, 142.97,
143.06, 143.12, 143.16, 143.44, 143.60, 143.73, 143.88, 144.04, 144.08, 144.14, 144.22, 14431,
144.34, 144.41, 144.47, 144.59, 144.62, 144.72, 144.83, 145.29, 145.39, 145.43, 145.51, 145.52,
145.74, 145.92, 145.99, 148.96, 149.00, 149.03, 150.43, 150.82, 150.94, 151.02, 152.53, 152.86,
152.95, 155.60. *Si NMR (53.67 MHz) & —44.48, —43.23, —17.41, —16.61 (One peak is
overlapped). FAB-MS: 2155 ([M+H]").
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Chapter 5

Intramolecular Singlet Excited Energy Transfer in a Zinc Porphyrin—-Free-base
Porphyrin Dyad Linked with an Si-Si o-Bond

Flrster

h‘“—L“T Ar /J\ Ar
I\/!e |\|/|e

o )59~ a
Me Me

:

Dexter
Ar exte Ar

(Ar = 3,5-di-tert-butylphenyl)

Abstract

The author has synthesized the diphenyldisilane-linked zinc porphyrin—free-base porphyrin
dyad ZnP-[Si;]-H,P and measured its photophysical properties. These measurements indicate
that energy transfer from the ZnP to the H.P moiety occurs at the rate constant of 9.5 x 10° s,
The silicon-silicon bond is found to effectively mediate the singlet excited energy transfer.
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1. Introduction

Energy and electron transfer play important roles in multicomponent architectures, such as
molecular logic gates, photovoltaic systems, and bioimagings. To achieve effective transfer
systems, much effort has been devoted to developing organic molecular' and supramolecular?
systems consisting of z-conjugated donor, acceptor, and linker, because of their synthetic
accessibility and their tailorable photophysical and electronic properties. Besides the carbon
z-conjugated systems, polysilane o-conjugated systems®'* have drawn attention as another class of
functional materials, and they have been used as donors in electron transfer systems®'° as well as
linkers for superexchange electron transfer systems’ and through-space energy transfer systems. ®
The author now reports the synthesis of a zinc porphyrin—disilane—free-base porphyrin hybrid
molecule (ZnP-[Si]-H2P, Chart 1) and intramolecular singlet energy transfer (EnT) between the
porphyrin moieties.

Chart 1.
Ar Ar
l\/le l\llle
A i—Si Ar
r 55
Me Me
Ar ZnP—[Si,]-H,P Ar
Ar Ar
Ivle I\I/Ie l\/le l\llle
Ar Q Sll—Sll@ @—SII—Sll O Ar
Me Me Me Me
Ar ZnP—[Si,) [Siz]-H,P Ar

(Ar = 3,5-t-Bu,CgH3)

2. Result and Discussion

Synthetic scheme is shown in Scheme 1. The Suzuki-Miyaura coupling reaction of
ZnP-Bpin with an excess amount of Br-Si,—Br gave the zinc porphyrin—diphenyldisilane-linked
molecule ZnP-[Si,]-Br with a bromine atom on one end. After the removal of the zinc atom by
the acidic treatment, subsequent Suzuki—Miyaura coupling reaction with ZnP-Bpin afforded
ZnP—[Siy]-H,P."®"  The products were characterized on the basis of their *H, *C, and *°Si NMR,
and FAB-mass spectra. The H,P reference [Si;]-H,P was synthesized by the acidic treatment of
ZnP—[Si,] which was synthesized as described in Chapter 3.

Figure 1a shows the steady-state UV-to-NIR absorption spectra of the dyad ZnP—[Si,]-H,P
and the reference compounds ZnP—[Si,] and [Siz]-H2P in toluene. The spectrum of the dyad is
almost reproduced by the summed spectrum of those of the reference compounds, suggesting that
the ZnP and H,P moieties of the dyad have little or no significant interaction in the ground state.

Figure 1b shows the steady-state fluorescence spectra in toluene observed with excitation at
400 nm, where the concentrations of all solutions were adjusted to give the same absorbance, and
the ZnP and H,P moieties of the dyad are excited in the ratio of 3:7. In the spectrum of the dyad,
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Scheme 1.
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Figure 1. Steady-state spectra of the dyad ZnP-[Si,]-H,P (—) and the reference compounds
ZnP—[Siy] (—) and [Siz]-H2P (- -+) in toluene at room temperature, together with the summed
spectrum (ZnP—[Si,] + [Siz]-H2P; — -): (a) absorption (inset; expanded spectra at the Q-band
region) and (b) fluorescence spectra. The summed fluorescence spectrum is synthesized with
considering the excitation ratio of the ZnP and H,P moiety (3:7) at 400 nm.

the emission band characteristic of the ZnP moiety at 600 nm almost disappears relative to the
summed fluorescence spectrum, and the spectral shape closely resembles that of [Siz]-H,P. The
relative fluorescence quantum yield of the ZnP moiety of the dyad to ZnP—[Si;] (rel®¢) evaluated
from the fluorescence intensity ratio was 0.093. The excitation spectrum of the H,P fluorescence
of the dyad (Figure 2) shows good agreement with the absorption spectrum. These results imply
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Figure 2. (a) Absorption spectrum and (b) excitation spectrum monitored at 650 nm of
ZnP—[Siy]-H2P in toluene at room temperature.
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Figure 3. Normalized time-resolved fluorescence spectra of ZnP—[Si,]-H,P at 658 nm; 0-50 ps
(solid curve) and 890-940 ps (dotted curve) with excitation at 400 nm.

that efficient EnT from the ZnP to the H,P moieties occurs.® It should be also mentioned that the
spectrum of the dyad does not include any other fluorescence bands than those of ZnP-[Si;] and
[Siz]-H2P, which rules out any formation of emissive exciplexes in the excited state.

For a detailed study of the EnT, time-resolved fluorescence measurements of the dyad
ZnP—[Siy]-H,P were performed. The time-resolved fluorescence spectra are shown in Figure 3,
and the time profiles of the emission bands are shown in Figure 4. The time profile at 600 nm
corresponding to the ZnP moiety is composed of fast [100 + 2 ps (fraction = 90%)] and slow [5.84 +
0.57 ns (fraction = 10%)] decay components, and that at 720 nm, corresponding to the H,P moiety,
has a rise (91 + 10 ps) and a decay (9.35 + 0.32 ns). The fast decay rate of the ZnP moiety
matches the rise rate of the H,P moiety, supporting the occurrence of a single-step EnT. The
minor slow decay component is attributable to the tail of the H,P fluorescence, considering that the
fluorescence lifetimes of ZnP-[Si;] and [Si;]-H,P are 1.99 + 0.02 ns and 8.00 + 0.50 ns,
respectively. The relative fluorescence quantum yield of the ZnP moiety of the dyad to ZnP—[Si,]
based on the fluorescence lifetime (reltg) was 0.11. This value is almost the same as rel®,
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Figure 4. Fluorescence decay plots with fitted curves of ZnP-[Si;]-H2P monitored at 600 nm
(open circles with dashed line) and 720 nm (closed circles with solid line) in toluene excited at 400
nm. Residual errors are also plotted.

supporting the view that the quenching of the ZnP moiety of the steady-state fluorescence spectrum
of the dyad can be attributed exclusively to EnT to the H,P moiety without any other quenching
processes, such as non-emissive exciplex formation. Thus, the rate and quantum yield of EnT are
estimated to be ke,r = 9.5 x 10° s and about 0.90, respectively.

The optimized geometry of the dyad was obtained by PM3MM calculations as shown in Figure
5. The center-to-center distance between the two porphyrin moieties (Rc.) of the most stable anti
conformer (Figure 5a) was estimated to be 20.0 A.  The rate constant of the Férster EnT (kenr ")
can be estimated from the following equations;

Forster _ 9000In10° ® pc®
1287°N 5 7pREN?
® 4
| Fo(Rea(i)rtar 0
| “Fo(2ya

where @ is the quantum yield of the donor moiety, &* is the orientation factor which describes the

relative orientation of the donor and the acceptor, Na is Avogadro’s number, 7 is the fluorescence
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Figure 5. Optimized geometry of the dyad ZnP—[Si,]-H2P using PM3MM parameters. (a) The
most stable geometry (anti conformter). (b) Geometry with the second lowest energy (gauche
conformer). The energy level of the gauche conformer is 8.4 kcal/mol higher than that of the anti
conformer.

lifetime of the donor moiety, R is the center-to-center distance, n is the refractive index of the
solvent, Fp(A) is the fluorescence spectrum of the donor, and &a(A) is the acceptor molar
absorptivity. For the present dyad, @& = 0.052, ¥* =5/6,'° 15=1.99x 10°s, R, =20 A, and n =
1.4969 are assumed and J is calculated from the absorption and fluorescence spectra of [Siz]-H2P
and ZnP—[Si,], respectively.' ' The Forster EnT rate constant was estimated to be kg, ™ = 2.4 x
10° s, The estimated Férster EnT rate constant is smaller than the observed EnT rate constant
(kenT), Suggesting either the presence of a closer conformer (gauche conformer, Figure 5b) or the
coexistence of through-bond (Dexter) EnT. Because the closer conformer is rejected as a result of
its higher energy, Dexter EnT is the most plausible. Thus, the rate constant of the Dexter EnT
(kent™™") is calculated to be 7.1 x 10° s.  This is somewhat slower than that for meso-linked
meso-tetraaryl-substituted porphyrin dyads,® ' 2 ® because of the higher LUMO energy level of
the disilane linkage compared with the z-conjugated linkage found in diphenylacetylene and
N-phenylbenzamide.”

The unique point of the present dyad ZnP-[Si;]-H.P that distinguishes it from other
silicon-linked donor—acceptor systems is that the EnT from one pigment to the other was definitely
observed, whereas in preceding systems the charge-transfer (CT) band between two pigments
and/or that between a pigment and a silicon moiety was mainly detected. This is because the ZnP
and H,P moieties are spatially separated from each other by the diphenyldisilane linker in the
present dyad, as supported by the absorption spectra and the PM3MM calculations. Thus, the
author has achieved effective EnT through the Si-Si o bond via both Forster and Dexter
mechanisms for the first time.

3. Conclusion

In summary, the author has synthesized diphenyldisilane-linked zinc porphyrin—free-base
porphyrin dyad ZnP-[Si,]-H,P and measured their photophysical properties. These measurement
data indicate that the EnT from the ZnP to the H.P moiety occurs at the rate of 9.5 x 10°s™. The
disilane are found to effectively mediate the singlet excited energy transfer.
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Experimental Section

General. All reactions were performed under inert atmosphere (nitrogen or argon). *H (300
MHz) NMR spectra were recorded on a Varian Mercury 300 spectrometer. **C (67.94 MHz) and
2°Sj (53.67 MHz) NMR spectra were measured with JEOL EX-270. Chemical shifts were
referenced to internal benzene-ds (for *H, 7.20 ppm and for '*C, 128.0 ppm) and external
tetramethylsilane (for 2°Si, 0.00 ppm). Silica gel column chromatography was performed using
Kieselgel (70-230 mesh, Merck). Thin layer chromatography (TLC) was performed on glass
plates coated with 0.25 mm thickness of silica gel 60 F4 (Merck). Recycle preparative gel
permeation chromatography (GPC) was performed using LC-908 with polystyrene gel column
(JAIGEL 1H and 2H, Japan Analytical Chemistry) with toluene as eluent. Mass spectral
measurements were performed at the Mass Spectrum and Microanalysis Division of Institute for

Chemical Research, Kyoto University. ZnP-Bpin, 1,2-bis(p-bromophenyl)-1,1,2,2-
tetramethyldisilane, and ZnP—[Si,] were synthesized as described in Chapter 3 and 4.”

Synthesis.

ZnP—[Siy]-Br. A mixture of ZnP-Bpin (266 mg, 0.250 mmol),

1,2-bis(p-bromophenyl)-1,1,2,2-tetramethyldisilane (925 mg, 2.50 mmol), water (1.5 mL), and
1,2-dimethoxyethane (70 mL) was deoxygenized by N, bubbling for 30 minutes. To the mixture
were added Pd(PPhs); (116 mg, 0.100 mmol) and Ba(OH); (394 mg, 1.25 mmol). The mixture
was heated at 90 °C for 90 minutes. The resulting mixture was passed through a pad of silica gel,
and the filtrate was evaporated. The residual solid was subjected to silica gel column
chromatography (hexane/toluene = 4/1 as eluent). After evaporation, the residual solid was
purified by GPC (toluene as eluent) to afford ZnP—[Si,]-Br (178 mg, 0.138 mmol, 55% yield) as a
purple solid. *H NMR (300 MHz) & 0.46 (s, 6H), 0.56 (s, 6H), 1.55 (s, 18H), 1.57 (s, 36H), 7.26
(d, J =8.1 Hz, 2H), 7.50 (m, 2H), 7.73 (d, J = 8.1 Hz, 2H), 8.04 (m, 3H), 8.35 (d, J = 8.1 Hz, 2H),
8.47 (m, 6H), 9.19 (d, J = 4.8 Hz, 2H), 9.37 (m, 6H); **C NMR (67.94 MHz) & -3.56, -3.51, 32.03,
35.34, 121.04, 122.72, 123.89, 130.34, 130.45, 131.37, 132.18, 132.30, 132.61, 134.47, 135.83,
137.30, 138.05, 143.14, 144.26, 149.03, 150.49, 150.96, 151.02; ?°Si NMR (53.67 MHz) & —21.22,
—-20.94; HRMS (FAB): Calcd for C7gHq1BrN4Si»Zn: 1286.0489. Found: 1286.5173.

Br—[Siz]-H;P. To a solution of ZnP-[Si,]-Br (178 mg, 0.138 mmol) in dichloromethane (10
mL) were added acetic acid (30 mL), conc. HCI aq (0.2 mL), and water (0.2 mL). The mixture
was stirred for 1 h under N, at room temperature. The reaction was quenched with saturated
Na,CO3; ag. The organic layer was separated, dried over MgSQ,, and evaporated. The product
was purified by washing MeOH to afford Br—[Si;]-HP (134 mg, 0.110 mmol, 80% yield) as a
purple solid. *H NMR (300 MHz) & -1.81 (s, 2H), 0.45 (s, 6H), 0.53 (s, 6H), 1.51 (s, 18H), 1.53 (s,
36H), 7.49 (m, 2H), 7.67 (d, J = 8.1 Hz, 2H), 8.01 (m, 3H), 8.22 (d, J = 8.1 Hz, 2H), 8.35 (d, J=0.9
Hz, 6H), 9.02 (d, J = 4.8 Hz, 2H), 9.19 (m, 6H) (one doublet signal is overlapped with a solvent);
3C NMR (67.94 MHz) & -3.58, —3.54, 31.98, 35.32, 120.30, 121.20, 121.98, 130.40, 130.52,
131.37, 132.38, 134.48, 135.83, 142.38, 149.18; *Si NMR (53.67 MHz) § —21.22, —20.96; HRMS
(FAB): Calcd for C7gHg3BrN,Si,: 1222.6748. Found: 1222.6112.
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ZnP—[Siz]-H2P. A solution of Br—[Siz]-H,P (40.0 mg, 0.0327 mmol), ZnP-Bpin (69.7 mg,
0.0655 mmol), Cs,CO3 (21.3 mg, 0.0655 mmol), and Pd(PPhs)s (15.1 mg, 0.0131 mmol) in a
mixture of DMF (4.0 mL) and toluene (8.0 mL) was deoxygenized by Ar bubbling.'* The
mixture was heated at 80 °C for 3 h. The reaction mixture was passed through a short path silica
gel column eluted with CH,CIl, and the collected fractions were evaporated. The product
separation was performed by silica gel column chromatography. The first band (Rf = 0.56,
hexane/toluene = 2/1) mainly containing deboronated zinc porphyrin was eluted by hexane/toluene
=4/1. The second band (Rf = 0.38, hexane/toluene = 2/1) containing the target product was eluted
by hexane/toluene = 2/1. Further purification was performed by GPC (toluene as eluent). After
evaporation, the residue was washed with MeOH to afford ZnP-[Si;]-H,P (16.0 mg, 0.00769
mmol, 38% yield) as a purple solid. *H NMR (300 MHz) & -1.82 (s, 2H), 0.795 (s, 6H), 0.802 (s,
6H), 1.42 (s, 36H), 1.44 (s, 36H), 1.50 (s, 18H), 1.53 (s, 18H), 7.98 (m, 10H), 8.39 (m, 16H), 9.15
(m, 8H), 9.32 (m, 8H); *C NMR (67.94 MHz) & -3.17, 1.59, 30.34, 31.87, 31.93, 31.98, 35.19,
35.28, 120.43, 120.89, 121.07, 121.17, 121.88, 122.67, 130.29, 130.37, 130.44, 132.23, 132.54,
132.64, 134.55, 137.91, 138.25, 142.30, 142.43, 143.02, 143.14, 143.48, 148.92, 148.98, 149.05,
149.11, 150.56, 150.87, 150.91, 150.96; °Si NMR (53.67 MHz) & —21.31, —20.91; MS (FAB) m/z =
2078 [M+H]".

[Siz]-H2P. To a solution of ZnP—[Si,] (56.7 mg, 0.047 mmol) in dichloromethane (10 mL)
were added acetic acid (10 mL), conc. HCI aq (0.1 mL), and H,O (0.1 mL). The mixture was
stirred for 1 h at room temperature. The reaction was quenched with saturated Na,CO3; aq. The
separated organic layer was dried over MgSQ,. After filtration and evaporation, the residue was
purified by washing with MeOH to afford [Si,]-H2P (15.3 mg, 0.0143 mmol, 50% vyield) as a
purple solid. *H NMR (300 MHz) & -1.80 (s, 2H), 0.54 (s, 6H), 0.58 (s, 6H), 1.51 (s, 18H), 1.53 (s,
36H), 7.35 (m, 2H), 7.60 (m, 2H), 7.77 (d, J = 7.8 Hz, 2H), 8.02 (m, 3H), 8.23 (d, J = 7.8 Hz, 2H),
8.36 (m, 6H), 9.05 (d, J = 4.8 Hz, 2H), 9.18 (m, 6H); **C NMR (67.94 MHz) & -3.43, 31.95, 35.29,
120.50, 121.16, 121.91, 128.94, 130.40, 130.53, 132.48, 134.29, 134.42, 142.38, 142.43, 143.24,
149.13; #Si NMR (53.67 MHz) & -21.47, -21.04; HRMS (FAB): Calcd for CrgHgsN4Siz:
1142.7017. Found: 1142.7026.

Spectral Measurements. Steady-state absorption spectra in the UV-to-near-IR regions were
measured on a spectrophotometer (JASCO, V570 DS). Steady-state fluorescence spectra were
measured on a spectrofluorophotometer (Shimazu, RF-5300 PC). The time-resolved fluorescence
spectra and fluorescence time-profiles were measured by a single-photon counting method using a
streakscope (Hamamatsu Photonics, C4334-01) equipped with a polychrometor and a
second-harmonic generation (400 nm) of a Ti: sapphire laser (Spectra-Physics, Tsunami 3950-L2S,
150 fs fwhm) as an excitation source.

Calculations. Al calculations were performed with a Gaussian 03 package.'®  Structures
were optimized with PM3MM method. The Cartesian coordinates of the optimized geometries of
the anti and gauche conformers of ZnP—[Si,]-H.P are listed in Table S1 and S2, respectively.
Single-point energy calculations were performed with density functional theory (DFT) calculations
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using the B3LYP hybrid functional ' ® for thus optimized structures with a basis set consisting of
6-31G(d)." © The calculated total energies of the anti and gauche conformers of ZnP—[Si,]-H,P
were —8229.9762891 and —8229.962873 a.u., respectively.
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Chapter 6

Synthesis and Photophysical Properties of Electron-Rich
Perylenediimide-Fullerene Dyad
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Abstract

An electron-rich perylenediimide-Cgy dyad has been prepared to explore a new type of
donor-acceptor system. Time-resolved absorption measurements in benzonitrile revealed the
unambiguous evidence for the formation of a charge-separated state consisting of perylene diimide
radical cation and Cgo radical anion via photoinduced electron transfer, showing a new class of
artificial photosynthetic models in terms of charge separation.
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1. Introduction

Recently, a wide variety of donor-acceptor linked molecules have been prepared to develop
artificial photosynthetic systems toward the realization of highly efficient solar energy conversion. '
The key points for the efficient conversion are a high light-harvesting ability and fast charge
separation (CS) and slow charge recombination (CR), which allow the systems to generate a
long-lived charge-separated state in a high quantum vyield. Fullerenes are one of the most
attractive electron acceptors,® because they bear small reorganization energies® which accelerate
CS and decelerate CR. A disadvantage of fullerenes is small molar absorption coefficients in the
visible region. Thus, porphyrins have been frequently employed as a donor of such combinations
owing to the intense Soret band in the blue and moderate Q bands in the green regions as well as
relatively small reorganization energies.”  Actually, porphyrin-fullerene linked systems have
successfully exhibited the efficient formation of a long-lived charge-separated state.”*®  However,
taking into account solar energy distribution on the earth surface, the light-harvesting properties of
porphyrins are insufficient as a donor.

Perylene diimides (PDI) are well-known as chemically, thermally, and photophysically stable
and good light-harvesting dyes. Owing to their outstanding properties, they have been regarded as
potential candidates for optical devices such as organic light-emitting diodes, © photovoltaic
devices,” and optical switches.® So far several perylenediimide-Cgp linked systems have been
reported.” However, energy transfer (EN) to Cgo is a main relaxation pathway of the excited
singlet state of PDI due to the poor electron-donating ability of the perylenediimide. As such, no
unambiguous evidence for electron transfer (ET) from the excited singlet state of PDI to Cg has
been presented.

The author reports herein synthesis and photophysical properties of a novel
perylenediimide-Cgo linked dyad PDI-Cg. It is known that the electronic structures of perylene
diimides are highly affected by introducing electron-donating or electron-withdrawing groups at a
perylene core.®®  Bearing this in mind, the author introduced electron-donating amine substituents
into the perylene core.'® Such substitution is expected to facilitate photoinduced ET from the
excited singlet state of the PDI to the Cgo as a result of the low oxidation potential of the PDI
moiety. More importantly, the electron-donating substituents would shift the absorption bands due
to the PDI moiety to the longer wavelength regions, improving the light-harvesting properties in the
visible and near-infrared regions.'' To increase the solubility, a swallow-tail secondary alkyl
group ' * and long alkyl group were introduced into one imide end of the PDI and the pyrrolidine
ring on the Cgo, respectively.

2. Result and Discussion

The synthetic scheme is shown in Scheme 1. According to Wasielewski’s method,'®* the
bispyrrolidine-substituted PDI 2 was synthesized by treating the
N,N’-dicyclohexyl-1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid bisimide 1 with a large
amount of pyrrolidine. Under this conditions, 2 was contaminated by monopyrrolidinated PDI.
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The desired product was separated by alumina chromatography (CHCljs:hexane = 1:1) to give 2 in
52% vyield. The saponification of 2 by using the reported procedure'® gave the
1,7-dipyrrolidinylperylene  bisanhydride 3 in  83% yield. Cross-condensation  of
8-aminopentadecane, 3, and formyl-protected aniline, followed by acid-catalyzed deprotection
afford 4 in 17% yield. The perylenebisimide-Cgy dyad PDI-Cg was obtained in 56 % vyield by
1,3-dipolar cycloaddition using Cg and N-octadecylglycine in toluene.' ® Compounds PDI-ref
and Cgo-ref ' * (Figure 1) were also synthesized as references. The products were characterized on
the basis of their *H, *C NMR, mass, and IR spectra.

Scheme 1. Synthesis of PDI-Cg dyad.
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Figure 1. Reference compounds PDI-ref and Cgo-ref.

UV-vis-NIR absorption spectra of PDI-Cg, PDI-ref, and Cgo-ref were measured in
benzonitrile (Figure 2). The dyad PDI-Cg reveals strong absorption at 700 nm and relatively
weak absorption at 430 nm which come from the PDI moiety, together with strong absorption at the
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UV region from the Cgo moiety. The spectrum of PDI-Cg is virtually the superposition of the
spectra of PDI-ref and Cgo-ref, suggesting that there is no significant interaction between the PDI
and Cgp moieties in the ground state. It is noteworthy that the spectral shapes of PDI-Cg in the
NIR region, namely the strong absorption at 700 nm and a shoulder at 650 nm, reveal that PDI-Cgg
exists as a monomer rather than as a n-n stacked aggregate in solution, because the H-aggregates of
pyrrolidine-substituted PDI are known to exhibit the inverse spectral shapes in the NIR region,
stronger absorption at 650 nm and a shoulder at 700 nm. ' °

g (10% M3t cmSY)

. p—— .. deceecess ko

300 400 500 600 700 800
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Figure 2. Absorption spectra of PDI-Cg (solid line), PDI-ref (dashed line), and Cegp-ref (dotted
line) in benzonitrile.

Figure 3 shows the steady-state fluorescence spectra of PDI-Cg and PDI-ref measured in
benzonitrile with excitation wavelength (Aex) of 430 nm where the absorbances are identical. The
shape of the spectrum of PDI-Cg is almost identical to that of PDI-ref, indicating that there is no
significant interaction between the PDI and Cg, moieties in the excited state. The fluorescence
from the Cg moiety could not be confirmed because of the overlapping of the two emission at
700-800 nm and the low fluorescence quantum vyield of the Cg. The fluorescence intensity of
PDI-Cg is significantly reduced compared to PDI-ref in benzonitrile, indicating that the excited
singlet state of the PDI moiety (*PDI*) is strongly quenched by the Cgo moiety. The energy level
of the excited singlet state (Eqo) of the PDI is determined as 1.70 eV in benzonitrile from the
absorption and fluorescence spectra of PDI-ref in benzonitrile.

The first oxidation potential (Eox) of the PDI moiety and the first reduction potential (Ereq) Of
the Cgo moiety were measured in benzonitrile containing 0.1 M BusNPFg as supporting electrolyte
using differential pulse voltammetry. The redox potentials of PDI-Cgy (Eox = +0.82 V, Eeq =
—0.41 V vs NHE) are almost the same as those of PDI-ref (Eqx = +0.81 V vs NHE) and Cgo-ref (Ereq
= -0.41 V vs NHE), supporting only a minor electronic interaction between the PDI and the Cg
moieties in the ground state. The free energy change (-AGcs) for photoinduced ET from the
'PDI* to the Cg in benzonitrile is calculated to be 0.47 eV, implying that CS is possible.
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Figure 3. Fluorescence spectra of PDI-Cg (solid line) and PDI-ref (dashed line) in benzonitrile at
Aex = 430 nm where the absorbances of the compounds are identical. The spectrum of PDI-Cg is
also normalized at 750 nm for comparison (dotted line).
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Figure 4. Transient absorption decay curves of PDI-Cg in benzonitrile. (a) Lines with open circles,

open squares, and close circles represent decay curves in 690 nm, 750 nm, and 800 nm, respectively.

(b) Lines with open circles and close circles represent decay curves in 870 nm and 970 nm,

respectively.

Femto- to picosecond transient absorption spectra of the dyad PDI-Cgo in benzonitrile were
recorded using the pump-probe technique. The excitation wavelength (Aex = 415 nm) ensures the
selective excitation of the PDI moiety. The author could not excite the Cgo moiety selectively
because of the extensive overlapping of the absorption spectra of the Cg and the PDI moieties.
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Figure 5. Transient absorption decay component spectra of PDI-Cgg in benzonitrile obtained by the
three-exponential global fittings of the transient absorption decay curves. Lines with open circles,
open squares, and close circles represent each component with a time constant of 7 ps, 60 ps, and
170 ps, respectively.

Multiexponential global fittings were applied to transient-absorption decay curves (Figure 4) at
different wavelengths. The component spectra are shown in Figure 5. Three-exponential fitting
gave a reasonably small mean square deviation value. The minor short-lived component (z =7 ps)
stems from the thermal vibrational relaxation of the PDI excited singlet state. The longest lifetime
component (z = 170 ps) exhibits a characteristic spectrum resembling that of the major component
of PDI-ref which arises from the lowest singlet excited state of the PDI moiety. The middle
lifetime component (7= 60 ps) has negative absorption at 1020 nm and at 880 nm, respectively, and
has positive absorption at around 700 nm. This spectrum well agrees with the inverse of the
differential spectrum of the charge-separated state (PDI"-Cgo").

Two intermediate states, the lowest singlet-excited state (S;) of PDI and the charge-separated
state (PDI"-Csg ), and a linear reaction chain are considered for the simplification of the transient
absorption analysis in benzonitrile:

cs CcrR
S, — PDI"*-Cgp™ —— > So

1)

According to the above kinetic model, the population of the S; (Nsi(t)) and the charge-separated
states (Njon(t)) can be described as

Ni(t)= exp[— LJ

Tcs

TCR t t )
ien (t): Tcs ~Tcr exp(— Ej B exp{— E}
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where the population of the S; and the charge-separated states are assumed to be 1 and O at t = 0,
respectively. The absorption spectrum of the dyad changes in time as

A(L)= Ast (ANt (1) + Aign (DN ion (1)

=| As1(A)+ Aion (ﬂ)%—R}eXp(-LJ—Aion 1) TCR exp{— ! J ©)
Tcs r -

—7Tcr Tcs cs —Tcr

where Asi(A) and Aion(A) are the differential absorption spectra of the S; and the charge-separated
states, respectively. This equation suggests that one of the obtained component spectra (with
lifetime tcRr) is expected to have the shape corresponding to that of the differential spectrum of the
charge-separated state with the sign determined by the relation between tcs and tcg.  Another
spectrum (with lifetime t¢s) has the spectrum composed of both As;(A) and Aion(A), and can be used
to calculate the differential absorption spectrum of S; state of the PDI moiety for known Aion(A), tcs
and tcg. Apparently, the spectrum of the 60 ps component is the inverted spectrum of the
charge-separated state, because it is expected to have characteristic absorption of PDI radical cation
and Cg radical anion at 880 nm and 1020 nm, respectively, and the ground-state bleaching at
around 700 nm. The spectrum of 170 ps component is closer to that of the singlet excited state of
the PDI moiety with characteristic absorption features with negative peak at ~710 nm and positive
peak at ~970 nm, although it does not match the singlet excited state spectrum of PDI exactly since
it has a contribution of the CS state spectrum with the weight factor of tcr/(tcs - Tcr) = 0.55.  Note
that the lifetime of 170 ps matches well the fluorescence lifetime. Thus, the time constants of CS
(tcs) and CR (tcRr) are 170 ps and 60 ps, respectively (tcs > tcr). The recalculated differential
spectra of the S; and the charge-separated states according to eq. (3) are shown in Figure 6. The
recalculated differential spectra of 'PDI* and PDI"-Cg,~ states also confirm the formation of the

0.04 -

0.02 .

AAbsorbance
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Figure 6. Recalculated transient absorption spectra of PDI-Cgp in benzonitrile.  Lines with open
circles and close circles represent the spectra of 'PDI* and PDI -Cg states, respectively.
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charge-separated state via photoinduced ET from the excited singlet state of the PDI to the Cg
Namely, the spectrum of PDI"-Cg has ground state bleaching at 720 nm and broad positive
absorption band at 880 nm and 1020 nm due to the PDIradical cation*® and Ce, radical anion,>*?
respectively. Whereas the spectrum of ‘PDI* exhibits ground state bleaching at 720 nm and broad
positive absorption band at 980 nm. Thus, the time constant of CS (zcs = 170 ps) is larger than
that of CR (zcgr = 60 ps). ' ©  The rather slow CS and fast CR may result from large reorganization
energy of the perylenediimide moiety.

3. Conclusion

In conclusion, the author has successfully synthesized novel perylenediimide-Cgy dyad in
which electron-donating amine substituents are introduced into the perylenediimide moiety to
facilitate photoinduced electron transfer. By the femto- to picosecond transient absorption
measurements, the formation of the charge-separated state has been demonstrated unambiguously in
perylenediimide-Cgo linked dyads for the first time. Thus, the perylenediimide-Cgy dyad in this
srudy is highly promising as a new class of artificial photosynthetic models and photovoltaic
materials.
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Experimental Section

General. 'H and *C NMR spectra were recorded on a JEOL EX-270KS (101 MHz for *C),
a JEOL AL300 (300 MHz for *H, 67.8 MHz for **C), and a JEOL EX-270J (270 MHz for *H, 65.6
MHz for 3C) spectrometer in CDCl; and chemical shifts are reported in & ppm with reference to
internal tetramethylsilane peak. Recycle preparative gel permeation chromatography (GPC) was
performed using polystyrene gel columns (JAIGEL 3H and 4H, LC-908, Japan Analytical Industry)
with CHCI; as an eluent. Silica gel column chromatography was performed using UltraPure
Silicagel (230-400 mesh, SiliCycle inc.). Alumina column chromatography was performed using
activated alumina (300 mesh, Wako). Thin layer chromatography (TLC) was performed on
aluminum plates coated with silica gel 60 Fus4 (Merck) or aluminium oxide 60 Fuss (Merck).
Infrared (IR) spectra were recorded in KBr pellet by using FT/IR-470Plus (JAS.CO).
MALDI-TOF mass spectra were measured with a COMPACT MALDI Il (SHIMADZU) mass
spectrometer. High-resolution mass spectra (HRMS) were recorded on a JEOL JMS-HX110A
spectrometer. All reactions were carried out under nitrogen.
N,N’-dicyclohexyl-1,7-dibromoperylene-3,4:9,10-tetracarboxylic ~ acid bisimide  (1),'®
4-(5,5-dimethyl-1,3-dioxan-2-yl)aniline, ' © and Cgo-ref** were synthesized as described before.

Synthesis.

N,N’-dicyclohexyl-1,7-bis(pyrrolidin-1-yl)perylene-3,4:9,10-tetracarboxylic acid bisimide
(2).° A solution of 1 (1.41 g, 1.98 mmol) in pyrrolidine (70 mL) was heated at 55 °C (external
temperature) with an oil bath for 24 h.  After evaporation, the residue was subjected to the alumina
column chromatography (hexane/CHCI; = 1/1, R = 0.55), followed by the subjection to the silica
gel column chromatography (CHCIs, Rf = 0.43). The reprecipitation from CHCI3/MeOH gave 2
(710 mg, 1.03 mmol, 52% vyield) as green solids; *H NMR (300 MHz, CDCls) & 8.47 (s, 2H), 8.39
(d, J=8.0 Hz, 2H), 7.71 (d, J = 8.0 Hz, 2H), 5.12-5.03 (m, 2H), 3.87-3.62 (m, 4H), 2.95-2.70 (m,
4H), 2.66-2.54 (m, 4H), 2.20-1.88 (m, 12H), 1.78-1.74 (m, 6H), 1.56-1.26 (m, 6H).

N,N’-dicyclohexyl-1,7-bis(pyrrolidin-1-yl)perylene-3,4:9,10-tetracarboxylic acid
bisanhydride (3)."° A solution of 2 (710 mg, 1.03 mmol) and KOH (4.68 g, 83.4 mmol) in
i-PrOH (36 mL) was heated to reflux. After stirred for 2.5 h, the reaction mixture was poured into
acetic acid (120 mL) and stirred for 1 h at room temperature. After filtration, the precipitate was
washed with a large amount of MeOH, H,O, then MeOH. The reprecipitation from
1,1,2,2-tetrachloroethane/ethyl acetate gave 3 (451 mg, 0.850 mmol, 83% yield) as green solids; *H
NMR (270 MHz, CDCls) 6 8.49 (s, 2H), 8.44 (d, J = 7.8 Hz, 2H), 7.62 (d, J = 7.8 Hz, 2H),
3.85-3.65 (m, 4H), 2.95-2.75 (m, 4H), 2.25-1.95 (m, 8H).

4. A mixture of 3 (183 mg, 0.345 mmol), 8-aminopentadecane (79.2 mg, 0.348 mmol), zinc
acetate dihydrate (19.4 mg, 0.0884 mmol), and imidazole (2 g) was heated at 140 °C for 2.5 h.
After cooling, to this mixture was added 4-(5,5-dimethyl-1,3-dioxan-2-yl)aniline (87.7 mg, 0.423
mmol). After stirring at 140 °C for 2 h, the mixture was cooled to room temperature. The
resulting solid was dissolved in 1IN HCI ag (50 mL) and extracted with CHCI; (50 mL). The
organic layer was washed with 1IN HCI ag (50 mL) and brine (100 mL). After evaporation, the
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residue was subjected to the next reaction without further purification because of the presence of the
deprotected aldehydes.

The residue was dissolved in a mixture of CHCI3 (10 mL), trifluoroacetic acid (10 mL), and
H,SOsaq (5wt%, 7.5 mL). After stirring at room temperature for 23 h, the resulting mixture was
poured into H,O (50 mL). The separated aqueous layer was extracted with CHCI; (3 x 20 mL).
The combined organic layer was washed with brine (50 mL) and dried over MgSO,. After
filtration and evaporation, the residue was subjected to the silica gel column chromatography
(hexane/CH,CI, = 1/2, then CH,Cl,, then CH,Cl,/ethyl acetate = 20/1, R (CH,Cl,;) = 0.08). The
reprecipitation from CH,Cl,/MeOH gave 4 (48.0 mg, 0.0569 mmol, 17% yield) as green solids; IR
(KBr) 2952, 2925, 2854, 1698, 1691, 1653, 1592, 1578, 1560, 1507, 1454, 1417, 1340, 1305, 1246,
1231, 1202, 1123, 944, 867, 807, 753, 715, 669, 549; 'H NMR (270 MHz, CDCls) & 10.13 (s, 1H),
8.54-8.41 (m, 4H), 8.97 (d, J = 8.2 Hz, 2H), 7.81 (d, J = 8.1 Hz, 1H), 7.70 (d, J = 8.1 Hz, 1H), 7.55
(d, J = 8.2 Hz, 2H), 5.26-5.19 (m, 1H), 3.90-3.65 (m, 4H), 3.00-2.70 (m, 4H), 2.38-2.19 (m, 2H),
2.19-1.92 (m, 8H), 1.92-1.73 (m, 2H), 1.40-1.15 (m, 20H), 0.82 (t, J = 6.4 Hz, 6H): **C NMR (67.8
MHz, CDCl3) & 191.21, 163.89, 163.72, 146.73, 146.21, 141.21, 136.00, 135.01, 130.44, 130.15,
129.89, 129.69, 127.12, 124.14, 123.57, 122.55, 122.23, 121.05, 120.98, 118.81, 118.31, 52.31,
52.24, 32.45, 31.78, 29.54, 29.23, 26.97, 25.85, 25.81, 22.60, 14.06; HRMS (FAB, positive mode)
found 842.4404, Cs4HsgN4Os requires 844.4407.

PDI-Cg. The solution of 4 (40.8 mg, 0.0484 mmol), Ce (174 mg, 0.241 mmol), and
N-octadecylglycine (201 mg, 0.613 mmol) in toluene (230 mL) was bubbled with nitrogen for 1 h
and heated to reflux for 13 h in the dark. After cooling, the mixture was subjected to the silica gel
column chromatography (hexane/toluene = 1/3, then toluene/CH,Cl, = 2/1, Rt (toluene) = 0.34).
Repetitive precipitation from CHCI3/MeOH and CHCls/hexane gave PDI-Cg (49.5 mg, 0.0271
mmol, 56% yield) as green solids; IR (KBr) 2947, 2922, 2851, 1702, 1691, 1668, 1654, 1592, 1579,
1560, 1508, 1463, 1415, 1338, 1307, 1243, 1229, 1189, 1121, 945, 864, 804, 751, 712, 552, 527
cm™; *H NMR (270 MHz, CDCl3) & 8.53-8.39 (m, 4H), 8.05-7.90 (m, 2H), 7.77 (d, J = 8.1 Hz, 1H),
7.73 (d, J = 8.1 Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H), 5.25-5.16 (m, 1H), 5.15 (s, 1H), 5.13 (d, J =9.2
Hz, 1H), 4.14 (d, J = 9.2 Hz, 1H), 3.85-3.69 (m, 4H), 3.41-3.29 (m, 1H), 3.00-2.75 (m, 4H),
2.65-2.52 (m, 1H), 2.35-1.65 (m, 14H), 1.48-1.15 (m, 50H), 0.89-0.79 (m, 9H); *C NMR (75.6
MHz, CDCl3) & 164.31, 164.18, 156.45, 154.22, 153.46, 153.34, 147.19, 147.15, 146.85, 146.79,
146.44, 146.37, 146.26, 146.18, 146.12, 146.04, 145.99, 145.95, 145.93, 145.79, 145.75, 145.67,
14555, 145.46, 145.40, 145.38, 145.35, 145.18, 145.16, 145.08, 145.06, 145.02, 144.57, 144.54,
144.30, 144.24, 142.97, 142.76, 142.50, 142.36, 142.27, 142.19, 142.13, 142.11, 142.02, 141.99,
141.95, 141.92, 141.88, 141.80, 141.52, 141.47, 140.03, 140.02, 139.87, 139.60, 137.64, 136.83,
136.57, 135.76, 135.71, 135.59, 134.96, 134.12, 134.07, 130.38, 130.08, 129.10, 129.01, 127.14,
124.18, 123.88, 122.81, 122.48, 121.71, 121.12, 118.98, 118.64, 117.80, 82.19, 77.21, 68.92, 66.85,
53.42, 52.44, 52.37, 32.48, 31.91, 31.81, 31.57, 29.87, 29.77, 29.75, 29.73, 29.65, 29.57, 29.36,
29.24, 28.57, 27.61, 26.99, 25.90, 22.69, 22.61, 14.13, 14.08; HRMS (FAB, positive mode) found
1827.7567, C133H97NsO4 requires 1827.7541; UV-vis-NIR (Amax (€)) 708.0 nm (43100), 432.5 nm
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(22300).

PDI-ref. A mixture of 3 (211 mg, 0.398 mmol), 8-aminopentadecane (92.4 mg, 0.406 mmol),
zinc acetate dihydrate (22.9 mg, 0.104 mmol), and imidazole (2.3 g) was heated at 140 °C for 2.5 h.
After cooling, to this mixture was added aniline (60 ul, 0.658 mmol). After stirring at 140 °C for
4 h, the mixture was cooled to room temperature. The resulting solid was dissolved in 1N HCI aq
(50 mL) and extracted with CHCI3 (3 x 50 mL). The organic layer was washed with 1N HCI aq
(50 mL) and brine (50 mL). After evaporation, the residue was subjected to the silica gel column
chromatography (CH,Cl,, then CH,Cl,/ethyl acetate = 40/1, Rs (CH,Cl,) = 0.33) and subjected to
GPC (tg = 69 min). Reprecipitation from CHCIl3/MeOH gave PDI-ref (38.9 mg, 0.0476 mmol,
12% yield) as green solids; IR (KBr) 2952, 2925, 2854, 1690, 1664, 1652, 1592, 1579, 1559, 1506,
1455, 1416, 1339, 1307, 1246, 1231, 1212, 1196, 1121, 946, 806, 754, 696, 668, 652, 642, 548, 511
cm™; 'H NMR (300 MHz, CDCls) & 8.54-8.39 (m, 4H), 7.80 (d, J = 8.1 Hz, 1H), 7.75 (d, J = 8.1
Hz, 1H), 7.74-7.54 (m, 2H), 7.49 (t, J = 7.2 Hz, 1H), 7.34 (d, J = 6.9 Hz, 2H), 5.26-5.17 (m, 1H),
3.90-3.68 (m, 4H), 3.00-2.77 (m, 4H), 2.35-2.20 (m, 2H), 2.18-1.91 (m, 8H), 1.90-1.76 (m, 2H),
1.40-1.15 (m, 20 H), 0.82 (t, J = 6.5 Hz, 6H); **C NMR (101 MHz, CDCls) & 164.23, 164.11,
146.61, 146.32, 135.61, 134.76, 130.21, 129.95, 129.18, 128.51, 128.41, 126.98, 124.01, 123.72,
122.60, 122.33, 121.61, 120.95, 118.91, 118.54, 77.12, 52.24, 52.21, 32.47, 31.78, 29.54, 29.22,
26.96, 25.85, 25.81, 22.60, 14.06; HRMS (FAB, positive mode) found 814.4467, Cs3HsgN4O4
requires 814.4458; UV-vis-NIR (Amax (€)) 706.0 nm (42600), 434.5 nm (16600).

Spectral measurements. Steady-state absorption spectra were measured with a Lambda 900
(PerkinElmer) UV/VIS/NIR spectrometer with a data interval of 0.5 nm. These spectra were taken
with about 10-10° M solutions in a quartz cell with pathlength of 1 cm and 1 mm. HPLC grade
benzonitrile (Aldrich) was used for these measurements. Steady-state fluorescence spectra were
acquired on a SPEX FluoroMax-3 spectrometer. Femtosecond to picosecond time-resolved
absorption spectra were collected using a pump-probe technique. The femtosecond pulses of the
Ti:sapphire generator were amplified by using a multipass amplifier (CDP-Avesta, Moscow,
Russia) pumped by a second harmonic of the Nd: YAG Q-switched laser (model LF114, Solar TII,
Minsk, Belorussia). The amplified pulses were used to generate second harmonic (415 nm) for
sample excitation (pump beam) and white continuum for time-resolved spectrum detection (probe
beam). The samples were placed into 1 mm rotating cuvette and averaging of 100 pulses at 10 Hz
repetition rate was used to improve signal-to-noise ratio. The wavelength range for a single
measurement was 227 nm and typically three regions were studied, 480-670, 540-760 and 860-1080
nm, respectively. Typical response time of the instrument was 150 fs (FWHM). A global
multi-exponential fitting procedure was applied to process the data. The procedure takes into
account the instrument time response function and the group velocity dispersion of the white
continuum, and allows to calculate the decay time constants and dispersion-compensated transient
absorption spectra.

Electrochemical measurements.  Differential pulse voltammetry measurements were
performed on an ALS660A electrochemical analyzer in deaerated benzonitrile containing 0.1 M
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TBAPF¢ as a supporting electrolyte. A conventional three-electrode cell was used with a grassy
carbon working electrode and a platinum wire as a counter electrode. The measured potentials
were recorded with respect to the Ag/AgNO; reference electrode. The E, value of ferrocene used
as a standard is 0.37 V versus saturated calomel electrode in CH,Cl;, under the present experimental
conditions.
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Chapter 7

Large Reorganization Energy of Pyrrolidine-Substituted Perylenediimide in
Electron Transfer
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Abstract

Excited-state dynamics of an electron-donating, pyrrolidine-substituted perylenediimide-Cgo
linked dyad have been investigated by means of time-resolved transient absorption spectroscopy
and fluorescence lifetime measurements. By the picosecond transient absorption measurements at
a selective excitation of the perylenediimide moiety, a charge-separated state has been successfully
detected in polar solvents (i.e., benzonitrile, pyridine, and o-dichlorobenzene), demonstrating the
occurrence of photoinduced electron transfer from the perylenediimide to the Cgy moiety. In
contrast, in nonpolar solvents (i.e., toluene), singlet-singlet energy transfer takes place from the
perylenediimide to the Cg, followed by intersystem crossing to the Cgo excited triplet state and
subsequent triplet-triplet energy transfer to yield the perylenediimide excited triplet state. Rate
constants of the charge recombination in the polar solvents are found to be comparable to or even
larger than those of the charge separation, which is in sharp contrast with electron transfer behavior
in typical donor-Cg linked systems. A reorganization energy (0.86 eV) of the
perylenediimide-Cg linked dyad obtained in the polar solvents is significantly larger than those of
similar porphyrin-Cgo linked dyads (0.51-0.66 eV) in which both have comparable edge-to-edge
distances between donor and acceptor. The large reorganization energy of the
perylenediimide-Cg linked dyad relative to the porphyrin-Cgo linked dyads results from a relatively
large conformational change in the pyrrolidine groups at the perylenediimide moiety accompanied
by one-electron oxidation. This agrees with the fact that charge recombination to the ground state
rather than the excited triplet state of the perylenediimide moiety is predominant in benzonitrile,
irrespective of the lower energy level of the excited triplet state than that of the charge-separated
state.
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1. Introduction

Photoinduced electron transfer (ET) is a critical event not only in the primary process of
natural photosynthesis® but also in artificial photosynthesis including the development of molecular
photovoltaics and photocatalysis.”> A variety of intramolecular and intermolecular photoinduced
ET systems have been investigated to elucidate the controlling factors of ET.>** In particular,
fullerenes have been found to be excellent electron acceptors,”® because of their small
reorganization energies,” which allow fast photoinduced charge separation (CS) and slow charge
recombination (CR), resulting in formation of a long-lived charge-separated state in a high quantum
yield. The drawback of fullerenes for efficient solar energy conversion is their small absorption
cross section. Therefore, it is of utmost importance to combine fullerenes with other electron
donors such as m-conjugated oligomers® exhibiting high light-harvesting properties in the visible
region. In this context, porphyrins have been frequently employed with fullerenes because of their
low oxidation potential, intense Soret band and moderate Q bands in the visible region, relatively
small reorganization energies (A1), and supramolecular complexation with fullerenes, leading to
highly ordered supramolecular architectures.”  Specifically, porphyrin-fullerene composites have
been successfully assembled on electrodes to exhibit efficient photocurrent generation.’® However,
the light-harvesting properties of porphyrins are still insufficient in the near infrared (NIR) region,
which precludes further improvement of the photocurrent generation efficiency in the
photoelectrochemical devices. Thus, exploration of a new class of donors exhibiting excellent
light-harvesting properties in the NIR region is highly desirable to attain efficient solar energy
conversion.

Phthalocyanines and chlorophylls®™ have also been used as electron donors linked with
fullerenes owing to their excellent light-harvesting properties in the NIR region. Although
phthalocyanines are known to be stable, lifetimes of the charge-separated state in
phthalocyanine-fullerene linked dyads are shorter by several orders of magnitude than those in the
porphyrin-fullerene linked dyads.® On the other hand, lifetimes of the charge-separated state in
chlorophyll-fullerene linked dyads are comparable to those in the porphyrin-fullerene linked
systems,*® but chlorophylls suffer from instability under illumination.

Arylene tetracarboxylic bisimides are potential candidates for optical devices** including
organic light-emitting diodes,*®> photovoltaic devices,'® and optical switches,'” for reasons of their
outstanding chemical, thermal, and photochemical stability, facile and high-yield synthetic method,
and good light-harvesting and light-emitting properties. So far, several perylenediimide (PDI)-Cg
linked systems have been prepared.'® Nevertheless, their excited-state dynamics are dominated by
energy transfer (EN) from the excited singlet state of the PDI to the Cgo, probably due to the poor
electron-donating ability of the PDI.  As such, no unambiguous evidence for ET from the excited
state of PDI to Cg has been given spectroscopically. In accordance with the results, the cell
performance of dye-sensitized solar cells™ and photoelectrochemical devices*®® with use of PDIs
as electron donor have been limited by reason of the poor electron-donating ability of their excited
states.

9a,11
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Since PDIs possess a large n-system, the electronic properties of PDIs can be controlled by the
introduction of substituents at their perylene core.’ For example, amine-substituted PDIs reveal
strong electron-donating ability together with excellent light-harvesting properties in the NIR
region.?!  Although there are a few studies on amine-substituted PDIs as electron donors,? their
ET parameters including reorganization energy and electronic coupling matrix element (V) have yet
to be determined experimentally.

In Chapter 6, the author has reported the synthesis and preliminary photophysical properties of
an amine-substituted PDI-Cg linked dyad together with reference compounds PDI-ref and Cgo-ref
(Chart 1).2 The electronic properties of the PDI moiety were modulated by the substitution of
electron-donating pyrrolidines at a perylene core,® resulting in low first oxidation potential and
intense absorption in the NIR region. Unambiguous evidence for the photoinduced ET from the
excited singlet state of the PDI moiety to the Cgp moiety was obtained in benzonitrile by the
picosecond transient absorption measurements. In this chapter, the author will describe the
detailed excited-state dynamics of PDI-Cg in various solvents by means of pico- and nanosecond
time-resolved transient absorption spectroscopic and fluorescence lifetime measurements. The
excited-state dynamics and the ET properties have been evaluated in light of Marcus theory of ET.

Chart 1.

PDlI-ref
(Ar = 3,5-di-tert-butylphenyl)

2. Result and Discussion
2.1. Absorption and Steady-State Fluorescence Spectra.

UV-vis-NIR absorption spectra of PDI-Cgo, PDI-ref, and Cgo-ref were measured in benzonitrile,
pyridine, o-dichlorobenzene, and toluene (Figure 1). For instance, the absorption spectrum of
PDI-Cgo in benzonitrile (Figure 1a) is virtually the superposition of the spectra of PDI-ref and
Ceo-ref, implying that there is no significant interaction between the PDI and the Cg moieties in the
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Figure 1. UV-vis-NIR absorption spectra of PDI-Cg (solid line), PDI-ref (dashed line), and Cgo-ref
(dotted line) in (a) benzonitrile, (b) pyridine, (c) o-dichlorobenzene, and (d) toluene.

ground state. The absorption spectrum of PDI-Cgy in benzonitrile reveals strong absorption at
around 600-800 nm and relatively weak absorption at 300 and 430 nm that come from the PDI
moiety, together with strong absorption at 300-400 nm from the Cgop moiety. This demonstrates
that a combination of pyrrolidine-substituted PDI and fullerene is an excellent system to harvest
light in the visible and NIR regions. Similar spectra are obtained for PDI-Cg, PDI-ref, and Cgo-ref
in pyridine, o-dichlorobenzene, and toluene (Figure 1b-d). It is noteworthy that the spectral shapes
of PDI-Cg in the NIR region, namely, the strong absorption at 700 nm and a shoulder at 650 nm,
reveal that the PDI moiety exists as a monomer rather than as a n—m stacked aggregate in solution,
because the aggregates of pyrrolidine-substituted PDI are known to exhibit the inverse spectral
shapes in the NIR region, strong absorption at 650 nm and a shoulder at 700 nm.?

Figure 2a shows steady-state fluorescence spectra of PDI-Cgo, PDI-ref, and Cgo-ref measured in
benzonitrile with an excitation wavelength of 430 nm where the absorbances of the samples are
identical. The shape of steady-state fluorescence of PDI-Cg is almost the same as that of PDI-ref,
showing that there is no apparent interaction between the PDI and Cgo moieties in the excited state.
Fluorescence from the Cgo excited singlet state ("Co") at 700-800 nm**?* could not be detected for
PDI-Cg because of the extensive overlapping with the emission from the PDI moiety at 700-800
nm in addition to the low fluorescence quantum vyield of the Cg moiety. Actually, the
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Figure 2. Steady-state fluorescence spectra of PDI-Cg (solid line), PDI-ref (dashed line), and
Ceo-ref (solid line with circles) in (a) benzonitrile. (b) pyridine, (c) o-dichlorobenzene, and (d)
toluene with an excitation wavelength of 430 nm where the absorbances of the compounds are
identical. The spectra of PDI-Cgy are also normalized at the emission maxima for comparison
(dotted line).

intensity of Cgo-ref is negligible compared to that of PDI-ref in benzonitrile (Figure 2a). The
fluorescence intensity of PDI-Cg is strongly reduced compared to that of PDI-ref, suggesting that
the excited singlet state of the PDI moiety (*PDI") is quenched by the Cg, moiety via photoinduced
ET and/or EN. Similar fluorescence behavior is noted for PDI-Cgg in pyridine, o-dichlorobenzene,
and toluene (see Figure 2b-d). It is interesting to note that the fluorescence intensity of PDI-Cg
relative to PDI-ref in toluene (Figure 2d) is moderate in comparison with those in the polar solvents
(i.e., benzonitrile, pyridine, and o-dichlorobenzene). The energy levels of the lowest singlet
excited state (AEg.g) of the PDI moiety were determined as 1.70 eV in benzonitrile, 1.71 eV in
pyridine, 1.73 eV in o-dichlorobenzene, and 1.76 eV in toluene, respectively, based on the
intersection of the absorption and fluorescence spectra in each solvent (Table 1). The difference in
the relative fluorescence intensities of PDI-Cgy between the nonpolar and polar solvents will be
discussed later in terms of the energy levels of the PDI (1.70-1.76 eV) and the Cg, moiety (1.75
eV)? as well as driving forces for photoinduced ET from the 'PDI” to the Cg in each solvent (vide
infra).
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Table 1. One-Electron Redox Potentials (vs Fc/Fc*) in Various Solvents, Energy Levels of
Lowest Singlet Excited State (AEq.o) of PDI Moiety, and Driving Forces for Electron Transfer.

compound solvent E%/eV E’q/eV AEgo/ —AG%s/eV —AG c/eV
eV
PDI-Cego benzonitrile® 0.18 -1.05 1.70 0.47 1.23
pyridine® 0.19 -1.03 1.71 0.49 1.22
o-dichlorobenzene”  0.18 -1.26 1.73 0.29 1.44
toluene c c 1.76 <-0.08" >1.84°

PDI-ref benzonitrile? 0.17
pyridine® 0.19

o-dichlorobenzene®  0.19

Ceo-ref benzonitrile? -1.05
pyridine® -1.02
o-dichlorobenzene® -1.25

0.1 M TBAPF; as supporting electrolyte. °0.04 M TBAPFg as supporting electrolyte. °Not measured. “Calculated
by using eqgs 1-3 with the E%, and E°.4 values in o-dichlorobenzene.

2.2. One-Electron Redox Potentials and ET Driving Force.

An accurate determination of the driving force (-AG%r) for all the intramolecular ET processes
requires measuring the redox potentials of PDI-Cgo, PDI-ref, and Cgo-ref in various solvents. The
differential pulse voltammetry was performed in benzonitrile, pyridine, and o-dichlorobenzene
solutions containing the same supporting electrolyte (i.e., 0.1 M n-BusNPFg). The author did not
measure the redox potentials in toluene, because a high concentration of an electrolyte is required
for the electrochemical measurements in nonpolar solvents such as toluene, which results in
negative shift of oxidation potential and positive shift of reduction potential compared to those in
the absence of an electrolyte.”® Table 1 summarizes all the redox potentials of the investigated
compounds.  The first one-electron oxidation potential (E%y) of PDI-ref (0.17 V vs
ferrocene/ferricenium (Fc/Fc*)) and the first one-electron reduction potential (E%eq) of Ceo-ref in
benzonitrile (-1.05 V vs Fc/Fc®) are virtually the same as those of PDI-Cg in benzonitrile (0.18,
-1.05 V vs Fc/Fc®).  Similar electrochemical behavior is noted in pyridine and o-dichlorobenzene.
These results imply that electronic interaction between the PDI and Cgo moieties is negligible in the
ground state.

The driving forces (-AGOcg in eV) for the intramolecular CR processes from the Cg radical
anion (Cgo™) to the PDI radical cation (PDI**) are calculated by eq 1, where e stands for the

118



elementary charge.**?’

—AG “cr = €[E x (D*/D) - E%rea (MA™) |+ AG, (1)

The correction term (AG) for the effects of solvent polarity and Coulombic energy between radical
cation and radical anion is calculated by eq 2, where Rp and Ra are the radii of donor and acceptor,
Rec is the center-to-center distance between the donor and acceptor, & is the static dielectric
constant of the solvent of interest, & is the static dielectric constant of the solvent in which the

redox potentials are measured, and & is the permittivity of vacuum, respectively.*%’

2
AG,—-° ([ N EE
4my|\2Rp  2Ra R l&) \2Rp 2R, e

The calculated AG; values in PDI-Cgo with a moderate center-to-center distance (Rec = 15.3 A) are

found to be negligible (<0.1 eV) in solvents with high or moderate polarity (benzonitrile (& = 25.2),
pyridine (& = 12.9), o-dichlorobenzene (& = 10.1)). Thus, the —AGOcr values (in eV) in
benzonitrile, pyridine, and o-dichlorobenzene, are calculated by eq 1 without the correction term
(Table 1). By contrast, the driving forces for the intramolecular CS processes (-AGO¢s in eV)
from the PDI singlet excited state to the Cgo are determined by eq 3.%4%’

~AG s =AE,, +AG R (3)

The —AGOcg values are also listed in Table 1. The —AGOcs and —AGOcr values in toluene are
estimated by using the redox potentials in o-dichlorobenzene, and assuming Rp = 7.6 A,Ra = 4.4 A,
and Rec = 15.3 A for PDI-Cgp.  The calculated ~AGOcs and —~AGOcg values in toluene correspond to
upper and lower limits for the correct ones, respectively, owing to overestimation of the solvent
polarity in toluene.™

2.3. Fluorescence Lifetime Measurements.

The fluorescence lifetimes (z) of PDI-Cgy and PDI-ref in benzonitrile and toluene were
measured with a time-correlated single-photon counting apparatus by using an excitation at 400 nm
where the absorption ratio of the PDI and Cgo moieties is ca. 1:1 in benzonitrile and toluene (Figure
3). The fluorescence decay was monitored at 750 nm in benzonitrile and 720 nm in toluene, which
correspond to the emission maxima of the PDI chromophore. No emission from the Cgy moiety
was detected for PDI-Cgo, even at 720 nm (vide supra) where the emission maximum of Cgo-ref
appears.”®  The fluorescence decays can be well-fitted by the single-exponential decay
component and the fluorescence lifetimes are listed in Table 2. The fluorescence lifetime of
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PDI-ref in benzonitrile (zz = 2.8 ns) is significantly shorter than that in toluene (z = 4.2 ns), which
is consistent with the red-shift of the emission maxima with an increase in solvent polarity (Figure
2). In benzonitrile, the fluorescence lifetime of PDI-Cgp (7x = 0.19 ns) is much shorter than that of
PDI-ref, which is in good agreement with the strong quenching of the steady-state fluorescence
intensity in PDI-Cg relative to PDI-ref in the polar solvents (vide supra). Taking into account the
facts that (i) the AEq.g value of the PDI moiety (1.70 eV) in benzonitrile is lower than that of the Cg
moiety (1.75 eV)?® and (ii) the -AGOcs value from the 'PDI” to the Ce (0.47 eV) is positive,
photoinduced ET from the 'PDI” to the Cq is likely to take place in benzonitrile. In contrast, the
fluorescence lifetime of PDI-Cg in toluene (z = 2.2 ns) is shortened moderately in comparison with
that of PDI-ref in toluene. Considering that (i) the AEg.g value of the PDI moiety (1.76 eV) in
toluene is slightly higher than that of the Cgo moiety (1.75 eV) and (ii) the -AGOs value from the
'PDI” to the Cgo (<-0.08 eV) is negative, EN rather than ET is suggested to occur from the *PDI” to
the Cgo moiety in toluene (vide infra).
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Figure 3. Fluorescence decay curves of PDI-Cg (solid line) and PDI-ref (dotted line) in (a)
benzonitrile observed at 750 nm and (b) toluene observed at 720 nm. The excitation wavelength is
400 nm where the absorption ratio of the PDI and Cgo moieties in PDI-Cg is ca. 1:1 in benzonitrile
and toluene.

0

Table 2. Fluorescence Lifetimes (z), Rate Constants (ky), and Quantum Yields (@) for
Quenching Processes in *PDI".

compound solvent #ins kst @f

PDI-Cso  benzonitrile  0.19  5.0x10° 0.93
toluene 2.2 23x10%  0.49
PDI-ref benzonitrile 2.8

toluene 4.2
% The fluorescence decay curves were fitted by single-exponential
decay component. P The rates were calculated by the following
equations; kg = 1/7 (PDI-Cgo) — 1/7 (PDI-ref). © The quantum yields
were calculated by the following equation; @, = kq x 7 (PDI-Cqgp).
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2.4. Picosecond Transient Absorption Measurements.

At first, the photodynamics of PDI-ref was investigated for the better understanding of the
more complex behavior of PDI-Cg. Picosecond time-resolved transient absorption spectra of
PDI-ref were recorded by using the pump-probe technique with an excitation wavelength of 415 nm.
Multiexponential global fittings were applied to transient absorption decay curves at different
wavelengths. The component spectra are shown in Figure 4. The major component spectra with
characteristic ground state bleaching at around 700 nm and broad absorption at around 950 nm can
be assigned to the differential absorption spectrum of the PDI* on the basis of the fact that the
lifetimes of the major components (2.6 ns in benzonitrile and 4.6 ns in toluene) are almost the same
as the fluorescence lifetimes of PDF-ref (2.8 ns in benzonitrile and 4.2 ns in toluene). The
transient absorption spectra of 'PDI* in PDI-ref parallel those in similar pyrrolidine-substituted
perylenediimide with lifetimes of 3.0 ns in 2-methyltetrahydrofuran and 4.5 ns in toluene.”® The
minor component spectra with much shorter lifetimes (3.5 ps in benzonitrile and 7.5 ps in toluene)
may arise from a thermal vibrational relaxation of the higher excited singlet states of the PDI
moiety to the lowest one.
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Figure 4. Picosecond transient absorption decay component spectra of PDI-ref in (a) benzonitrile
and (b) in toluene obtained by the picosecond transient absorption measurements with an excitation
wavelength of 415 nm. Lifetimes of each component spectrum are given in the figures.

Picosecond time-resolved transient absorption spectra of the PDI-Cgy Were also recorded using
the pump-probe technique with the same excitation wavelength of 415 nm where the absorption
ratio of the PDI and the Cgo moieties is ca. 3:1 in benzonitrile, pyridine, and o-dichlorobenzene, and

toluene. It could be difficult to excite the Cgo moiety selectively under the experimental conditions
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employed here as a result of the extensive overlapping of the absorption spectra of the PDI and Cgp
moieties. Multiexponential global fittings were also applied to transient-absorption decay curves
at different wavelengths. The transient absorption spectra of PDI-Cg in benzonitrile have been
already discussed in Chapter 6 (Figure 5). CR (kcr=1.7 x 10'° s, zcr = 60 ps) is faster than CS
(kes=5.9 x 10° s, 7c5 = 170 ps) in benzonitrile. The quantum yield for CS from the 'PDI* to the
Ceo Is estimated to be 0.93 in benzonitrile (Table 2). The recalculated differential spectra of the
'PDI* and the charge-separated states are again shown in Figure 5b.
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Figure 5. (a) Picosecond transient absorption decay component spectra of PDI-Cg in benzonitrile
with an excitation wavelength of 415 nm. Lifetimes of the components are given in the figure. (b)
Recalculated differential absorption spectra of PDI* (solid line with squares) and that of
PDI™*-Cgo™ (solid line with close circles) in benzonitrile.

The slow CS and fast CR of PDI-Cg in benzonitrile are quite different from fast CS and slow
CR in the other donor-linked Cg dyads in polar solvents,”’ suggesting a large reorganization
energy of PDI-Cg relative to the other donor-linked Cgo dyads (vide infra). Similar transient
absorption decay component spectra of PDI-Cgo With three-exponential fittings are also obtained in
o-dichlorobenzene (Figure 6a) and pyridine (Figure 6¢). The recalculated differential spectra of
the 'PDI* and the charge-separated states (Figure 6b and 6d) agree well with those in benzonitrile
(Figure 5b). Thus, the rate constants of CS and CR for PDI-Cg obtained in benzonitrile, pyridine,
and o-dichlorobenzene are summarized in Table 3. With increasing the solvent polarity, the kcs
value increases slightly, whereas the kcg value increases significantly, which is typical behavior of
CS and CR processes in donor-acceptor linked dyads.**?
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Figure 6. Picosecond transient absorption decay component spectra of PDI-Cg in (a)
o-dichlorobenzene and (c) pyridine with an excitation wavelength of 415 nm. Lifetimes of the
components are given in the figures. Recalculated differential absorption spectra of *PDI* (solid
line with squares) and that of PDI"*-Cg™™ (solid line with close circles) in (b) o-dichlorobenzene and
(d) pyridine are also shown.

Table 3. Rate Constants of CS (kcs) and CR
(kCR) in PD|-C60.

solvent kes / sH2 ke /sh?
benzonitrile 5.9 x 10° 1.7 x 10%
pyridine 4.0 x 10° 1.6 x 10%°

o-dichlorobenzene 2.9 x 10° 6.3 x 10°

% Determined by using picosecond transient absorption
measurements.

The photodynamics of PDI-Cg in nonpolar solvents are quite different from those in the polar
solvents (i.e., benzonitrile, pyridine, and o-dichlorobenzene). The component spectra of PDI-Cg
in toluene are given in Figure 7. Two-exponential fittings yield a reasonably small mean square
deviation value. The minor short-lived component (z= 45 ps) may originate from the thermal
vibrational relaxation of the higher excited singlet states of the PDI moiety to the lowest one, as in
the case of PDF-ref. The component with the long lifetime (z= 1.1 ns) exhibits a characteristic
absorption with a minimum at around 700 nm and maximum at 950 nm, which is similar to that of
the major component of PDI-ref due to the lowest excited singlet state of PDI (Figure 4b). The
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lifetime of the major component spectrum (1.1 ns) is close to the fluorescence lifetime of PDI-Cg
in toluene (2.2 ns), and is shorter than that of PDI-ref (4.2 ns). The charge-separated state could
not be detected in toluene owing to the higher energy level of the charge-separated state (>1.84 eV)
due to the destabilization in the nonpolar solvent (vide supra). These results also support the
occurrence of slow singlet-singlet EN (ken = 2.3 x 10° s, estimated from the results of the
fluorescence lifetime measurements) from the 'PDI* moiety (1.76 eV) to the Cgo moiety (1.75 eV)
with a quantum yield of 0.49 (Table 2). The *Cgo state is known to undergo intersystem crossing
to the Cgo excited triplet state (*Cgo ) with a time constant of 7.1 x 10° s*,%° which is larger than that
of the singlet-singlet EN from the 'PDI* to the Cg. This justifies no detection of the Cgo excited

singlet state (*Cgo’) in the picosecond transient absorption measurements.
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Figure 7. Transient absorption decay component spectra of PDI-Cg in toluene with an excitation
wavelength of 415 nm. Lifetimes of the components are given in the figure.

2.5. Nanosecond Transient Absorption Measurements.

Nanosecond time-resolved transient absorption spectra of PDI-Cg in benzonitrile and toluene
were recorded to examine the deactivation processes relating to the PDI excited triplet state (*PDI")
and 3Cg,~ with an excitation wavelength of 532 nm where the absorption ratio of the PDI and the
Ceo moieties is ca. 1:1 (Figure 8). Characteristic absorption is seen in benzonitrile and toluene at
around 500, 800, and 1140 nm, which can be assigned to the 3PDI".?® The assignment is also
supported by the nanosecond transient absorption measurements on a mixture of PDI-ref and
Ceo-ref in which similar absorption arising from intermolecular triplet-triplet EN from the *Cgo"
(1.75 eV)® to the PDI (1.07-1.19 eV)® to yield °PDI" is obtained in toluene (Figure 9). The
transient absorption spectrum at around 700 nm due to the 3Cg;” could not be detected owing to the
scattering of strong fluorescence from the *PDI” moiety. It is noteworthy that the quantum yield
for the *PDI” formation in benzonitrile is smaller by a factor of 1/4 than that in toluene (Figure 8).
Judging from an extremely small quantum vyield for the intersystem crossing from the excited
singlet state of perylenediimide derivatives (0.0001),*° the °PDI" state (1.07-1.19 eV)? in
benzonitrile is generated mainly from the charge-separated state (1.23 eV) with a time constant of
108-10° s, where both pico- (>10° s™) and nano- (<10® s™) second transient absorption
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Figure 8. Nanosecond transient absorption spectra of PDI-Cg in (a) benzonitrile and (b) toluene
at the time delay of 0.1 us (solid line with open circles) and 1 us (solid line with closed circles)
after laser excitation at 532 nm with the absorption ratio of the PDI and the Cgo moieties is ca. 1:1.
Insets show transient absorption time profiles at 440 nm and 1140 nm.
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Figure 9. Nanosecond transient absorption spectra of a mixture of PDI-ref (1.0 mM) and Cgo-ref
(0.11 mM) in toluene with a time delay of 0.1 us (solid line with open circles) and 1 us (solid line
with closed circles) after laser excitation at 532 nm. Inset shows transient absorption time profile
at 1140 nm exhibiting a rise with a time constant of 0.29 us.

author to probe formation of the *PDI” state (Scheme 1).  The time constant (10%-10° s) is much

smaller than the keg value in benzonitrile (1.7 x 10'° s%), which agrees well with the low quantum

yield for the *PDI" formation (@spp<) in benzonitrile relative to toluene (vide infra). The pico-
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and nanosecond time-resolved transient absorption measurements did not give any information on
CS from the Cgp excited singlet and triplet states irrespective of the significant excitation of the Cg
moiety in PDI-Cg at 415 and 532 nm. Nevertheless, given the positive —AGOs values from the
PDI to the 'Cg (0.52 eV) and from the PDI to the 3Cg (0.27 eV), which is produced via the
intersystem crossing of 'Cgo (7.1 x 10% s%), photoinduced CS may also occur from the PDI to the
1Cso and to the 3Cgo” to yield the charge-separated state (Scheme 1).

On the other hand, in toluene, the nanosecond transient absorption at 1140 nm due to the *PDI”
rises (400 ns) simultaneously with decay of the absorption at 440 nm due to the *Cgo (430 ns) with
almost the same time constant (insets of Figure 8b). This observation reveals the occurrence of
EN from the ®Cg (1.50 eV)® to the PDI (1.07-1.19 eV).?® Totally, in toluene, initial
singlet-singlet EN takes place from the 'PDI* to Cg, followed by the intersystem crossing and
subsequent triplet-triplet EN from the 3Cgo (1.50 eV) to the PDI to yield the *PDI* state (Scheme
2).

Scheme 1. Excited-State Dynamics of PDI-Cg in Benzonitrile.

benzonitrile
PDI-1Cgp*
1PDI*-Cqg .
175eV |
1.70 eV !
59x10%s?
; PDI-3Ceo* ¥
PDI"-Ceo™  § _6”
10%-10° 57 em— 1.50 eV
PDICq "  [L23eV
1.07-1.19 eV 17x 10101
PDI-Cgg

Scheme 2. Excited-State Dynamics of PDI-Cg in Toluene.

toluene PDI"-Cgo™
'PDI*-Cgo 2.3x108s
1.76 eV ——
1.75 eV
7.1x 10851
PDI-3Cgo*
1.50 eV
3PDI*-Cg
I
1.07-1.19 eV
I
PDI-Cgg

2.6. Driving Force Dependence of Photoinduced CS and CR Rates.
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To quantify the driving force dependence on the ET rate constants (ket) in polar solvents (i.e.,
benzonitrile, pyridine, and o-dichlorobenzene), eq 4 is employed, where V is the electronic coupling
matrix element, kg is the Boltzmann constant, h is the Planck constant, and T is the absolute
temperature.’®®  The reorganization energies of PDI-Cg in benzonitrile, pyridine, and
o-dichlorobenzene are assumed to be identical under the ET analysis, because of high polarity of the
employed solvents (&=10.1-25.2) and the moderate Ree value (6.9 A).3**

1 2
3 )2 AG%T + 1
kET :( 4n J VZEX _g

hZ kT gt | @

12

[EEN
o

(o]

log (ket/s™)

00 04 0.8 1.2 1.6
—AGO% / eV
Figure 10. Driving force (-AG’zr) dependence of intramolecular ET rate constants (ker) for
PDI-Cg in benzonitrile (CS: closed circle; CR: open circle), in pyridine (CS: closed square; CR:
open square), and in o-dichlorobenzene (CS: closed triangle; CR: open triangle). The curve
represents the best fit to eq 4 to give 4= 0.86 eV and V = 13 cm™.

Chart. 2
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Figure 10 displays the logker versus -AG et plots for PDI-Cgo. The best fit of eq 4 provides A = 0.86
eV and V = 13 cm™. The A value of PDI-Cg with the Ree value of 6.9 A is considerably larger
than those reported previously for the porphyrin-Cg linked dyads (Chart 2: 0.51 eV (MP-1m-Csgy),
0.66 eV (ZnP-CONH-Cg)), irrespective of similar Ree values (5.9 A (MP-Im-Cg), 11.9 A
(ZnP-CONH-Cg)).****  The large A value of PDI-Cq rationalizes the unusual slow CS and the fast
CR in PDI-Cg relative to those in the porphyrin-Cg linked dyads. The Marcus plot also predicts
the small ET value (~10° s™) for the CR from the charge-separated state to the *PDI* state, which is
consistent with the corresponding value (10%-10° s™) estimated from the transient absorption studies,
together with the low quantum yield for the formation of *PDI* in benzonitrile (vide supra) due to
the fast CR to the ground state. The V value can be also correlated with the Ree value, according to
eq 5:%

2InV=2InVy- R, (5)

Hereby, V, refers to the maximal electronic coupling element, while £ is the decay coefficient factor,
which primarily depends on the nature of the bridging molecule. The plot is fitted well with the
previously reported straight line, including the porphyrin-fullerene linked systems™ to yield Vo = 85
cm™ and B = 054 A (Figure 11). This also confirms the validity of analysis for the ET rate
constants in PDI-Cg based on eq 4.

Ree ! A

Figure 11. Edge-to-edge distance (Ree) dependence of electronic coupling matrix element
(In[V/cm™]) in PDI-Cg (circle), ZnP-CONH-Cg, dyad (square),® Fc-ZnP-Cgo triad, Fc-HyP-Ceo
triad, ZnP-H,P-Ceo triad (diamond),? and Fc-ZnP-H,P-Cg tetrad (triangle).?® The line represents
the best fit to eq 5 (8= 0.54 A, Vo = 85 cm™).

2.7. Theoretical Comparison of Reorganization Energies.
The large A value of PDI-Cg relative to those of the porphyrin-Cgo linked dyads would arise
from the large A value of the PDI moiety compared to those of the porphyrins. Reorganization
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energy is a sum of vibrational reorganization energy (A,), associated with changes in the nuclear
positions of the species undergoing ET, and solvent reorganization energy (As), associated with
solvent reorientation. The solvent reorganization energy is calculated by eq 6:

ﬁ_ez[1+1_ii_i ;
P 4ng\ 2Ry 2Rp R h&gy & ()

where &, is the optical dielectric constant. Given the Rp = 7.6 A for PDI, Rp = 5.0 A for porphyrin,
Ra = 4.4 A for Cg, and the R values (15.3 A for PDI-Cg, 9.4 A for MP-Im-Cg, 18.0 A for
ZnP-CONH-Cg), the As value of PDI-Cgy in benzonitrile is calculated to be 0.64 eV, which is
similar to or even smaller than those of MP-Im-Cg (0.60 V) and ZnP-CONH-Cg (0.89 eV) in
benzonitrile. The classical eq 6 for estimating the As term does not accommodate the difference in

the A values. To shed light on the discrepancy, the author also performed B3LYP calculation with
the 6-31G(d) basis set to optimize the structures of pyrrolidine-substituted perylenediimide and
porphyrin radical cations and neutral states (Chart 3). The calculated electrons are spread over all
the molecules of the radical cations and the difference in the electron densities of each atom
between the neutral and oxidized states is comparable in the two molecules (Figure 12).

Chart 3.
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Figure 12. Electron distribution of (a) PDI (pseudo-C, symmetry) and (b) porphyrin (pseudo-D
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symmetry) radical cations. Black = N, gray = C, and white = O. Hydrogens are omitted for
clarity. Electron distribution on atoms without values is lower than 0.02.

In contrast, significant change is found in the C-N bond length between the perylenediimide
core and the pyrrolidine substituents (0.030 A) as well as the sum of the bond angles around the
nitrogen atoms of the pyrrolidine rings (3.6°) (Figure 13). Note that the structural distortions
between the neutral and radical cation states of the porphyrin are negligible. Actually, the
calculated A, value of the PDI (0.31 eV) is significantly larger than that of the porphyrin (0.059 eV)
(Table 4, Appendix).®*** Therefore, the theoretical comparison leads to the conclusion that the
large A, value of the PDI moiety is responsible for the large 4 value of the PDI moiety compared to
the porphyrin.  The large A, value of the PDI moiety stems from a relatively large conformational
change in the pyrrolidine groups at the PDI moiety accompanied by one-electron oxidation.

Figure 13. Energy-minimized structures of (a) perylenediimide neutral state and (b) radical cation.
Hydrogen atoms are omitted for clarity. Black = N, gray = C, and white = O. Structural
parameter in the pyrrolidine group at one side of the perylenediimide core is shown in terms of
bond length and angle, while that at the other side are omitted because of pseudo-C, symmetry.

TABLE 4. Reorganization energies of the neutral (4,) and the radical cation (Zion) states and the
vibrational reorganization energy (A,) of PDI and porphyrin.

/1n / eV /1i0n / EV /1\/a / eV

PDI 0.156 0.156 0.312

porphyrin 0.030 0.029 0.059

% The total vibrational reorganization energy A, is
calculated as a sum of A, and Aign.

3. Conclusion
The author has successfully examined the photophysical properties and the photodynamics of
the electron-donating, pyrrolidine-substituted perylenediimide-Cg linked dyad in details for the first
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time. A combination of pyrrolidine-substituted perylenediimide and Cg is found to be an
excellent system for harvesting light in the visible and near infrared regions. Photoinduced
electron transfer occurs from the perylenediimide excited singlet state to the Cgg in the picosecond
time scale to generate the charge-separated state in the polar solvents (benzonitrile, pyridine, and
o-dichlorobenzene), showing that the dyad is a new class of artificial photosynthetic model in terms
of charge separation. In contrast, in the nonpolar solvents (i.e., toluene), singlet-singlet energy
transfer takes place from the perylenediimide to the Cgp, followed by intersystem crossing to the Cgo
excited triplet state and subsequent triplet-triplet energy transfer to yield the perylenediimide
excited triplet state. Rate constants of the charge recombination in the polar solvents are found to
be comparable to or even larger than those of the charge separation, which is in sharp contrast with
electron transfer behavior in typical donor-Cg linked systems. The reorganization energy (0.86
eV) of the perylenediimide-Cgo linked dyad in polar solvents is significantly larger than those of
similar porphyrin-Cgo linked dyads (0.51-0.66 eV) in which both have comparable edge-to-edge
distances between donor and acceptor. The quantum chemical calculations reveal that the large
reorganization energy of the perylenediimide-Cgo linked dyad relative to the porphyrin-Cg linked
dyads stems from a relatively large conformational change in the pyrrolidine groups at the
perylenediimide moiety associated with one-electron oxidation. Such a relationship among the
molecular structure, the electron-transfer properties, and the electron-transfer parameters including
reorganization energy and electronic coupling matrix element will be useful for the molecular
design of artificial photosynthetic systems including molecular photoelectrochemical devices.
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Experimental Section

Spectral Measurements. Steady-state absorption spectra were measured with a Lambda 900
(Perkin-Elmer) UV/vis/NIR spectrometer with a data interval of 0.5 nm. These spectra were taken
with about 10°-10° M solutions in a quartz cell with pathlength of 1 cm. Steady-state
fluorescence spectra were measured with a FluoroMax-3 (JOBIN YVON, HORIBA)
spectrofluorophotometer with a data interval of 1 nm. These spectra were taken with about 10° M
solutions in a quartz cell with pathlength of 1 cm.  Solvents were degassed by bubbling with argon
before use. Spectral grade toluene (Wako) and HPLC grade benzonitrile (Aldrich) were used for
these measurements. Pyridine (Wako) and o-dichlorobenzene (Aldrich) were distilled from
sodium and calcium hydride, respectively, before use. Fluorescence lifetimes were measured by a
single-photon counting method using a second harmonic generation (SHG, 400 nm) of a
Ti:sapphire laser (Spectra-Physics, Tsunami 3950-L2S, 1.5 ps fwhm) and a streakscope
(Hamamatsu Photonics, C4334-01) equipped with a polychromator (Acton Research, SpectraPro
150) as an excitation source and a detector, respectively.®*® A pump-probe method was used to
measure transient absorption spectra in the picosecond time domain. The measurements were
carried out with the instrument described previously.®” The transient spectra were recorded by a
CCD detector coupled with a monochromator in the visible and NIR ranges. The second harmonic
(415 nm) of the Ti:sapphire laser was used for the excitation. In addition, the samples were
excited at 555 nm using an optical parametric amplifier (CDP 2017, CDP Inc., Russia) after
multipass femtosecond amplifier and mixing base harmonic with idle beam of the parametric
amplifier. A typical time resolution of the instrument was 200-300 fs (fwhm). Nanosecond
transient absorption measurements were carried out with SHG (532 nm) of a Nd:YAG laser
(Spectra-Physics, Quanta-Ray GCR-130, fwhm 6 ns) as an excitation source.*® For transient
absorption spectra in the NIR region (600-1600 nm), monitoring light from a pulsed Xe lamp was
detected with a Ge-avalanche photodiode (Hamamatsu Photonics, B2834). Photoinduced events
in nano- and microsecond time regions were estimated by using a continuous Xe-lamp (150 W) and
an InGaAs-PIN photodiode (Hamamatsu Photonics, G5125-10) as a probe light and a detector,
respectively.

Quantum Chemical Calculations. The initial geometries for the optimization procedure of
the neutral molecules were based on the structures built on Chem 3D by MM2. The geometry
optimization calculations were performed with the Gaussian 03 program® with an HPC2500
computer at the PM3 level, followed by the B3LYP/6-31G(d) level. The frequency analyses were
performed at the same level. The initial geometries of the radical cation states were based on the
structures optimized for the neutral molecules and the geometry optimizations and the frequency
analyses were performed at the UB3LYP/6-31G(d) level. The energies of the neutral and radical
cation states were also calculated by the B3LYP/6-31G(d) and UB3LYP/6-31G(d) levels,
respectively.

Electrochemical measurements.  Differential pulse voltammetry measurements were
performed on an ALS660A electrochemical analyzer in deaerated benzonitrile containing 0.1 M
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TBAPFg as a supporting electrolyte. A conventional three-electrode cell was used with a glassy
carbon working electrode and a platinum wire as a counter electrode. The measured potentials
were recorded with respect to the Ag/AgNOs reference electrode. The first oxidation potential of
ferrocene used as a standard is 0.37 V versus saturated calomel electrode in CH,Cl, under the
present experimental conditions.

Appendix: Theoretical evaluation of reorganization energy.

To evaluate the A, value in the present systems, let us consider reorganization energy in
self-exchange ET reaction (Aex) Where A4 (= As+ Ay) is an average of the Aex values of donor and
acceptor. The A, value in the self-exchange ET reaction between D and D™ is the sum of the A,
values of the initial neutral state (4,) and of the radical cation state (Aion). The reorganization
energies are given by egs 7 and 8:%

ﬂ'n = EnHL_En0 (7)

ﬁ“ion = Eion0 - Eion.+ (8)

where E,” and E,” are the energies of the neutral states at the bottom of potential well (state 1) and
with the same distortion coordinate as that at the bottom of potential well for the radical cation
(state 4) and Eio,™* and Eio° are the energies of the radical cation states at the bottom of potential
well (state 3) and with the same distortion coordinate as that at the bottom of potential well for the
neutral state (state 2) (Scheme 3).

Scheme 3.
“ radical cation

-- state 2

neutral
/1ion

----- --- state 3
Il Ne)~N

————— state 4

}
state 1

—

Coordinate

The quantum chemical calculations were performed for the cores of perylenediimide and
porphyrin to estimate these energies (Chart 3). The geometries were optimized by the restricted
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and unrestricted DFT for the neutral and radical cation states using the B3LYP functional and the
6-31G(d) basis set. The calculated reorganization energies are summarized in Table 4.
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Chapter 8

Electron-Donating Perylene-Tetracarboxylic Acids
for Dye-Sensitized Solar Cells
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Abstract

Novel perylene imide derivatives with both electron-donating and bulky substituents have been
synthesized for dye-sensitized solar cells. The power conversion efficiency reached 2.6%, which
is the highest value among perylene-sensitized TiO; solar cells.
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1. Introduction

Recently, a great deal of effort has been devoted to developing efficient solar energy
conversion systems.' Among them, dye-sensitized solar cells have attracted much attention
because of their potential low cost and relatively high power conversion efficiency (77).> To date,
ruthenium polypyridyl complexes-sensitized TiO, electrodes have shown the highest 7 value (7 =
9-11%).2 However, in view of cost and enviromental demand, metal-free organic dyes are
strongly desired. In this context, various organic dyes have been developed for dye-sensitized
solar cells.®*°: 7

Perylene imides are well-known as chemically, thermally, and photophysically stable dyes and
have been utilized in various optical devices.® ”''° So far several perylene imides-sensitized
solar cells have been reported, but the 7 values remain low (7 < 1.9%) compared with other organic
dyes.' ' The origin of such limited cell performance is the poor electron-donating abilities of the
perylene imides, which makes it difficult to inject electrons from the excited perylene imide to the
conduction band (CB) of TiO; electrode efficiently.

O O
(@) (@) (@) O
VSIS S v
R-N O R-N N COOH
CHRS R
o o

iPr-PMI : iPr-PBI :

R = 2,6-diisopropylphenyl R = 2,6-diisopropylphenyl
Cy-PMI : Cy-PBI :

R = cyclohexyl R = cyclohexyl

Figure 1. Structures of perylene tetracarboxylic acid derivatives.

Recently, several groups ‘> '® have reported strongly electron-donating perylene

tetracarboxylic acid derivatives with amine substituents at their perylene core. The perylene
bisimide (PBI) linked to Cg has exhibited photoinduced electron transfer from the PBI excited
singlet state to the Cgo."?  On the basis of these results, the author designed novel electron-donating
perylene tetracarboxylic acid derivatives for dye-sensitized solar cells, as shown in Figure 1. In
the molecular design, the author considers the following points; (1) Multiple strongly
electron-donating substituents (i.e., two pyrrolidine) at the perylene core shift the first oxidation
potential to negative direction considerably.'* Thus, we can expect more exothermic electron
injection from the excited singlet state to the CB of the TiO, electrode, leading to efficient
photocurrent generation. Furthermore, such substitution would vary the light-harvesting ability in
the red-to-NIR region. (2) The degree of the dye aggregation on the TiO, electrode can be
modulated by the substituents (i.e., 2,6-diisopropylphenyl and cyclohexyl groups) at one imide end.
It should be noted that the electronic structures of the perylene n-systems are not affected by the
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substituents at the imide nitrogen because the frontier orbitals of these compounds have nodes at the
imide nitrogen and the anhydride oxygen atoms.'® (3) The nature of anchoring groups (i.e.,
acid anhydride and carboxylic acid) and the electronic coupling between the perylene core and the
TiO, surface would affect the cell performance greatly. ' °

2. Result and Discussion

The synthetic scheme is shown in Scheme 1. The starting material 1 was synthesized in the
previously reported manner,' 7 but the reaction mixture was found to contain 1,6-dibromo perylene
bisimide derivative. Thus, the substitution reaction by pyrrolidine afforded a mixture of the
1,7-dipyrrolidinyl, 1,6-dipyrrolidinyl, and 1-monopyrrolidinyl perylene bisimide derivatives. The
desired product was separated by alumina column chromatography to give 2 in 41% yield. The
partial saponification of 2 by an excess amount of KOH in t-butyl alcohol gave perylene monoimide
monoanhydride (PMI) iPr-PMI in 46% vyield. The cyclohexyl analogue, Cy-PMI, was
synthesized as previously described.’* On the other hand, the perylene bisimide dyes with
carboxylic group, iPr-PBI and Cy-PBI, were synthesized by the imidation of the PMI with the
protected p-carboxyaniline, followed by the acidic hydrolysis by the mixture of sulfuric acid and
trifluoroacetic acid. The products were characterized on the basis of their *H, **C, mass, and IR
spectra.

Scheme 1.

o
o) 0
iPr-PMI HZNOCOOt'B” O O CF3COOH, H;SOsaq  ipr-pB]
> R-N . N—@—COOt-Bu >

Cy-PMI Zn(OAc), - CHCl, "~ cy-PBI
imidazole O O 0] reflux, 24-43 h

© N
140, 2 h
O

3: R = 2,6-diisopropylphenyl
4 : R = cyclohexyl

UV-vis-NIR absorption spectra of iPr-PMI, Cy-PMI, iPr-PBI, and Cy-PBI were measured in
CH,CI, (Figure 2). For instance, iPr-PMI exhibits strong absorption at around 700 nm and
moderate absorption at 430 nm which are assigned to the charge-transfer (CT) and =-rt* transition,
respectively.™® The absorption properties are suitable for collecting sunlight, specifically one in the
red-to-NIR region. It is noteworthy that the spectra of these compounds are almost
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Figure 2. Absorption spectra of (a) iPr-PMI, (b) Cy-PMI, (c) iPr-PBI, and (d) Cy-PBI in CH,Cl.,.
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Figure 3. Fluorescence spectra of (a) iPr-PMI, (b) Cy-PMI, (c) iPr-PBI, and (d) Cy-PBI in
CH,CI, with an excitation wavelength of 430 nm where the absorbances of the compounds are
identical.
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identical. This implies that the substituent at the imide nitrogens and the difference in the imide
and the acid anhydride have negligible influence on the frontier orbitals of the perylene m-system.
The fluorescence spectra were also measured in CH,Cl, with an excitation wavelength of 430 nm
where the absorbances of the perylene imide dyes are identical (Figure 3). The peak position and
the shape are similar for the perylene imide dyes, showing that there is little difference in the
electronic structure of the excited singlet state. The energy levels of the excited singlet state of the
perylene imide dyes are determined as 1.73 eV in CH,Cl, from the intercept of the normalized
absorption and fluorescence spectra.

The first oxidation potentials of the perylene imide dyes (vs Fc/Fc) were measured in CH,Cl,
containing 0.1 M BusNPFg as a supporting electrolyte by using differential pulse voltammetry.
The oxidation potentials were recalculated with respect to NHE (see Experimental Section). The
first oxidation potentials of the perylene imide dyes (iPr-PMI: 0.90 V; Cy-PMI: 0.91 V; iPr-PBI:
0.85 V; Cy-PBI: 0.88 V vs NHE) are largely similar, which is consistent with the results on the
absorption and the fluorescence spectra, that is, the electronic structures are similar for the perylene
imide dyes. These values are much lower than that of the dibromoperylene bisimide (>2.25 V vs
NHE),*** demonstrating the strong electron-donating properties of the pyrrolidine-substituted
perylene tetracarboxylic acid. Actually, the energy levels of the perylene imide excited singlet
state (-0.82 ~ -0.88 V vs NHE) are sufficiently higher than that of the CB of TiO, (-0.5 V vs
NHE),%” whereas those of the perylene imide radical cations are lower than that of I/15~ couple (0.5
V vs NHE).?" Thus, the electron injection from the perylene imide excited singlet state to the CB
of TiO; and the charge shift from I” to the resultant perylene imide radical cation are energetically
favorable (Figure 4). ' ®

A
ldye*/dye**
e -0.80V
/
-05V hv
i
> s»ZIll dye/dye"* 0.5V
—0%0V_ —T
*Tio,

Figure 4. Energy diagram of dye-sensitized solar cells.

The TiO, electrodes with film thickness of 13 um were prepared by repeating the following
procedure twice.*® First, the conducting transparent glass electrodes (FTO) were coated with
the mesoporous TiO, nanoparticles (P25) by the doctor blade technique. Then, the FTO was
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calcinated under air at 723 K for 1 h to give the TiO;, electrodes. The dye-modified TiO,
electrodes were obtained by immersing the TiO, electrodes into the CH,Cl, solution containing
iPr-PMI or Cy-PMI (0.15 mM) and into the mixed solution of t-BuOH and CH3CN (1/1=v/v)
containing iPr-PBI or Cy-PBI (0.15 mM), respectively, for 15 h at room temperature. The
dye-modified TiO, electrodes exhibit a blue color for the PMI dyes and green color for the PBI
dyes.

The normalized absorption spectra of iPr-PMI, Cy-PMI, iPr-PBI, and Cy-PBI on the TiO;
electrodes are displayed in Figure 5.  Notable increase in the absorption of iPr-PBI and Cy-PBI at
around 650 nm reveals the occurrence of the dye-aggregation on the TiO; electrode (Figure 5b). " ”
The broadening of the absorption band that even reveals a band splitting also suggests the dimer
formation by reason of excitonic coupling of rotationally displaced PBIs.”° As expected, the
spectral perturbation of iPr-PBI is smaller than that of Cy-PBI owing to the presence of the bulky
substituent at the imide nitrogen. As for the spectra of iPr-PMI and Cy-PMI, both the absorption
arising from the n-n* transition and the CT transition are blue-shifted significantly compared to
those of iPr-PBI and Cy-PBI on the TiO, electrode as well as of iPr-PMI and Cy-PMI in CH,Cl,,
suggesting that the molecular structures of the PMI dyes are changed by the chemical adsorption on
the TiO, (Figure 5a). The change can be assigned to the bond-opening of the anhydride groups of
the PMI dyes,” ' because the absorption spectra of the ring-opened PMI dyes in solution are similar
to those on the TiO, (Figure 6). Disappearance of the IR signal due to the anhydride groups after
the dye adsorption on the TiO, electrode is consistent with the assignment (Figure 7). The slight
blue-shift of Cy-PMI at around 600 nm relative to that of iPr-PMI may result from the presence of
the bulky substituent at the imide nitrogen, as in the case of iPr-PBI and Cy-PBI.
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Figure 5. Normalized absorption spectra of (a) iPr-PMI (solid line), Cy-PMI (dashed line), (b)
iPr-PBI (solid line), and Cy-PBI (dashed line) on the TiO, electrodes. The absorption arising
from the TiO, electrode was subtracted from the spectrum. Absorption spectrum of iPr-PMI
(dotted line) in CH,ClI; is also plotted for comparison.
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Figure 6. (a) Absorption spectra of 0.11 mM of iPr-PMI in CH,CI, before (solid line) and after
(dashed line) addition of 100 equivalent of BusNOH. (b) Absorption spectra of 0.069 mM of

Cy-PMI in CH,CI, before (solid line) and after (dashed line) addition of 90 equivalent of Bu;NOH.
Further addition of BusNOH did not change the spectra.
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Figure 7. IR spectra of (a) iPr-PMI and (b) Cy-PMI in KBr pallet (dashed line) and on surface of
TiO; (solid line). IR spectra of TiO, (dotted line) are also shown for comparison. The peaks at
around 1770-1720 cm™ and 1700-1660 cm™ are assigned to symmetric and asymmetric vibration of
C=0 of acid anhydride and that of imide, respectively. The peaks due to the acid anhydride

disappear after adsorption of the dyes on the TiO, electrode, while those due to the imide remain
intact.

The dye-sensitized solar cells were fabricated with 0.05 M 1,/0.1 M Lil/0.6 M
2,3-dimethyl-1-propylimidazolium iodide/0.5 M 4-t-butylpyridine in acetonitrile solution as an
electrolyte. The current-voltage characteristics were measured under AM 1.5 conditions (100 mW
cm ™) (Figure 8). The 7 values are derived from the equation 7 = Voc X Jsc X ff, where Voc is open
circuit potential (V), Jsc is short circuit current density (mA cm™), and ff is fill factor (Table 1).
The 7 value of iPr-PMI cell (2.6%) is larger by ca. 70% than that of Cy-PMI cell (1.5%), showing
that the larger substituent at the imide nitrogen inhibits the dye-aggregation on the surface of the
TiO,, leading to suppression of the unfavorable deactivation of the dye-excited state. The 7 value
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Figure 8. Current-voltage characteristics of (a) iPr-PMI and (b) Cy-PMI-sensitized TiO, cells.
Conditions: electrolyte 0.1 M Lil, 0.05 M I,, 0.6 M 2,3-dimethyl-1-propyl imidazolium iodide, and

0.5M 4-t-butylpyridine in CH3CN; input power: AM 1.5 under simulated solar light (100 mW
-2
cm™).

Table 1. Cell Performance of PMI-Sensitized TiO, Cells?

dye Voc !V Jsc/mAcm™?  ff n/ %

iPr-PMI 0.54 7.8 0.63 2.6

Cy-PMI 0.51 4.6 0.64 1.5

*Thickness of the TiO, film: 13 pm; irradiation area: 0.25 cm?
condition: AM 1.5 (100 mW cm™).

of iPr-PMI cell (2.6%) is remarkably high compared to that (<0.1%) of the TiO, cell with the
similar PMI derivative without electron-donating substituent.*** It should be emphasized here that
the 77 value of iPr-PMI cell is the largest one among the perylene-sensitized solar cells.'*  Thus,
the excited singlet state of the perylene imide dye with both strongly electron-donating and bulky
substituents can inject electrons to the CB of the TiO, electrode, resulting in the efficient
photocurrent generation. The 7 values of iPr-PBI and Cy-PBI (<0.02%) cells are smaller than
that of TiO, reference cell without the dyes and are 2 orders of magnitude smaller than those of
iPr-PMI and Cy-PMI cells. More importantly, the comparison of of iPr-PMI and iPr-PBI cells
shows that changing the coupling moiety to the TiO, electrode yields a remarkable difference (100
times) in device efficiency, despite the fact that both electron-donating and sterically-hindering
groups are present in the both molecules. Such a large difference may be explained by the
difference in the electronic coupling between the dyes and the TiO,. The smaller electronic
coupling between the perylene core and the TiO, surface through the carboxylphenyl group in the
PBI-based TiO, cells would be responsible for the slow electron injection from the PBI excited
singlet state to the CB of the TiO, electrode, leading to the extremely low 7 values. Thus, the
coupling group between the perylene core and the TiO, electrode is of utmost importance in
determining dye performance.
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Action spectra of incident photon-to-current efficiency (IPCE) are depicted in Figure 9. The
action spectra of iPr-PMI and Cy-PMI-sensitized solar cells match the corresponding absorption
spectra on the TiO; electrodes (Figure 5a). The IPCE of iPr-PMI-sensitized TiO, cell reaches ca.
40% and the photocurrent response extends up to 800 nm. The relatively high IPCE values at
600-800 nm are particularly intriguing because of their possible applications in transparent solar
cells for windows and tandem cells.
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Figure 9. Action spectra of iPr-PMI (solid line) and Cy-PMI (dashed line)-sensitized TiO, cells.

3. Conclusion

In conclusion, the author has successfully synthesized novel perylene imide derivatives with
strongly electron-donating moiety, bulky substituents, and acid anhydride as the strong coupling
group for dye-sensitized solar cells. The power conversion efficiency reached 2.6%, which is the
highest value among perylene-sensitized TiO; solar cells. These results unequivocally corroborate
that the introduction of the two pyrrolidine moiety, 2,6-diisopropylphenyl groups, and acid
anhydride into the perylene imide is responsible for the significant improvement of the cell
performance.
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Experimental Section

General. 'H and **C NMR spectra were recorded on a JEOL AL300 (300 MHz for *H) and a
JEOL ECX-400P (400 MHz for *H, 99.6 MHz for *C) spectrometer in CDCl; and acetic acid-d,
and chemical shifts were noted in & ppm with reference to internal tetramethylsilane peak for CDCl;
and internal residual solvent peak (CHD,COOQOD, 2.03 ppm) for acetic acid-d,. Silica gel column
chromatography was performed using UltraPure Silicagel (230-400 mesh, SiliCycle inc.).
Alumina column chromatography was carried out using activated alumina (300 mesh, Wako).
Reversed-phase column chromatography was performed using Cosmosil 76C13-OPN (Nacalai).
Thin layer chromatography (TLC) was carried out on aluminum plates coated with silica gel 60 Fys4
(Merck), aluminium oxide 60 Fs4 (Merck), or glass plates coated with functionalized silica gel
(RP-18 F3s48, Merck). Infrared (IR) spectra were recorded in KBr pellet by using FT/IR-470Plus
(JAS.CO). High-resolution mass spectra (HRMS) were recorded on a JEOL JMS-HX110A

spectrometer. All reactions were carried out under nitrogen.
N,N’-bis(2,6-diisopropylphenyl)-1,7-dibromoperylene-3,4:9,10-tetracarboxylic ~ acid  bisimide
(1), 22 N-cyclohexyl-1,7-bis(pyrrolidin-1-yl)-3,4:9,10-tetracarboxylic

acid-3,4-anhydride-9,10-imide (Cy-PMI),”* and tert-butyl 4-aminobenzoate®* were synthesized
as described before.

Synthesis.

N,N’-bis(2,6-diisopropylphenyl)-1,7-bis(pyrrolidin-1-yl)perylene-3,4:9,10-tetracarboxylic
acid bisimide (2). A solution of 1 (1.00 g, 1.16 mmol) in pyrrolidine (30 mL) was heated at 50 °C
(external temperature) with an oil bath for 14 h. After evaporation, the residue was subjected to
the silica gel column chromatography (CH,CIl,/AcOEt = 30/1, Rt (CH,CI,) = 0.44), followed by the
subjection to the alumina column chromatography (hexane/CHCI; = 1/2, Rt (CH.Cl,)= 0.50) to give
2 (408 mg, 0.480 mmol, 41% vyield) as green solids; IR (KBr); 2963, 2929, 2870, 1698, 1662, 1592,
1580, 1560, 1507, 1485, 1467, 1453, 1417, 1382, 1342, 1309, 1245, 1231, 1200, 1180, 1128, 1098,
1058, 972, 946, 894, 870, 842, 810, 791, 772, 755, 737, 719, 695, 665, 650, 680, 606, 580, 550, 532,
496, 483, 475, 458, 442, 425, 415; *H NMR (300 MHz, CDCl3) & 8.58 (s, 2H), 8.52 (d, J = 8.1 Hz,
2H), 7.89 (d, J = 8.1 Hz, 2H), 7.48 (t, J = 7.4 Hz, 2H), 7.35 (d, J = 7.4 Hz, 4H), 3.92-3.72 (m, 4H),
3.00-2.75 (m, 4H), 2.80 (sept, J = 6.9 Hz, 4H), 2.20-1.90 (m, 8H), 1.19 (d, J = 6.9 Hz, 24H); *C
NMR (99.6 MHz, CDCl3) o 164.24, 164.20, 146.77, 145.70, 134.83, 131.19, 130.51, 129.41,
127.26, 123.99, 122.95, 121.99, 121.30, 119.20, 118.41, 52.45, 29.13, 25.91, 24.09, 24.04; HRMS
(FAB, positive mode) found 848.4329, CssHssN4O,4 requires 848.4302.

N-(2,6-diisopropylphenyl)-1,7-bis(pyrrolidin-1-yl)-3,4:9,10-tetracarboxylic
acid-3,4-anhydride-9,10-imide (iPr-PMI). A solution of 2 (163 mg, 0.192 mmol) and KOH
(718 mg, 12.8 mmol) in tert-butyl alcohol (33 mL) was heated to reflux. After stirred for 1 h, the
reaction mixture was poured into a mixture of acetic acid (41 mL) and 1N HCI aqg (22 mL) and
stirred for 5 h at room temperature. The resulting mixture was poured into a biphasic mixture of
CHCI; (100 mL) and H,O (50 mL). After separation, the organic layer was washed with brine
(100 mL) and dried over MgSO,4.  After filtration and evaporation, the residue was subjected to the
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silica gel column chromatography (CH,Cl,, then CH,Cl,/AcOEt = 100/1, then 50/1, R¢ (CH.CI,) =
0.30). The reprecipitation from CH,CIl,/MeOH gave iPr-PMI (60.8 mg, 0.0881 mmol, 46% yield)
as green solids. IR (KBr); 2963, 2929, 2868, 1764, 1730, 1700, 1664, 1592, 1579, 1559, 1543,
1507, 1456, 1419, 1345, 1311, 1244, 1228, 1201, 1145, 1128, 1101, 1009, 940, 867, 840, 804, 768,
739, 717, 692, 668, 649, 602, 578, 552, 531, 520, 509, 473, 440, 430, 413; 'H NMR (300 MHz,
CDCls) 6 8.57 (s, 1H), 8.50 (d, J = 7.8 Hz, 1H), 8.49 (s, 1H), 8.45 (d, J = 7.8 Hz, 1H), 7.78 (d, J =
7.8 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.49 (d, J = 7.5 Hz, 1H), 7.34 (d, J = 7.5 Hz, 2H), 3.90-3.72
(m, 4H), 3.00-2.80 (m, 4H), 2.77 (sept, J = 6.9 Hz, 2H), 2.20-1.95 (m, 8H), 1.18 (d, J = 6.9 Hz,
12H); 3C NMR (99.6 MHz, CDCls) & 164.09, 164.03, 161.40, 160.84, 147.17, 146.42, 145.65,
136.02, 134.15, 131.03, 130.74, 130.41, 129.48, 128.80, 127.03, 124.76, 124.43, 124.01, 123.82,
122.79, 122.56, 122.51, 121.36, 119.83, 119.50, 117.46, 117.32, 114.52, 52.63, 52.48, 29.14, 25.89,
24.06, 24.01; HRMS (FAB, positive mode) found 689.2904, CsH39N3Os requires 689.2890;
UV-vis-NIR (Amax (€)) 708.0 nm (45600), 433.5 nm (17800).
N-(4-tert-butoxycarbonylphenyl)-N’-(2,6-diisopropylphenyl)-1,7-bis(pyrrolidin-1-yl)peryl
ene-3,4:9,10-tetracarboxylic acid bisimide (3). A mixture of iPr-PMI (32.4 mg, 0.0470 mmol),
tert-butyl 4-aminobenzoate (25.5 mg, 0.132 mmol), zinc acetate dihydrate (6.0 mg, 0.027 mmol),
and imidazole (500 mg) was heated at 140 °C in a sealed Schlenk tube. After stirred for 2 h, the
reaction mixture was cooled to room temperature. The resulting solids were dispersed in 1N HCI
aq (6 mL) and sonicated for 30 min. The resulting mixture was poured into a biphasic mixture of
AN HCI aqg (14 mL) and CHCI; (20 mL). After separation, the aqueous layer was extracted with
CHCI3 (20 mL). The combined organic layer was washed with brine (20 mL) and dried over
MgSQO,. After filtration and evaporation, the residue was subjected to the silica gel column
chromatography (CHCl,, then CH,CI,/AcOEt = 100/1, then 50/1, then 40/1, Rt (CH,CI,/AcOEt =
50/1) = 0.43). The reprecipitation from CH,Cl,/MeOH gave 3 (29.0 mg, 0.0335 mmol, 71% yield)
as green solids. IR (KBr); 2963, 2927, 2868, 1698, 1665, 1592, 1579, 1560, 1508, 1455, 1443,
1342, 1307, 1290, 1246, 1231, 1198, 1180, 1166, 1117, 1057, 1020, 972, 946, 893, 860, 840, 828,
807, 772, 753, 740, 715, 688, 662, 642, 633, 622, 594, 550, 530, 521, 513, 500; *H NMR (300 MHz,
CDCls) 6 8.58 (s, 1H), 8.56 (s, 1H), 8.53-8.50 (m, 2H), 8.20 (d, J = 7.5 Hz, 2H), 7.80 (d, J = 8.1 Hz,
1H), 7.76 (d, J = 8.1 Hz, 1H), 7.49 (t, J = 8.1 Hz, 1H), 7.41 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 7.5 Hz,
2H), 3.95-3.70 (m, 4H), 3.00-2.80 (m, 4H), 2.79 (sept, J = 6.6 Hz, 2H), 2.20-1.95 (m, 8H), 1.64 (s,
9H), 1.19 (d, J = 6.6 Hz, 12H); *C NMR; (99.6 MHz, CDCls) & 165.12, 164.21, 164.10, 146.84,
146.63, 145.69, 139.58, 135.09, 134.65, 132.25, 131.16, 130.57, 130.47, 129.43, 128.78, 127.24,
124.21, 123.99, 122.92, 122.75, 122.15, 121.71, 121.26, 119.38, 118.95, 118.64, 118.16, 81.28,
52.43, 29.14, 28.23, 25.90, 24.08, 24.03; HRMS (FAB, positive mode) found 864.3875,
CssHs52N4Og requires 864.3887.
N-(4-carboxylphenyl)-N’-(2,6-diisopropylphenyl)-1,7-bis(pyrrolidin-1-yl)perylene-3,4:9,1

O-tetracarboxylic acid bisimide (iPr-PBI). A mixture of 3 (29.0 mg, 0.0335 mmol),
trifluoroacetic acid (10 mL), 5wt% H,SO,4 aq (7.5 mL), and CHCI3; (10 mL) was heated to reflux.
After stirred for 24 h, the reaction mixture was cooled to room temperature. The resulting
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biphasic mixture was separated and the aqueous layer was extracted with CHCI3; (20 mL). The
combined organic layer was washed with saturated NaHCO3; aq (20 mL), saturated NH,4Cl aq (20
mL), and brine (50 mL) and dried over MgSO,. After filtration and evaporation, the residue was
subjected to the silica gel column chromatography (AcOEt/MeOH = 10/1, R¢ = 0.40), followed by
the subjection to the reversed-phase column chromatography (AcOEt/MeOH = 1/4, R¢ = 0.53).
The reprecipitation from CH,Cl,/hexane gave iPr-PBI (22.3 mg, 0.0276 mmol, 82% yield) as green
solids. IR (KBr); 3440, 2963, 2930, 2869, 1697, 1664, 1592, 1578, 1559, 1507, 1455, 1415, 1384,
1343, 1309, 1246, 1231, 1200, 1128, 1100, 1057, 1021, 972, 946, 843, 825, 807, 775, 752, 739, 718,
693, 669, 657, 611, 600, 582, 567, 557, 545, 534, 519, 512; 'H NMR (300 MHz, acetic acid-ds) &
8.64 (s, 1H), 8.59 (d, J = 8.4 Hz, 1H), 8.54 (s, 1H), 8.51 (d, J = 8.4 Hz, 1H), 8.29 (d, J = 8.4 Hz,
2H), 7.83-7.80 (m, 2H), 7.57 (d, J = 8.4 Hz, 2H), 7.47 (t, J = 7.8 Hz, 1H), 7.35 (d, J = 7.8 Hz, 2H),
3.95-3.75 (m, 4H), 2.95-3.75 (m, 4H), 2.83 (sept, J = 6.9 Hz, 1H), 2.20-1.90 (m, 8H), 1.14 (d, J =
6.9 Hz, 12H); HRMS (FAB, positive mode) found 808.3221, Cs1H44N4Os requires 808.3261;
UV-Vis-NIR (Amax (€)) 709.0 nm (42000), 435.5 nm (16800). **C NMR spectrum could not be
measured because of the low solubility.
N-(4-tert-butoxycarbonylphenyl)-N’-cyclohexyl-1,7-bis(pyrrolidin-1-yl)perylene-3,4:9,10-t
etracarboxylic acid bisimide (4). A mixture of Cy-PMI (33.8 mg, 0.0553 mmol), tert-butyl
4-aminobenzoate (26.0 mg, 0.135 mmol), zinc acetate dihydrate (5.0 mg, 0.023 mmol), and
imidazole (400 mg) was heated at 140 °C in a sealed Schlenk tube. After stirred for 2 h, the
reaction mixture was cooled to room temperature. The resulting solids were dispersed in 1N HCI
aq (6 mL) and sonicated for 30 min. The resulting mixture was poured into a biphasic mixture of
AN HCI aqg (14 mL) and CHCI; (20 mL). After separation, the aqueous layer was extracted with
CHCI; (20 mL). The combined organic layer was washed with brine (40 mL) and dried over
MgSQO,. After filtration and evaporation, the residue was subjected to the silica gel column
chromatography (CH.Cl,, then CH,CI,/JAcOEt = 100/1, then 50/1, then 40/1, then 30/1, Rs
(CH.CI,/AcOEt = 40/1) = 0.40).  The reprecipitation from CH,Cl,/MeOH gave 4 (37.4 mg, 0.0475
mmol, 86% yield) as green solids. IR (KBr); 2970, 2929, 2853, 1693, 1654, 1593, 1578, 1560,
1507, 1483, 1453, 1415, 1339, 1306, 1291, 1257, 1245, 1230, 1213, 1190, 1164, 1120, 1020, 981,
949, 927, 895, 867, 839, 828, 806, 739, 767, 754, 716, 702, 679, 654, 633, 617, 585, 558, 530, 521,
511; *H NMR (400 MHz, CDCls) & 8.51 (s, 1H), 8.48 (s, 1H), 8.44 (d, J = 7.6 Hz, 1H), 8.42 (d, J =
7.6 Hz, 1H), 8.19 (d, J =8.4 Hz, 2H), 7.75 (d, J = 7.6 Hz, 1H), 7.66 (d, J = 7.6 Hz, 1H), 7.41 (d, J =
8.4 Hz, 2H), 5.13-5.05 (m, 1H), 3.85-3.65 (m, 4H), 2.95-2.70 (m, 4H), 2.65-2.55 (m, 2H), 2.15-1.87
(m, 10H), 1.80-1.70 (m, 3H), 1.63 (s, 9H), 1.55-1.33 (m, 3H); *C NMR (99.6 MHz, CDCl3) &
165.15, 164.52, 164.11, 146.78, 146.38, 139.61, 134.92, 133.94, 132.20, 130.55, 130.24, 129.97,
128.79, 127.16, 126.58, 124.19, 123.68, 122.67, 122.63, 122.20, 121.41, 121.11, 120.80, 119.91,
118.78, 118.68, 117.62, 81.25, 53.80, 52.27, 29.20, 28.23, 26.63, 25.83, 25.55; HRMS (FAB,
positive mode) found 786.3421, C49H4sN4Og requires 786.3417.
N-(4-carboxylphenyl)-N’-cyclohexyl-1,7-bis(pyrrolidin-1-yl)perylene-3,4:9,10-tetracarbox
ylic acid bisimide (Cy-PBI). A mixture of 4 (10.3 mg, 0.0131 mmol), trifluoroacetic acid (10
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mL), 5wt% H,SO4 aq (7.5 mL), and CHCI3 (10 mL) was heated to reflux. After stirred for 43 h,
the reaction mixture was cooled to room temperature. The resulting biphasic mixture was
separated and the aqueous layer was extracted with CHCI; (20 mL). The combined organic layer
was washed with saturated NaHCO; aq (20 mL), saturated NH4Cl ag (20 mL), and brine (50 mL)
and dried over MgSQO,.  After filtration and evaporation, the residue was subjected to the silica gel
column chromatography (AcOEt/MeOH = 10/1, then 5/1, then 1/1, Rf (AcOEt/MeOH = 10/1) =
0.30), followed by the subjection to the reversed-phase column chromatography (AcOEt/MeOH =
1/4, Ry = 0.44). The reprecipitation from CH,Cl,/hexane gave Cy-PBI (6.1 mg, 0.0083 mmol,
64% vyield) as green solids. IR (KBr); 3450, 2929, 2853, 1692, 1651, 1592, 1579, 1560, 1507,
1483, 1453, 1416, 1339, 1309, 1245, 1230, 1214, 1198, 1124, 1021, 980, 948, 927, 881, 860, 907,
770, 715, 660, 626, 617, 605, 592, 556, 532, 509, 499; 'H NMR (400 MHz, acetic acid-ds) &
8.51-8.32 (m, 4H), 8.30 (d, J = 8.6 Hz, 2H), 7.68-7.45 (m, 2H), 7.61 (d, J = 8.6 Hz, 2H), 5.12-5.03
(m, 1H), 3.80-3.60 (m, 4H), 2.90-2.60 (m, 6H), 2.20-1.70 (m, 13H), 1.55-1.25 (m, 3H); HRMS
(FAB, positive mode) found 730.2784, C4sH3sN4Os requires 730.2791; UV-vis-NIR (Amax (€)) 704.5
nm (42300), 434.0 nm (16700). **C NMR spectrum could be measured because of the low
solubility.

Spectral measurements. Steady-state absorption spectra were measured with a Lambda 900
(PerkinElmer) UV/VIS/NIR spectrometer with a data interval of 0.5 nm. These spectra were taken
with about 10-10° M solutions in a quartz cell with pathlength of 1 cm and 1 mm. Steady-state
fluorescence spectra were acquired on a SPEX FluoroMax-3 spectrometer with a data interval of 1
nm. These spectra were taken with about 10° M solutions in a quartz cell with pathlength of 1 cm.
The solution was degassed by bubbling with Ar for 30 min before measurements. Spectral grade
CHClI, (Wako) was used without further purification for these measurements.

Electrochemical measurements.  Differential pulse voltammetry measurements were
performed on an ALSG660A electrochemical analyzer in deaerated CH,Cl, containing 0.1 M
TBAPFg as a supporting electrolyte. A conventional three-electrode cell was used with a grassy
carbon working electrode and a platinum wire as a counter electrode. The measured potentials
were recorded with respect to the Ag/AgNO; reference electrode (Fc/Fc™, 0.20 V vs Ag/AgNO3).
Ferrocene/ferrocenium (Fc/Fc*, 0.64 V vs NHE) was used as an internal standard for all
measurements.

iPr-PMI | Cy-PMI iPr-PBI | Cy-PBI

Eox (V)* | 0.26 0.27 0.21 0.24

2 First oxidation potential (E,y) vs Fc/Fc".

Preparation of dye-modified TiO, electrode.?® Nanoporous TiO, films were prepared
from colloidal suspension of TiO, nanoparticles (P25, Nippon Aerogel) dispersed in deionized
water and Triton X-100. The suspension was deposited on a transparent conducting glass (Asahi
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Glass, SnO,: F, 9.4 ohm/sqg) by using doctor blade technique. The films were annealed at 723 K
for 1 h, followed by similar deposition and annealing (723 K, 1 h) for the 13-um-thick TiO; films.
The thickness of the films was determined using surface roughness/profile measuring instrument
(SURFCOM 130A, ACCRETECH). The TiO; electrodes were immersed into each of the 0.15
mM solution of dyes at room temperature. After dye adsorption, the dye-coated electrodes were
copiously rinsed with the same solvent used for the adsorption.

Photovoltaic measurements. The photovoltaic measurements were performed in a sandwich
cell consisting of the dye-sensitized TiO, electrode as the working electrode and a platinum-coated
conducting glass as the counter electrode. The two electrodes were placed on top of each other
using a thin transparent film of Surlyn polymer (Dupont) as a spacer to form the electrolyte space.
A thin layer of electrolyte (0.1 M Lil, 0.05 M I, 0.6 M 2,3-dimethyl-1-propylimidazolium iodide,
and 0.5 M 4-t-butylpyridine in acetonitrile) was introduced into the interelectrode space. The
IPCE values and photocurrent-voltage characteristics were determined by using a potentiostat
(Bunko-Keiki Co., Ltd., Model HCSSP-25) irradiated with simulated AM 1.5 solar light (100 mW
cm’?, Bunko-Keiki Co., Ltd., Model CEP-2000). All the experimental values were given as an
average from three independent measurements.
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Chapter 9

A Photoelectrochemical Device with a Nanostructured SnO, Electrode Modified
with Composite Clusters of Porphyrin-Modified Silica Nanoparticle and
Fullerene

energy C
L transfer o
e > Il

SnO, Sio, porphyrin o Cgo

Abstract

A silica nanoparticle has been successfully employed as a nanoscaffold to self-organize
porphyrin and Cgo molecules on a nanostructured SnO, electrode. The quenching of the porphyrin
excited singlet state on the silica nanoparticle is suppressed significantly, showing that silica
nanoparticles are promising scaffolds for organizing photoactive molecules three-dimensionally in
nanometer scale. Marked enhancement of the photocurrent generation was achieved in the present
system compared with reference system where gold core was employed as a scaffold of porphyrins
instead of silica nanoparticle. The rather small incident photon-to-current efficiency relative to a
similar photoelectrochemical device using silica microparticle may result from poor electron and
hole mobility in the composite film due to poor connection between the composite clusters of
porphyrin-modified silica nanoparticle and Cgo in micrometer scale.
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1. Introduction

Organic-based photovoltaic devices including dye-sensitized and bulk heterojunction solar
cells have attracted considerable attention due to their potential for low cost, environment-friendly
solar energy conversion."® Supramolecular self-organization of donor (D) and acceptor (A)
molecules on electrodes is a promising methodology for attaining both efficient charge separation
and subsequent electron and hole transportation in the films on the electrodes. Recently,
Fukuzumi et al have successfully constructed a novel type of supramolecular organic solar cells
(dye-sensitized bulk heterojunction type),® which possesses both characters of the organic solar
cells. Namely, porphyrins are three-dimensionally organized using scaffolds of dendrimers,™
oligomers,** and nanoparticles®*® (1% step). These porphyrin molecular assemblies form
supramolecular complexes with Cso molecules in toluene due to the n—n interaction (2" step)** and
they are associated to grow larger composite clusters in acetonitrile/toluene mixed solvent due to
the lyophobic interaction (3" step). Then, the large composite clusters can be assembled as
three-dimensional D-A interpenetrating arrays onto nanostructured SnO; electrodes to afford the
SnO; electrodes modified with the composite clusters of the porphyrin and Cgy molecules using an
electrophoretic deposition method (4™ step).’®  Specifically, the bottom-up self-assembled film of
the composite clusters using gold nanoparticles exhibited efficient photocurrent generation relative
to the related systems.*® However, drawbacks of utilizing gold nanoparticles as nanoscaffolds are
expensive cost and strong energy transfer (EN) quenching of the porphyrin excited singlet state by
the gold surface, hampering further improvement of the device performance.!” Thus, inexpensive
nanoparticles as a scaffold of porphyrin molecules without such EN quenching are required to
improve photocurrent generation efficiency in the composite cluster systems with Cg. Silica
nanoparticles are potential candidates because of their low cost, non-photoactive character, and
facile functionalization. However, to the best of my knowledge, no silica nanoparticles covalently
functionalized with chromophores have been self-organized with acceptor molecules on electrodes
resulting in efficient photocurrent generation.'®*°
The author reports herein novel photoelectrochemical devices composed of porphyrin-modified
silica nanoparticle (Figure 1) and fullerene composite clusters, which are electrophoretically
deposited on a nanostructured SnO; electrode. The expensive gold core is successfully replaced
by low-cost silica nanoparticle, which would reduce the undesirable EN quenching. Thus, one can
expect enhancement of the photocurrent generation efficiency for the porphyrin-modified silica
nanoparticle and Cgo composite system compared with a reference system with porphyrin-modified
gold nanoparticle and Cgo composite.

2. Result and Discussion
2.1. Preparation and Characterization of Porphyrin-Modified Silica Nanoparticle.

Activated porphyrin 1% was coupled to (aminopropyl)silylated silica nanoparticle 2% by
refluxing for 24 h in toluene to give porphyrin-modified silica nanoparticle 3 (Figure 1).
Activated porphyrin 1 also reacted with 1-butylamine to afford porphyrin reference 4.% Structure of
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Figure 1. Molecular structures used in this study (Ar = 3,5-(t-Bu),CsHs3).

3 was characterized by optical and transmission electron microscopies, absorption and infrared
spectroscopies, and elemental analyses. Optical microscopic image of 2 reveals non-stained
spheres, whereas that of 3 exhibits purple red-colored spheres (Figure 2). This indicates that
porphyrin molecules are immobilized on the surface of silica nanoparticles 2. TEM images of 2
and 3 also show spheres with the same average size of 54 nm (Figure 3). The average size of 2 is
similar to the value of silica nanoparticle reported previously (50 nm).** The identical size and
shape of 2 and 3 reveals no occurrence of degradation of the silica nanosphere under the reaction
conditions.

To confirm the formation of amide linkage between the porphyrin and the surface of the
nanoparticle, IR spectra of 2-4 were measured in KBr pellet. Figure 4 displays the IR spectra of
2-4 in the wavenumber of 1800-1500 cm™. The IR spectrum of 2 shows a broad peak at ca. 1660
cm™ arising from the N-H bending vibration of primary amine (Figure 4a), whereas that of 4 reveals
peaks at 1671 cm™ and 1592 cm™ arising from the C=0 stretching vibration of secondary amide
and the C=C stretching vibration of phenyl group, respectively (Figure 4c). On the basis of the IR
spectra of 2 and 4, the spectrum of 3 in the wavenumber of 1750-1580 cm™ can be fitted into three
component peaks at 1675, 1657, 1594 cm™, which are assigned to -CONH, -NH,, and phenyl
groups, respectively (Figure 4b). These results support that porphyrin molecules are covalently
linked to the surface of the silica nanoparticles.??
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Figure 2. Optical microscopic images of (a) 2 and (b) 3.
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Figure 3. TEM images of (a) 2 and (b) 3.
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Figure 4. IR spectra of (a) 2, (b) 3, and (c) 4 (1500-1800 cm™) measured in KBr pellet. The
spectrum of 3 in the wavenumber of 1750-1580 cm™ also shows fitted component peaks at 1675,
1657, 1594 cm+which are assigned to -CONH, -NH,, and phenyl groups.
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The extent of porphyrin attachment to amino groups on the silica nanoparticle is estimated as
25% from the elemental analysis for 3 (see Experimental Section). The ratio is consistent with the
value (24 %) determined from the spectroscopic measurements in which the amounts of the
porphyrin chemically adsorbed onto the silica surface can be obtained by comparing the initial and
final amounts of the porphyrins in the reaction mixture (see Experimental Section). The occupied
area per molecule (7) for the porphyrin of 3 is also determined as 3.0 nm? (=4rn x (27+2)%/(0.25 x
1.4 x 10%) from the extent of the porphyrin functionalization (25%) and the number of amino
groups (1.4 x 10* molecules) on the silica nanoparticle of 2 (see Experimental Section).” The
I'value is much larger than that for the densely-packing of perpendicular porphyrin against the
silica surface (/=1.0 x 2.0 =2.0 nm?®). In other words, the average separation distance between the
porphyrins on the silica nanoparticle is 1.7 nm, which is much larger than the minimum distance
between the porphyrins for the supramolecular incorporation of Cgy molecule between the
porphyrins.**  This allows the porphyrins in the silica nanoparticle to bind Cg, molecules, leading
to the formation of porphyrin-Cg composites using silica nanoparticle (vide infra).

2.2. Photophysical Properties of Porphyrin-Modified Silica Nanoparticle.

UV-visible absorption spectra of 3 and 4 were measured in toluene. Amax value (421 nm) of
Soret band of 3 is the same as that (421 nm) of 4 (Figure 5). This suggests that the porphyrin
environment on the silica surface is virtually similar to that in solutions.  Steady-state fluorescence
spectra were taken in toluene at the excitation of Soret peak (Figure 6). The absorbance at the
Soret peak was adjusted to compare the fluorescence intensity. The fluorescence spectra of 3 and
4 are similar in shape and peak position, but the fluorescence of 3 is moderately reduced relative to
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Figure 5. UV-visible absorption spectra of 3 (solid line) and 4 (dotted line, 2.55 x 10° M) in
toluene. The spectrum of 3 is normalized at the Soret band for comparison.
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Figure 6. Steady-state fluorescence spectra of 3 (solid line) and 4 (dotted line) in toluene at the
excitation of the Soret peak. The absorbance at the Soret peak was adjusted for the comparison.
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Figure 7. Fluorescence decay curves of 3 (thick line) and 4 (thin line) in toluene at 650 nm
(Aex=400 nm). They are fitted as a single exponential with lifetimes of 6.2 ns for 3 and 9.6 ns for
4.

that of 4. To evaluate the lifetime of the porphyrin excited singlet state accurately, the
fluorescence lifetime measurements were carried out in toluene at an excitation wavelength (Aex) of
400 nm. The fluorescence decay curves of 3 and 4 at 650 nm are fitted as a single exponential
(Figure 7). The fluorescence lifetime (z) of 3 (6.2 ns) in toluene is slightly shorter than that of 4
(9.6 ns) in toluene. These results clearly demonstrate that the porphyrins on the silica nanoparticle
are not quenched by the silica nanoparticle. This is in sharp contrast with photophysical properties
of porphyrin-modified gold nanoparticles in which the porphyrin excited singlet state is quenched
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strongly by the gold surface through energy transfer mechanism (5: =53 ps (89%), 9.0 ns (11%) in
benzene).'” The slightly shorter fluorescence lifetime of 3 relative to 4 may result from the
self-quenching of the porphyrin excited singlet state. Such slow self-quenching of the porphyrin
excited singlet state was reported for self-assembled monolayers of similar porphyrins on an ITO
electrode which does not quench the porphyrin excited singlet state.?*

2.3. Formation and Deposition of Composite Clusters.

The porphyrin-modified nanoparticle 3 was suspended in toluene containing Ceo and they were
associated to grow large clusters in an acetonitrile/toluene mixed solvent (denoted as (3+Caso)m).2
Herein, the concentration of one porphyrin unit in these composite clusters is kept constant in the
experiments: [H,P]=0.08 mM in acetonitrile/toluene=2/1, whereas the concentration of Cgy (0-0.5
mM) is varied in acetonitrile/toluene=2/1. This procedure allows the author to achieve the
complex formation between 3 and Cgy and the larger association at the same time. Then the
clusters were attached to nanostructured SnO; electrodes by the electrophoretic deposition method
(500 V, 2 min) to give the working electrode modified with the composite clusters (denoted as
ITO/SnO,/(3+Cg0)m).  The light-collecting property of 1TO/SnO,/(3+Cgo)m is found to be
intensive in the visible and near-infrared region (Figure 8).* SEM images of ITO/SnO/(3), and
ITO/SnO,/(3+Cqo)m electrodes reveal poor packing of large clusters with irregular size and shape on
the surface (Figure 9a and b). Nevertheless, the rough surface of the nanoparticles for
ITO/SnO,/(3+Cg0)m (Figure 9d) relative to the smooth surface of the nanoparticles for
ITO/SnO,/(3)m (Figure 9c) demonstrates the formation of the interpenetrating composite clusters of
3 with Cgo molecules which are deposited successfully onto the ITO/SnO; electrode.  Although the
nanoparticles with the rough surface are connected with a large excess of Cgo molecules, incomplete
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Figure 8. Absorption spectra of ITO/SnO2/(3+Cgo)m ((a) [Ceo]= 0 mM, (b) 0.08 mM, (c) 0.16 mM,
(d) 0.24 mM, (e) 0.32 mM, and (f) 0.40 mM in acetonitrile/toluene=2/1; [H,P]=0.08 mM).
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Figure 9. SEM images of ITO/SnO,/(3+Cs0)m ((@) [Ceo]= 0 mM and (b) [Ceo]= 0.24 MM in
acetonitrile/toluene=2/1; [H,P]=0.08 mM). Enlarged figures (a) and (b) are shown in figures (c)
and (d), respectively.

network between the nanoparticles results in the poor formation of the large clusters in micrometer
scale (Figure 9b, vide infra).

2.4. Photoelectrochemical Studies.

Photoelectrochemical measurements were performed in acetonitrile containing 0.5 M Lil and
0.01 M I, with the modified SnO; electrode as a working electrode, a platinum counter electrode,
and a reference electrode. Figure 10a displays anodic photocurrent responses of SnO, electrodes
modified with the composite clusters of porphyrin-modified silica nanoparticle 3 and Cgg
(ITO/SnO,/(3+Ceo)m) at an excitation wavelength of 420 nm (input power: 125 uW cm™) and an
applied potential of 0.05 V vs SCE ([3]=0.08 mM, [Cs]=0.32 mM). The photocurrent responses
are prompt, steady, and reproducible during repeated on/off cycles of the visible light illumination.
The current versus potential characteristics of the ITO/SnO,/(3+Cso)m device ([3]=0.08 mM,
[C60]=0.32 mM) was also examined under the same illumination conditions (Figure 10b). With
increasing positive bias the photocurrent increases as compared to the dark current. Increased
charge separation and the facile transport of charge carriers under positive bias are responsible for

enhanced photocurrent generation.
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Figure 10. (a) Photocurrent response of 1TO/SnO,/(3+Cgo)m ([3]=0.08 mM, [Cs0]=0.32 mM) at
Aex = 420 nm. Potential: +0.05 V vs SCE; 0.5 M Lil and 0.01 M I, in acetonitrile; Input power: 125
uW cm™  (b) Photocurrent vs applied potential curves for 1TO/SnO./(3+Ceo)m ([3]=0.08 mM,
[C60]=0.32 mM) electrode (solid line with closed circles). The dark currents are shown as dotted
line with open circles. A4=420 nm (125 uW cm-2); 0.5 M Lil and 0.01 M 1, in acetonitrile.

To evaluate the concentration effect of Cgy on the photocurrent generation, a series of
photocurrent action spectra were recorded and compared against the absorption spectra (Figure 11).
IPCE values were calculated by normalizing the photocurrent densities for incident light energy and
intensity and using the expression:

IPCE (%) = 100 x 1240 x i / (Win x A)

where i is the photocurrent density (A cm™), Wi, is the incident light intensity (W cm™), and A is

the excitation wavelength (nm). The action spectra largely agree with the absorption spectra on

ITO/SnO, (Figure 8).2 The IPCE value initially increases and exhibits 10% as a maximum at 400
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nm and finally decreases with increasing the Cgo concentration (Figure 11).

Taking into account the results of the well-established photodynamic and photoelectrochemical
properties of similar porphyrin-fullerene composite devices,”** photocurrent generation in the
present system is initiated by photoinduced charge separation or charge-transfer from the porphyrin
excited singlet state (*HaP"/HoP* = -1.1 V vs NHE)*™ to Ceo (Ceo/ Ceo = -0.2 V vs NHE)* ™ in the
porphyrin-Cgo complex rather than direct electron injection to conduction band of SnO; (0 V vs
NHE)*™® system. While the reduced Cg injects electrons into the SnO, nanocrystallites through
electron hopping between the Cgo molecules, the oxidized porphyrin (H2P/H,P* = 0.8 V vs NHE)* ™3
undergoes electron transfer reduction with the iodide (Is/1'= 0.5 V vs NHE)*** in the electrolyte
system to generate photocurrent.  Several researchers have previously reported efficient
self-exchange electron transfer of porphyrins?®® and fullerenes.””  Such fast self-exchange electron
transfer of porphyrins and fullerenes in the molecular clusters with interpenetrating network in the
thin film results in efficient hopping of hole and electron in each network.
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Figure 11. Photocurrent action spectra of ITO/SnO2/(3+Cgso)m System ((a) [Ceo]= 0 mM, (b) 0.08
mM, (c) 0.16 mM, (d) 0.24 mM, (e) 0.32 mM, and (f) 0.40 mM in acetonitrile/toluene=2/1,
[H,P]=0.08 mM). Applied potential: +0.05 V vs SCE. Electrolyte: 0.5 M Lil, 0.01 M 1.

The maximum IPCE value (10%) is 2.5 times as large as that (4%) of photoelectrochemical
device (ITO/SnO,/(5+Cg)m) comprising of the composite clusters of Cgy and porphyrin-modified
gold nanoparticle whose spacer between the gold surface and the porphyrin is similar to 3.*
These results clearly demonstrate that the replacement of gold core by silica particle in the
porphyrin-modified particles is responsible for the enhancement of photocurrent generation
efficiency due to the suppression of undesirable EN quenching of the porphyrin excited singlet state
by the silica core in the present system. It is noteworthy that the maximum IPCE value of
ITO/SnO,/(3+Cgo)m device is rather smaller than that (17%) of the corresponding device using silica
microparticles.’® First, the dead volume of the nanoparticle is much smaller than that of the

microparticle. This facilitates the electron and hole transport in the nanoparticle device relative to
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the microparticle device. Second, the both systems exhibit fairly good complexation of the
porphyrin-modified particles with Cgo molecules, leading to ultrafast charge separation in the films.
Finally, in the case of nanoparticle system the small nanoparticles are not connected extensively
with a large excess of Cgo molecules, leading to the poor packing of the large clusters with irregular
size and shape on the electrode in micrometer scale (vide supra). In contrast, porphyrin-modified
microparticles are linked with a large excess of Cg molecules considerably, resulting to the
formation of moderate packing of the large clusters with similar sphere on the electrode in
micrometer-scale.”®  This raises the electron and hole mobility in the microparticle device
compared with the nanoparticle device. Such reverse effects for the two devices may be
responsible for the rather similar photoelectrochemical properties of the present device compared
with the device using silica microparticle. The maximum IPCE value of the present system (10%)
is also smaller than that of similar porphyrin-fullerene composite system (up to 54%) in which
porphyrin-modified gold nanoparticle with a suitably long spacer between the porphyrin and the
gold nanoparticle and fullerene are fabricated in the same manner onto the SnO, electrode.**** In
the latter case, the porphyrin molecules are organized more regularly onto the surface of smaller
gold nanoparticles with a diameter of ~2 nm. The bottom-up fabrication would allow us to form
interpenetrating network of porphyrin and fullerene molecules in the blend film more extensively,
leading to the higher performance of the photoelectrochemical device.

3. Conclusion

In conclusion, the author has successfully constructed a photoelectrochemical device
comprising of porphyrin-modified silica nanoparticle and Cgy composites for the first time. The
maximum IPCE value of the present system (10%) is smaller than that of similar
porphyrin-fullerene composite system (up to 54%) in which porphyrin-modified gold nanoparticle
with a suitable spacer and fullerene are fabricated in the same manner onto the SnO, electrode.
Nevertheless, notable enhancement of the photocurrent generation was achieved in the present
system compared with reference system where gold core was used as a scaffold of porphyrins
instead of silica nanoparticle.
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Experimental Section

Materials and Methods. Cg (99.98 %) was obtained from MTR Ltd. Porous
nanostructured SnO, film was prepared by spraying a dilute (1.5 %) SnO, colloidal solution
(particle size: 15 nm; Chemat Technology, Inc.) on an optically transparent indium-tin oxide
electrode (ITO; Tokyo Sanyo Sinku), which was washed by sonicating in 2-propanol and cleaning
in O3 atmosphere in advance, and finally it was annealed at 673 K for 1h (denoted as ITO/SnQO,).
Activated porphyrin ester 1 and porphyrin reference 4° and (aminopropyl)silylated silica
nanoparticle 2% (Figure 1) were prepared by following the same procedure as described previously.
All the other chemicals were of analytical grade and used as received.

Synthesis and Characterization of Porphyrin-Modified Silica Nanoparticle 3. To a
suspension of 2 (100 mg, amino groups of 0.016 mmol) in THF (10 mL), was added at one portion
activated porphyrin ester 1° (9.0 mg, 0.0078 mmol), and then the suspended mixture was refluxed
for 24 h under nitrogen atmosphere.  After cooling, the reaction mixture was centrifuged to give a
precipitate, which was washed with THF.  The precipitate was dried to afford porphyrin-modified
silica nanoparticle 3 as a purple red solid (85 mg).

An amount of the porphyrin (3.8 x 10° mol) chemically adsorbed onto the silica surface in the
reaction mixture (10 mL of THF) was determined by comparing the initial and final amounts of the
porphyrins in the reaction mixture.  This allows to estimate the extent of porphyrin attachment to
amino groups on the silica nanoparticle spectroscopically (24% = 100 x [3.8 x 10° / (1.6 x 10™)]).
Assuming that a molar ratio of the unreacted amino moiety (CsHgN) and the porphyrin amido
moiety (C72HssNsO) is 1 : x, a molar ratio of C : N (=(8.11/12.01) : (0.93/14.01)) determined from
the elemental analysis for 3 (C: 8.11 %; H: 1.70 %; N: 0.93 %) is equal to the following ratio, (3 +
72x) : (1+5x), yielding x=0.33.  Accordingly, the extent of porphyrin attachment to amino groups
on the silica nanoparticle was also estimated as 25% (= 100 x 0.33 / (1+0.33)). A number of
amino groups on the surface of one silica nanoparticle was determined as 1.4 x 10* molecules from
the comparison of signal intensities of *H NMR spectra of 2 for the methyl moiety of DMSO and
the methylene moiety of the aminopropyl group.

Preparation of Cluster Solutions and Films. The cluster suspensions of
porphyrin-modified silica nanoparticle 3 or the mixture of 3 and Cg, were prepared in 1 cm cuvette
by injecting 1.0 mL of acetonitrile into a suspension of 3 or 3-Cgy in 0.5 mL of toluene (toluene:
acetonitrile = 1/2 (v/v)).®*  Two electrodes (ITO and ITO/SnO,) were kept at a distance of 6 mm
using a Teflon spacer and set in the cuvette, and then a dc voltage (500 V) was applied for 2
minutes between these two electrodes using power supply (ATTA MODEL AE-8750). The
deposition of the film could be confirmed visibly as the solution became colorless.

Characterization. UV-visible absorption spectra of solutions and films on 1TO/SnO, were
recorded using a Lambda 900 spectrophotometer (Perkin Elmer, USA). 'H NMR spectra were
obtained on a JEOL JNM-EX270 using tetramethylsilane as internal standard. Elemental analyses
were performed at the Microanalytical Laboratory of Kyoto University. Optical microscopic
images were measured by using BX51 microscope (OLYMPUS, Japan). The surface morphology
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of the films was observed by scanning electron microscopy (SEM) measurements using
JSM-6500FE (JEOL, Japan). Transmission electron microscopy (TEM) images were obtained by
applying a drop of the sample to a carbon-coated copper grid. Images were recorded with a
JEM-200CX transmission electron microscope (JEOL, Japan). Infrared (IR) spectra were
recorded in KBr pellet by using Spectrometer Lambda 19 (Perkin Elmer, USA). Time-resolved
fluorescence spectra were measured by a single-photon counting method using a second harmonic
generation (SHG, 400 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami 3950-L2S, 1.5 ps
fwhm) and a streakscope (Hamamatsu Photonics, C4334-01) equipped with a polychromator
(Acton Research, SpectraPro 150) as an excitation source and a detector, respectively.?

Photoelectrochemical Measurements. All photoelectrochemical measurements were carried
out in a standard three-electrode system using an ALS 630a electrochemical analyzer.* The
cluster film as a working electrode was contacted onto the electrolyte solution containing 0.5 M Lil
and 0.01 M I, in acetonitrile where a Pt wire covered with glass ruggin capillary whose tip was
located near the working electrode is a reference electrode and a Pt coil is a counter electrode. The
potential measured was converted to the saturated calomel electrode (SCE) scale by adding +0.05 V.
The stability of the reference electrode potential was confirmed under the experimental conditions.
500 W xenon lamp (XB-50101AA-A; Ushio, Japan) was used as a light source. The
monochromatic light through a monochrometer (MC-10N; Ritsu, Japan) was illuminated on the
modified area of the working electrode (0.20 cm2) from the backside. The light intensity was
monitored by an optical power meter (ML9002A; Anritsu, Japan) and corrected.
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Conclusion Remarks

This thesis has reported the energy and electron transfer thorough the oligosilane chain to
clarify the roles of the oligosilane as a molecular wire. The electron-donating ability of the
pyrroridine-substituted perylene imides has been also clarified by investigating the photoinduced
electron transfer from the perylene imides to the electron-accepting fullerene and the dye-sensitized
solar cells. Furthermore, the porphyrin-modified silica nanoparticles have been synthesized to
develop efficient solar energy conversion systems by assembling the cluster of porphyrin-modified
silica nanoparticles with fullerenes on the tin oxide electrodes. The results and findings in this
work are summarized as follows.

1. A series of conformationally constrained cis- and trans-1,2-diaryl-1,2-disilcyclohexanes 3, as
well as their acyclic analogues 5, have been prepared in order to investigate the effect of the
conformation on their photophysical properties. (1) The UV absorption maximum
wavelength of the trans isomer is always slightly longer (3—-6 nm) than that of the cis isomer.
(2) The 'L, band in the MCD spectra is also conformation-dependent, while the first
transition (*L, band) is not. (3) The emission quantum yields, but not Agw, are significantly
dependent on the conformation and solvent. The orders of the emission quantum yield are
cis-3a < 5a < trans-3a in 3-methylpentane and 5a < cis-3a < trans-3a in acetonitrile. The
conformation control by introduction of a cyclic structure is effective for controlling the
photophysical properties in the c—=r conjugation system.

2. A novel zinc porphyrin-fullerene dyad covalently connected by a disilane bridge
(ZnP-Si,—Cg) was synthesized and fully identified by its *H, *C, and ?°Si NMR and FAB
mass spectra.  The quenching paths from *ZnP*-Si,—Cg, are most probably attributed to the
charge separation in polar solvents. The transient absorption spectra in Ar-saturated polar
solvents clearly show the formation of the radical ion pair. The dialkynyldisilane linkage
plays an important role as a molecular wire.

3. Zinc porphyrin—fullerene dyads linked by the conformation-constrained tetrasilanes were
synthesized together with the permethylated tetrasilane-linked dyad.  Time-resolved
fluorescence measurements revealed that the ET occurs on a sub-nanosecond to nanosecond
timescale. The transient absorption spectra in polar solvents are mainly composed of the
Ceo-radical anion and the ZnP-radical cation, indicating the generation of the CS state with a
sub-microsecond lifetime.  The lifetimes of the CS states hardly depend on the
conformation of the tetrasilane linkers. This is in sharp contrast to the w-conjugated linkers,
which show the linkage dependence of the ET rate, and would be one of the characteristics of
the silicon linkage.
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A series of oligosilane-bridged zinc porphyrin—fullerene molecules ZnP—[Si]-Cgo with
various bridge lengths (n = 1-5) was newly synthesized and their photochemical properties
were investigated using conventional and time-resolved spectroscopic methods. The 'H
NMR and steady-state absorption measurements indicate that ZnP—-[Si,]-Cso involve
extended and folded conformers. The results of the steady-state fluorescence and
fluorescence time-profile measurements suggest the photoexcitation of the folded conformers
form nonemissive short-lived excited CT states, while the fluorescence quenching paths of
the S; states of ZnP moieties of the extended conformers are attributed to the competitive
through-space and trough-bond electron transfer. The transient absorption measurements
unambiguously demonstrate the formation of the radical-ion pair with a lifetime of
submicroseconds. The through-bond ET of the present ZnP-[Si,]-Cgs molecules are
slower than those of other Zn—-Cgy dyads due to the large energy gap between LUMO orbitals
of ZnP and oligosilane as confirmed by MO calculations. The g value of the ET of the
o-conjugated oligosilane bridge was evaluated for the first time to be 0.16 A™* on the basis of
the bridge-length dependent component of the CS process, which is the same level as those
of the other bridges comprising n-conjugated carbon-based systems. These results indicate
that the oligosilane o-conjugation system works well as a good molecular wire for a
long-range charge separation and is promising material applicable to photovoltaic devices
etc.

The author has synthesized diphenyldisilane-linked zinc porphyrin—free-base porphyrin dyad
ZnP—[Siy]-H,P and measured their photophysical properties. These measurement data
indicate that the EnT from the ZnP to the H,P moiety occurs at the rate of 9.5 x 10° s™*.  The
disilane are found to effectively mediate the singlet excited energy transfer.

The author has successfully synthesized novel perylenediimide-Cso dyad in which
electron-donating amine substituents are introduced into the perylenediimide moiety to
facilitate photoinduced electron transfer. By the femto- to picosecond transient absorption
measurements, the formation of the charge-separated state has been demonstrated
unambiguously in perylenediimide-Cgy linked dyads for the first time. Thus, the
perylenediimide-Cgo dyad in this srudy is highly promising as a new class of artificial
photosynthetic models and photovoltaic materials.

The author has successfully examined the photophysical properties and the photodynamics of
the electron-donating, pyrrolidine-substituted perylenediimide-Cgo linked dyad in details for
the first time. A combination of pyrrolidine-substituted perylenediimide and Cg is found to
be an excellent system for harvesting light in the visible and near infrared regions.
Photoinduced electron transfer occurs from the perylenediimide excited singlet state to the
Ceo in the picosecond time scale to generate the charge-separated state in the polar solvents
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(benzonitrile, pyridine, and o-dichlorobenzene), showing that the dyad is a new class of
artificial photosynthetic model in terms of charge separation. In contrast, in the nonpolar
solvents (i.e., toluene), singlet-singlet energy transfer takes place from the perylenediimide to
the Cgo, followed by intersystem crossing to the Cgo excited triplet state and subsequent
triplet-triplet energy transfer to yield the perylenediimide excited triplet state. Rate
constants of the charge recombination in the polar solvents are found to be comparable to or
even larger than those of the charge separation, which is in sharp contrast with electron
transfer behavior in typical donor-Cg linked systems. The reorganization energy (0.86 eV)
of the perylenediimide-Cg linked dyad in polar solvents is significantly larger than those of
similar porphyrin-Cgo linked dyads (0.51-0.66 eV) in which both have comparable
edge-to-edge distances between donor and acceptor. The quantum chemical calculations
reveal that the large reorganization energy of the perylenediimide-Cg linked dyad relative to
the porphyrin-Cg linked dyads stems from a relatively large conformational change in the
pyrrolidine groups at the perylenediimide moiety associated with one-electron oxidation.
Such a relationship among the molecular structure, the electron-transfer properties, and the
electron-transfer parameters including reorganization energy and electronic coupling matrix
element will be useful for the molecular design of artificial photosynthetic systems including
molecular photoelectrochemical devices.

The author has successfully synthesized novel perylene imide derivatives with strongly
electron-donating moiety, bulky substituents, and acid anhydride as the strong coupling
group for dye-sensitized solar cells. The power conversion efficiency reached 2.6%, which
is the highest value among perylene-sensitized TiO; solar cells. These results unequivocally
corroborate that the introduction of the two pyrrolidine moiety, 2,6-diisopropylphenyl groups,
and acid anhydride into the perylene imide is responsible for the significant improvement of
the cell performance.

The author has successfully constructed a photoelectrochemical device comprising of
porphyrin-modified silica nanoparticle and Cgo composites for the first time. The maximum
IPCE value of the present system (10%) is smaller than that of similar porphyrin-fullerene
composite system (up to 54%) in which porphyrin-modified gold nanoparticle with a suitable
spacer and fullerene are fabricated in the same manner onto the SnO, electrode.
Nevertheless, notable enhancement of the photocurrent generation was achieved in the
present system compared with reference system where gold core was used as a scaffold of
porphyrins instead of silica nanopatrticle.
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