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Abstract: Attempts have been made to develop dye-sensitized solar cells based on the
principles and materials of photosynthesis: We first tested photosynthetic pigments,
carotenoids (Cars), chlorophylls (Chls) and their derivatives, to find sensitizers showing
reasonable performance (photocurrent and conversion efficiency). We then tried to
introduce the principles of photosynthesis, including electron transfer and energy transfer
from Car to Phe a. Also, we tried co-sensitization using the pheophorbide (Phe) a and Chl
¢ pair which further enhanced the performance of the component sensitizers as follows:
Je=9.0+13.8 > 140 mA cm > and 5 = 3.4 + 4.6 — 5.4%.
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1. Introduction

Bacterial photosynthesis has been studied extensively: the structures of pigment-protein complexes
were determined by X-ray crystallography and the excited-state dynamics of photosynthetic pigments,
i.e., carotenoids (Cars) and bacteriochlorophylls (BChls), by time-resolved laser spectroscopies in
relation to their physiological functions. The goal of primary processes of photosynthesis is to generate
the source of chemical energy, ATP, and the reductant, NADPH. However, the initial process of
photosynthesis is to trigger the electron-transfer reaction by the use of harvested light energy.
Therefore, the principles and the materials of photosynthesis can be used to fabricate dye-sensitized
solar-cells (DSSCs).

In this mini-review, we will try to reorganize the results of our eight years of investigation, and to
present our recent results, as well. At the beginning, we will introduce photosynthetic pigments and
the principles of bacterial photosynthesis to those readers who have been studying DSSCs but not
familiar with photosynthesis.

1.1. Photosynthetic Pigments

Carotenoids. The physiological functions of Cars include light-harvesting and photo-protection.
The light-harvesting function of Cars includes the absorption of the light energy followed by singlet-
energy transfer to BChl, which takes place in antennas including the peripheral LH2 and the central
LH1 complexes. One of the photo-protective functions is the quenching of the lowest triplet (T;) BChl,
which can sensitize the generation of harmful singlet oxygen. The other photo-protective function is
the reduction of doublet ground-state radical-cation (Do) BChl to prevent its oxidative degradation.

Figure 1 presents an energy diagram comparing the singlet-excited states of Cars (1B, 3A, , 1B,
and 2A,) and those of BChl a (Qy and Qy). The energies of Car excited states decrease with the
number of conjugated double bonds, 7, as functions of 1/(2 n + 1) [1]. There are two different kinds of
BChls in LH2, absorbing at 800 and 850 nm (named ‘B800° and ‘B850’), while LH1, only ‘B880’.
The relative heights of singlet-energy levels show that the most efficient singlet-energy transfer from
Car to BChl can take place in Cars (n = 9 and 10) through three different channels (1B, — Qi
IB, — Qyand 2A, — Q).

Thus, Cars can be used in DSSCs to facilitate (i) singlet-energy transfer to BChl, (ii) triplet-energy
transfer from T; BChl, and (iii) electron transfer to D" BChl. In addition, Cars themselves can eject
electron when an electron acceptor is available [3].

Bacteriochlorophylls and Chlorophylls. The physiological functions of BChls include singlet-
energy transfer and the ejection and transfer of electron. The singlet energy that has been transferred
from Car to BChl in LH2 through multi-channels can be transferred further to LH1 and, then, to the
reaction center (RC) using the Q, excitation of BChl. When the singlet Qy energy reaches ‘the special-
pair’ BChl, (P), an electron is ejected. The initiation of electron transfer by the use of the Qy energy of
P is the most important event in bacterial photosynthesis.
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Figure 1. A diagram comparing the energies of the singlet- and triplet-excited states of
Cars with those of BChl a. The energies of the optically-allowed 1B, state and the
optically-forbidden 3A,, 1B, and 2A, states were determined by measurement of
resonance-Raman excitation profiles of crystalline mini-f-carotene, spheroidene, lycopene,
anhydrorhodovibrin and spirilloxanthin (n = 9~13) [1]. The T, levels of the Cars
(n = 9~11) and BChl a bound to LH2 antenna complexes were determined by high-

sensitively emission spectroscopy [2] ([9]-reproduced by permission of The Royal Society
of Chemistry).
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Figure 2. Chemical structures of BChl a having the bacteriochlorin skeleton, Chl a and
Chl b having the chlorin skeleton, and Chl ¢; and Chl ¢; having the porphyrin skeleton.
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The plants and algae use larger pigment-protein complexes, to which a large number of Car and
chlorophyll (Chl) molecules are bound in more complicated ways. However, the basic principles of
structural organization are similar to the pigment-protein complexes in photosynthetic bacteria. The
uniqueness of these organisms is that they use different types of Chls including Chl a, Chl » and Chl ¢,
the structures of which are shown in Figure 2 together with that of BChl a. The three different Chls
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can be characterized by their location and function as follows: (i) Chl a is the most common plant Chl,
taking part in the light-harvesting pigment-protein complexes of higher plants, algae, prochlorophytes
and cyanobacteria, and mainly functioning as the primary electron donors in the photosystem (PS) I
and II RCs and also as the first electron accepter in PS I RC. (ii) Chl b is much less ubiquitous than
Chl a. It is only present in the light-harvesting complexes, that are not closely connected to the RCs, of
higher plants, green algae, euglenophytes and prochlorophytes. The main difference in its electronic-
absorption spectrum from that of Chl a is the red shift of the Soret absorption and the blue shift of the
Qy absorption; the intensity of the latter relative to that of the former is much less in Chl 4 than in Chl
a. (iii)) Chl ¢ was originally isolated from various marine algae as a mixture of closely-related
pigments, Chl ¢; and Chl ¢,. They have the porphyrin macrocycle (in contrast to Chl a and Chl b
having the chlorin macrocycle) and have acrylic acid (instead of propionic acid ester) attached to ring
D and the carboxyl methyl ester attached to ring E. Chl ¢ exhibits a very strong Soret absorption
shifted to the lower energy and a pair of very weak Qy absorptions shifted to the higher energy (when
compared to Chl a). Their main function is to mediate energy transfer from a carotenoid, fucoxanthin,
to Chl a [4]. Thus, either Chl b or Chl ¢ can transfer singlet energy to Chl a via the Qy state, and
function as supplementary light-harvesting pigments for Chl a, facilitating the initial electron-transfer
reaction in the nonbacterial photosynthetic organisms.

1.2. How to Apply the Principles of Photosynthesis to DSSCs

Comparison between dye-sensitized solar cells and the bacterial photosynthetic system. It is
worthwhile to compare or contrast a typical Gritzel-type DSSC to the primary processes of bacterial
photosynthesis (Figure 3), pictorially summarizing what have been described above: (a) Photo-
excitation and electron injection in DSSCs: The assembly and principle of Gritzel-type DSSC is rather
simple: A dye sensitizer is bound, through an anchoring group, to the surface of a semi-conductor,
sintered TiO, nanoparticles, for example, which can tremendously increase the area of the boundary
surface. Upon photo-excitation of the sensitizer, electron is injected into TiO; (to be transferred to the
cathode) and the resultant dye radical cation is neutralized by the I"T3 redox couple (by transferring
electron from the anode). The dye molecules that are piled up above the first layer can collect the light
energy and transfer their singlet excitation (functioning as an antenna) and, at the same time, dissipate
the singlet and triplet energies (functioning as a self-quencher). (b) Cascade electron transfer in the
bacterial reaction center (RC): After charge separation at the special-pair BChls (P), triggered by
photo-excitation, the electron is transferred to accessory BChl (B), bacteriopheophytin (H), quinone A
(Qa) and eventually to quinone B (Qg). The locations, orientations, and the one-electron oxidation
potentials of the series of electron-transfer components are finely tuned by intermolecular interaction
with the apo-peptide(s) and other pigment(s). (c) Cascade energy transfer in the bacterial
photosynthetic system: Cars harvest the light energy (in the 500 nm region) as supplementary light
harvester and transfer their singlet energy to BChls through plural channels. Then, the singlet energy
of BChl is transferred in the order, LH2 — LH1 — RC. In the Car — BChl energy transfer, both the
optically-allowed 1B," and optically-forbidden 1B, and 2A, states of Cars as well as the optically-
allowed Qy and Qy states of BChls are involved (see Figure 1), whereas in the latter BChl — BChl
energy transfer, only through the lowest Qy state of BChl, is involved.
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Figure 3. (a) Photo-excitation followed by electron injection and electron transfer in
DSSC; (b) photo-excitation of special pair BChls (P) followed by cascade electron transfer
in a sequence, special pair BChl, (P) — accessory BChl (B) — bacteriopheophytin (H) —
quinone A (Qa) — quinone B (Qp) in bacterial reaction center (RC); and (c) photo-
excitation of Car to the optically-allowed 1B, state followed by energy transfer to the Q,
and Qy levels of BChl, during the internal conversion processes of 1B, > 1B, — 2A, —
G (1A, ) within Car in LH2 antenna. Then, the Q, energy of BChl in the LH2 antenna is
transferred to the LH1 antenna and eventually to P in the RC.

(a) Photo-excitation and electron injection (b) Cascade electron transfer (c) Cascade energy transfer
e 20000 | —1B
—05 & —Q, 10 C pr [ / 1B
— CBE T B . 1 [ L =——1BS
[ TiO2 L /— L !
> L s = _ 15000 ! —
~ 0.0F < i ! [ ! o
w OF 5-05F £ A
% T r ° [ —H_*/—le—m Qv
e I 2 2 | g = 2 Sooo0p RC LML 2
> 05¢ > o0.0p S
_ : 5000
1.0 } I"/ls 0.5~ -
Sensitizer Of = | —— —
BChls Car
(n =10)
Dye-Sensitized Solar Cell Bacterial Reaction Center Bacterial Photosynthetic System

Strategies to be taken. We know that Cars and Chls (including their derivatives) have the potential
of electron injection into TiO,, upon photo-excitation, when they are bound directly to the linear or
cyclic m-conjugated systems through the anchoring carboxyl group. We have started with using Cars as
sensitizers, because we have accumulated knowledge concerning their excited-state energetics and
dynamics (vide infra). Then, we proceeded to Chl and derivatives, in which the excited-state energy
levels had been described by Gouterman [5,6] and excited-state dynamics had been studied by other
investigators [7]. We first tried to learn the mechanisms how these photosynthetic pigments can
function as the sensitizers in DSSCs, by systematically changing the degree of m-conjugation that
determines the excited-state and the redox-state properties, which have turned out to be the key
parameters in suppressing or enhancing the photocurrent and conversion efficiency of DSSC.

We also tried to introduce to the DSSC systems the first steps of the cascade electron transfer and
energy transfer. We tried to incorporate sequential co-sensitization, the electron transfer and energy
transfer from the Car moiety to the pheophorbide sensitizer and, also, parallel co-sensitization by the
use of pheophorbide and chlorophyll sensitizers both having the anchoring carboxyl group.

In this review, we will try to let Figures illustrate the ideas and the experimental results by
themselves, minimizing the lengths of sentences for explanation. We will briefly introduce the topics
at the beginning and add a brief summary at the end, to facilitate the readers’ understanding. After
Conclusion and Future Perspective, we will briefly introduce “Relevant Work by Other Investigators”
to benefit the readers in evaluating our contribution.
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2. Polyene Sensitizers

Polyenes are linear conjugated systems, from which electron can be injected into TiO,, when the
carboxyl group is directly attached to facilitate binding and electron injection. As a set of sensitizers,
we used retinoic acid (RA) and carotenoic acids (CAs) having n = 5~13 double bonds (Figure 4). Their
dependence of excited-state energetics and dynamics on the conjugation length (7) has been well-
documented [8,9]. Their one-electron oxidation potential shifts with n to the negative side (to the
higher energy) systematically (vide infra).

Figure 4. Chemical structures of retinoic acid (RAS5) and carotenoic acids (CA6~CA13).
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We first examined the conjugation-length (n) dependence of the photocurrent and conversion
efficiency (sometimes collectly called ‘performance’) of solar cells using the set of sensitizers, and
tried to explain the results in terms of the excited-state dynamics of RA and CAs free in solution and
bound to TiO, nanoparticles in suspension. The maximum performance was obtained in CA7; the
decline of performance toward CA13 was explained by the initial electron-injection efficiency,
whereas the decline toward RAS5 was partially explained in terms of triplet generation at later stages
after excitation.

Secondly, we examined the concentration dependence of the performance of CA7-sensitized solar
cell by dilution of the sensitizer with a spacer, deoxycholic acid (DCA). Surprisingly, the performance
was enhanced from that at 100% by the initial dilution to 70% and even after the later dilution to 30%.
The concentration dependence of the IPCE profile and the electronic absorption spectrum suggested
changes in the form of singlet excitation of the sensitizer on the TiO, layer. We suspected that ‘singlet-
triplet annihilation’ due to the aggregate formation is the key in suppressing the photocurrent and
conversion efficiency before dilution.

Finally, we prepared a set of four sensitizers having different polarizabilities and, as a result,
different tendency of aggregated formation, and examined changes in the photocurrent and conversion
efficiency of the fabricated solar cells, depending on the dye concentration and the light intensity. The
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most aggregate-forming dye exhibited the enhancement of performance by lowering the concentration
and the light intensity, supporting the idea of singlet-triplet annihilation. The details will be described
below.

2.1. Mechanisms of Electron Injection and Charge Recombination Generating Radical Cation and
Triplet Species

Conjugation-length dependence of photocurrent and conversion efficiency of RA- and CA-
sensitized solar cells. Figure 5a shows the I~V curves of solar cells using the set of sensitizers [10].
The short-circuit photocurrent density (Js) is in the order, RA5 < CA6 < CA7 > CA8 > CA9 > CAIll
> CA13, whereas the open-circuit photovoltage (V) is in the order, RAS > CA6 > CA7 > CAS8, and
CAS, CA9, CAll and CA13 exhibit similar values.

Presumably, the coverage on the surface of TiO, layer should be better-organized in the shorter-
chain RAS5, CA6 and CA7 sensitizers in the complete all-frans configuration; the longer-chain
sensitizers tend to form cis isomers, as well. Open-circuit photovoltage (Vo) in Figure 5 must reflect
this situation. Figures 6a and b present the conjugation-length dependence of short-circuit current
density (Ji, hereafter called ‘photocurrent’) and solar energy-to-electricity conversion efficiency
(n, called ‘conversion efficiency’). Both photocurrent and conversion efficiency are at the maximum in
CA7; they decline toward the shorter-chain in the order, CA6 and RAS, and also toward the longer-
chain in the order, CA8, CA9, CA11 and CA13. The relevant parameters of solar cells and the one-
electron oxidation potentials of the sensitizers are listed in Table 1 in Supporting Information of
Ref. [10].

Figure 5. (a) Conjugation-length (n) dependence of the /- curves in solar cells using the
RA and CA sensitizers, and (b) the concentration dependence of the /-V curve in CA7-
sensitized solar cells (reprinted from [10], Copyright (2005), with permission from

Elsevier).
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Figure 6. Conjugation-length (n) dependence of (a) the photocurrent (Ji) and (b) the
conversion efficiency (7) in solar cells using the RA and CA sensitizers, and (c) the
electron-injection efficiency (@) in the RA and CA sensitizers bound to TiO;
nanoparticles in suspension (reprinted with permission from [11] © 2005, American
Chemical Society).
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Figure 7. An energy diagram for the optically-allowed 1B," and optically-forbidden 2A,,
1B, and 3A, states for conjugated chains having n = 5~13 double bonds (reprinted with
permission from [11] ©2005, American Chemical Society).
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The excited-state dynamics of RA and CAs bound to TiO; nanoparticles in suspension. To
understand the mechanism giving rise to the above dependence of photocurrent and conversion
efficiency on n, we examined the excited-state dynamics of the set of sensitizers (except for CA13)
bound to TiO, nanoparticles in suspension by subpicosecond and submicrosecond pump-probe
spectroscopy [11]: Figure 7 shows an energy diagram for the n-conjugated chains of RA and CAs with
n = 5~13: The linear dependence of the optically-active 1B,  state, as a function of 1/(2n + 1), was
determined by conventional electronic-absorption spectroscopy. The linear dependence of the
optically-forbidden 1B, , 3A, and 2A, states was transferred from those of bacterial Cars (n = 9~13)
determined by the measurement of resonance-Raman excitation profiles [1] (Figure 1); the energies for
CA8~RAS were extrapolation of the linear relations. According to the state ordering, after excitation
to the 1B, state by the absorption of photon, (i) RAS5, CA6, CA7 and CAS are expected to internally
convert, in the order, 1B,” — 2A, — 1A, (the ground state), (i1) CA9 and CA10, in the order,
1B," — 1B, — 2A, —1A, and (iii) CA11, in the order, 1B, —3A, — 1B, — 2A, — 1A,
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On the basis of the above set of energy levels and internal conversion processes, we analyzed, by
means of singular-value-decomposition (SVD) followed by global fitting, the time-resolved data
matrices for the set of RA5S~CAI11 sensitizers free in solution and bound to TiO, nanoparticles in

suspension.

Figure 8. SADS and time-dependent changes in population for the RA and CA sensitizers
free in ethanol solution (the first and the third panels) and bound to TiO; nanoparticles in
suspension (the second and the fourth panels) (reprinted with permission from [11] © 2005,
American Chemical Society).
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Figure 8 presents the results for free in solution, including the species-associated-difference-spectra
(SADS) shown in the top panels and the time-dependent changes in population shown in the third
panels: In RA 5, rapid transformation from the 1B, to the 2A, state followed by the generation of
radical cation (Do) is observed. In CA6~CAS, rapid 1B, — 2A, transformation followed by the
slow decay of the 2A, state is observed; here, no generation of Dy™" is seen. In the SADS of CA9 and
CA11, clear transformation from the 1B, to the 2A, state is not seen in the visible region, but rapid
transformation from the 1B," to the 1B, state and that from the 1B, to the 3A, state, respectively,
are seen in the near-infrared region. Their spectral patterns agreed with those of the 1B, and 3A,
states of neurosporene (n = 9) and lycopene (rn = 11), respectively [12]. The time-dependent changes in
population for CA9 shows extremely-rapid 1B,” — 1B, transformation followed by the slower
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1B, — 2A, transformation, whereas those for CA11, extremely-rapid 1B,” — 3A, transformation
followed by the slower 3A, — 2A, transformation.

The results for RA5S~CA11 bound to TiO; nanoparticles in suspension are also shown in Figure 8
(the second and fourth panels): The singlet-excited states generated by the photo-excitation of the
sensitizers bound to TiO, were basically the same as those generated free in solution. The most
conspicuous difference in the excited-state dynamics, in the bound state, is that the transient
absorptions of the triplet (T;) and the radical-cation (D) states appear immediately after electron
injection. The former transient absorptions agree in energy with those of the T; states obtained by
anthracene-sensitized photo-excitation, whereas the latter transient absorptions, with the stationary-
state absorptions of radical cation obtained electrochemically (see the spectral lines shown in the
second panels). The generation of the apparent Dy + T, state, however, drastically influences the
dynamics of singlet-excited states: In RA5S~CAS, the generation of the D" + T, state substantially
accelerates the decay of both the 1B, and 2A, states, showing efficient electron injection from these
excited states into TiO,. In CA9 and CAL11, on the other hand, it accelerates the decay of not the 2A,
state but the 1B, state, showing electron injection only from the latter.

Figure 9. The pathways of internal conversion and electron injection for the RA and CA
sensitizers free in solution and bound to TiO, nanoparticles in suspension. The time
constant for each pathway is shown in picoseconds (reprinted with permission from [11] ©
2005, American Chemical Society).
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Figure 9 presents the internal-conversion and electron-injection pathways and the relevant time
constants for the free and bound states. Table 1 lists the electron-injection efficiencies through the
1B, and 2A, channels and a sum of the two for the set of RA and CAs, which were calculated by the
use of those time constants.

The conjugation-length dependence of the total electron-injection efficiency (@) is depicted in
Figure 6¢. The highest efficiency in CA7 (almost unity) and the decline toward CA11 can be explained
nicely in terms of electron-injection efficiency. The results definitely indicate that the decline toward
the longer-chain, i.e., CA7 > CA8 > CA9 > CAl1, reflects the intrinsic excited-state dynamics of the
Car conjugated chain. However, the decline toward CA6 and RAS is left unexplained. Table 2 shows
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that the values of one electron-oxidation potential systematical lowers with n, a trend which predicts
the electron-injection efficiency monotonically increasing with » all the way from » =5 to 11, which is

contrary to the observation.

Table 1. Electron-injection efficiencies (in %) through the 1B," and the 2A, channels and
a sum of them calculated by the use of time constants shown in Figure 9 (reprinted with
permission from [11] ©2005, American Chemical Society).

RAS CAG6 CAT7 CAS8 CA9 CAll
1B," channel 0.04 0.31 0.46 0.31 0.60 0.29
2A4 channel 0.88 0.61 0.52 0.63 — —
Sum 0.92 0.92 0.98 0.94 0.60 0.29

Table 2. One-electron oxidation potentials in dichloromethane (in V) (reprinted with
permission from [11] ©2005, American Chemical Society).

RA5 CAG6

CA7 CA8

CA9 CA1ll

Eox (vs. Ag/AgCl)

1.08 0.97

0.87 0.80

0.77 0.71

We have observed the generation of ‘the Dy + T state’ just by transient absorptions, which does
not decay at all in the ps time scale. Therefore, we do not know, at this moment, what we now call ‘the
Do " + Ty state’ is either ‘a combined Dy + Ty state’ or ‘a mixture of the Dy state and the T, state’.
We have applied submicrosecond pump-probe spectroscopy to examine the later stages after

excitation.

Figure 10. SADS (upper panels) and time-dependent changes in population (lower panels)
for RA5~CAS bound to TiO, nanoparticles in suspension (reprinted with permission from
[11]© 2005, American Chemical Society).
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Table 3. The time constants of transformation from the Dy"" — T; complex to the Dy"" and
T, states (k@{1 and k{l) and the Dy"" and T, lifetimes (kdo'l and kto'l). The partition
efficiencies from the Dy — T complex to the Dy** and T; states (#p and ¢r) are also listed
(reprinted with permission from [11]© 2005, American Chemical Society).

RA5-TiO, CAB-TiO, CAT7-TiO, CA8-TiO,

k't (us) 34 22 9.4 5.9
kit (us) 3.1 2.7 2.1 2.0
kot (us) 22 18 12 9.0
kao™ (us) ~50 ~150 ~150 ~150
#, (%) 8 11 18 25
¢r (%0) 92 89 82 75

Figure 10 shows the results of the SVD and global-fitting analysis of submicrosecond time-resolved
data matrices for the four shorter-chain RA and CAs. Here, a relaxation mechanism, including the
splitting of a combined D" + T} state into a pair of the Dy and T; states, has been nicely explained.
The first SADS (upper panels) show that the T1/Dy” population ratio in the combined D™ + T state
increases toward RAS. Consistently, the time-dependent changes in population (lower panels) show
that the ratio of the split T,/Dy™" species also increases toward RAS.

Table 3 lists the quantum yields for the Dy and T, species (¢p and ¢r) calculated by the use of the
relevant time constants. The efficiency of electron injection (¢@p) gradually declines toward RAS. This
trend partially solves the above-mentioned contradiction in the dependence on n shown in Figure 6,
i.e., (a) and (b) vs (¢).

Finally, we will propose the mechanisms of charge-separation and charge-recombination, which
generates the radical-cation and triplet species of RA and CAs on the surface of TiO, nanoparticles:
Figure 11 presents the energies of the singlet, triplet and redox states of RA5 and CA6~CAIll in
reference to the conduction-band edge (CBE) of TiO,. Importantly, the energy gap between the CBE
and the T, levels is the smallest in RAS and systematically increases toward CA11, which explains the
decreasing order of the triplet generation mentioned above.

Figure 12 proposes the excited-state dynamics in a typical CA that is bound to TiO,: (i) Process 0
— 1: Upon absorption of photon, electron is transferred to a higher singlet level (S,). (ii) Process 1 —
'2: Electron injection takes place to generate a charge-separated state having a singlet character on the
boundary. (iii) '2 — 6: Electron is transferred further into TiO, to form a stable charge-separated state.
(iv) 6 — 0: the reverse electron transfer followed by charge recombination takes place to relax into the
ground state. This is a series of changes among the singlet-excited and redox states having a singlet
character.

Now, we will consider the generation of the triplet-excited and radical-cation states both having a
triplet character: (v) Process '2 — *3: When there is a strong spin-orbit coupling in the charge-
separated state having the singlet character, it can transform, by the inversion of spin, into the charge-
separated state having a triplet character. When the energy gap between the CBE and the T, levels is
small, the resultant charge-separated state can transform further into a charge-transfer complex (*3)
consisting of the charge separated (TiO; —CA(Dy™")) state and a neutral (TiO,—CA(T))) state. This is
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exactly what we called ‘the combined Dy + T, state’ (vide supra), because the former component
gives rise to the radical-cation electronic absorption, whereas the latter component, the T,-state
electronic absorption of CA.

Figure 11. The energies of the singlet, triplet and redox states of RAS and CA6~CA11 in
reference to that of the conduction-bond edge (CBE) of TiO,. The redox (So/Do™) levels
were drawn based on the one-electron oxidation potential listed in Table 2, and the excited
state levels were taken from these shown in Scheme 7. Here, the T energy is assumed to
be the 1/2 of the 2A, energy [13]. On the other hand, the energy of CBE was calculated by
Ecge = —0.1-0.059 pH (in eV) [14], where the pH value was assumed to be 3.0 (reprinted
with permission from [11] ©2005, American Chemical Society).
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In *3, the relative contribution of the T;-state CA becomes larger when the energy gap between the
CBE of TiO, and the T, states of CA becomes smaller (see Figure 11); this is actually evidenced by
the SADS of the Dy”" + T, state (see Figure 10). This charge-transfer complex can split into two
independent components as follows: (vi) *3 — 4: It transforms into the pure D, state of CA, the
lifetime of which can be very long when the electron is trapped far from the surface of TiO, particles
in suspension. (vii) 33 — 5: it can transform into the T; state of CA, which decays with an intrinsic T,
lifetime.

Summary: The mechanisms of electron injection immediately after excitation to the 1B, (S;) state
and charge recombination of the TiO, —Car (D) pair to form triplet Car, after the intersystem
crossing and the formation of charge-transfer complex, have been revealed by the analysis of the ps
and us time-resolved data obtained by pump-probe spectroscopy of RA and CAs bound to TiO,
nanoparticles in suspension. The conjugation-length (n) dependence of the initial excited-state
dynamics has nicely explained the photocurrent and conversion efficiency of solar cells using the RA
and CA sensitizers, i.e., the maximum at n = 7 and the decline toward » = 11. On the other hand, the
decline toward n = 5 has been explained partially in terms of the triplet generation at later stages.
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Figure 12. Excitation, electron transfer and relaxation dynamics in a typical Car bound to
TiO, nanoparticles in suspension. Mechanisms of electron injection as well as charge
recombination, following intersystem crossing and exciplex formation, to generate triplet
(T)) and radical cation (Do) species of the Car sensitizer. Each numbered state is
expressed by a combination of TiO, and CA in the ground, redox or excited states
(reprinted with permission from [11] ©2005, American Chemical Society).
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2.2. Mechanisms of Singlet-Triplet Annihilation Suppressing Photocurrent and Conversion Efficiency

Dependence of photocurrent and conversion efficiency on the dye concentration in CA7-sensitized
solar cells: a possible mechanism of singlet-triplet annihilation. Figure 5b (shown at the beginning of
Section 2.1) presents the /- curves of CA7-sensitized solar cells, when the sensitizer was diluted with
a spacer, deoxycholic acid (DCA) [10]. Table 2 in Supporting Information of Ref. [10] lists the
relevant parameters showing the performance of CA7-sensitized solar cells at different dye
concentrations. Figure 13a shows the concentration dependence of Js. and 7. Both parameters exhibit
consistent but unique concentration dependence, which can be characterized as follows: (i) At 100%,
these values are medium among the values at all the different concentrations. (ii) On going from 100%
to 90%, the values exhibit a sudden drop. (ii1) Then, they increase up to a maximum at 70%. (iv) From
70% down to 30%, the values gradually decrease. (v) Below 30%, they decrease steeply toward the
values at 10%.

The consistent changes not only in photocurrent and conversion efficiency shown in Figure 13 but
also in the IPCE profile (action spectrum) and the electronic absorption spectrum (see Ref. [10])
strongly suggest changes in the form of singlet excitation with the turning points at 90%, 70% and
30%. We propose four different forms of excitation based on Figure 14, where the dye molecules (0)
are diluted with the spacer molecules (®): (i) At 100%, a coherent excitonic excitation takes place in
an aggregate of dye molecules (we call this ‘coherent delocalized excitation’). (ii)) At 90%, this
excitation is destroyed by a small number of spacer molecules that function as defects. (ii1) At 70%, a
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localized excitation on a single molecule can migrate from one to another. This ‘migrating excitation’
must become most efficient when the dye concentration becomes around 2/3, because branched routes
for the migrating excitation are formed. (iv) At 30%, the dye molecules become isolated being
intervened by a larger number of spacer molecules. This ‘isolated excitation’ must become the largest
in number when the dye concentration becomes around 1/3.

Based on the above three different types of singlet excitation on the TiO, layer and the generation
of the triplet state as an intrinsic property of CAs bound to TiO, (see Section 2.1), we propose a
possible mechanism to explain the unique concentration dependence of photocurrent and conversion
efficiency in the fabricated CA7-sensitized solar cell (see Figure 13a): (i) In a coherent delocalized
excitation at 100%, there is a good chance that such widely-expanded excitation reaches a dye
molecule in the T, state to cause the singlet-triplet annihilation. (ii) In partially-destroyed delocalized
excitation at 90%, the advantage of the widely-expanded coherent excitation in electron injection is
lost to suppress electron injection, but there is still a chance of collision between ‘an expanded
delocalized excitation’ and a localized triplet excitation to annihilate the former. (iii) In a localized
excitation migrating along one of the branched routes at 70%, there is a much less chance of collision
with a triplet excitation unless it is located on the particular route. (iv) In an isolated singlet excitation,
there is no chance of collision with an isolated triplet excitation. Then, the photocurrent and
conversion efficiency decrease linearly with the decreasing number of dye molecules excited.

Figure 13. Effects of dilution of the CA7 sensitizer with a spacer, deoxycholic acid (DCA,
the structure will be shown in Figure 18), on (a) the photocurrent (Js.) and conversion
efficiency (7) and (b) the relative photocurrent (‘Ji.) and conversion efficiency (*77) of CA-
sensitized solar cells. To obtain "Js(X) at a mole fraction X, for example, Jy(X) was scaled
against concentration, and, then, a ratio was taken in reference to the value with no dilution.
Thus, 'J(X) = JooX)/X/Jse(X = 1). By the same token, '77(X) = n(X)/X/n(X = 1)
(reprinted from [10], Copyright (2005), with permission from Elsevier).
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The relative photocurrent ("Ji.) and conversion efficiency (') are depicted in Figure 13b (see the
caption for their definition). Their concentration dependence indicates that the changes in the singlet
excitation take place continuously, and the relative performance (‘Js and "77) becomes systematically
enhanced until 9~10 times on going from the first to the last form of singlet excitation.
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Figure 14. Typical arrangements of the dye (o) and spacer (o) molecules on the TiO,
surface formed during the processes of dilution of the former with the latter (reprinted from
[10], Copyright (2005), with permission from Elsevier).
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Summary: The dependence of the photocurrent and conversion efficiency of the CA7-sensitizerd
solar cell on the dye concentration has been explained in terms of changes in the form of singlet
excitation of the sensitizer molecules on the surface of TiO, layer, i.e., the coherent delocalized
excitation — the localized migrating excitation — the isolated excitation. There is a good chance of
substantial enhancement of performance, if we succeeded in achieving only the localized excitation,
keeping the total number of excited-state dye molecules the same.

The substantially reduced performance at the 100% dye concentration is ascribable to the singlet-
triplet annihilation reaction. Therefore, the decrease in the photocurrent and conversion efficiency of
solar cells from the CA7 sensitizer toward the RAS5 sensitizer (see Figure 6a and b) can now be
explained by the effect of singlet-triplet annihilation among the sensitizer molecules on the surface of
the TiO; layer, in addition to the effect of the increasing triplet generation described in Section 2.1.

Figure 15. Chemical structures of a set of four polyene sensitizers with the increasing

polarizability and, as a result, the increasing tendency of aggregate formation (reprinted
from [15], Copyright (2006), with permission from Elsevier).

@WM o
#6CA

O/O/\/K/\/K/WCOOH
Me! MeO-¢-6CA




Int. J. Mol. Sci. 2009, 10 4591

Dependence of conversion efficiency on dye concentration and light intensity in solar cells using
polyene sensitizers having different polarizabilities. Scheme 15 shows the structures of four different
polyene sensitizers that were used for fabricating the solar cells [15]. The common skeleton of the
sensitizers is the benzene ring connected to a polyene (n = 6), to the end of which the carboxyl group
is attached (¢-6-CA); to the opposite end of the benzene ring the MeO-, (MeO);- or Me,N- electron-
donating groups is attached to realize the electron push-pull relation in the latter set of sensitizers.

The set of polyene sensitizers are named ¢-6-CA, MeO-¢-6-CA, (MeO)s-¢-6-CA and Me,N-¢-6-
CA as shown in the figure; the polarizability of polyene to enhance van der Waals intermolecular
interaction to form aggregates is supposed to increase in this order. Actually, the transition-dipole
moment calculated by the use of molar extinction coefficient (¢) was in the order, 14.2, 15.1, 15.2 and
15.6 D, and the tendency of aggregate formation judged by the blue-shift of the 1B, absorption was in
the same order (data not shown).

Figure 16. (a) The concentration dependence and (b) the light-intensity dependence (at
two different concentrations) of the /-J curves in solar cells using the four sensitizers
having different polarizabilities (reprinted from [15], Copyright (2006), with permission
from Elsevier).
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Figure 16a shows the concentration dependence of the /-V curves of solar cells using the above set
of sensitizers. In the least-polarizable sensitizer, ¢-6-CA, the photocurrent (Js) is the highest at 100%
and monotonously decreases toward the lower concentration. In the most-polarizable sensitizer,
Me;N-¢-6-CA, on the other hand, the photocurrent is the lowest at 100% and monotonously increases
toward the lower concentration. The latter change is contrary to our expectation, and can be explained
only in terms of singlet-triplet annihilation. At 100%, the delocalized excitonic excitation should be
generated due to the aggregate formation, which can be readily annihilated by collision with the triplet
species within the expanded, excitonically-excited region. The chance of this singlet-triplet
annihilation must become smaller by lowering the dye concentration.

Figure 16b shows the dependence of the I~V curves of the solar cells on the light intensity at two
different dye concentrations (5% and 100%). In the least-polarizable sensitizer, ¢-6-CA, the
photocurrent decreases with the lowering light intensity. On the other hand, in the most-polarizable
sensitizer, Me,N-#-6-CA, the photocurrent increases, instead. The latter change is contrary to our
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expectation, and can be explained in terms of singlet-triplet annihilation, because the generation of
both the singlet and triplet excitation must become suppressed at the lower light intensity.

Figure 17a plots the concentration dependence of conversion efficiency () for the set of polyene
sensitizers. In the least-polarizable sensitizer, ¢-6-CA, the conversion efficiency monotonously
decreases, while in the most-polarizable sensitizer, Me,N-¢-6-CA, it monotonously increases with the
lowering dye concentration. In the second-least polarizable sensitizer, MeO-¢-6-CA, conversion
efficiency exhibits the maximum at 70%, while in the second-most polarizable sensitizer, (MeO);-@-6-
CA, it exhibits the maximum at 5%.

Table 2 in Supporting Information of Ref. [15] lists the values of (i) conversion efficiency (), (ii)
conversion efficiency scaled to the concentration (*;), and (iii) the ratio of scaled conversion efficiency
in reference to that at 100% (‘7). The concentration dependence of the "5 values are depicted in
Figure 8b. Interestingly, the relative conversion efficiency (‘) at 5% is in the order, Me,N-¢-6-CA >
(MeO)3-¢-6-CA > MeO-¢-6-CA > ¢-6-CA, in agreement with the decreasing order of polarizability of
the sensitizers.

Figure 17. Concentration dependence of (a) the conversion efficiency (7), and (b) the
relative conversion efficiency (‘) in solar cells using the four sensitizers with increasing
polarizabilities. See the caption of Figure 13 for the definition of "7 (reprinted from [15],
Copyright (2006), with permission from Elsevier).
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Summary: The absence or presence of singlet-triplet annihilation has been demonstrated by
lowering the dye concentration and the light intensity in solar cells by the use of the four sensitizers
having the increasing polarizability and, as a result, the increasing tendency of aggregate formation.
The least polarizable (the least aggregate-forming) sensitizer gave rise to the decreasing conversion
efficiency with the decreasing dye concentration and light intensity, whereas the most polarizable (the
most aggregate-forming) sensitizer gave rise to the increasing conversion efficiency with the
decreasing dye concentration and light intensity. The four different patterns, in the dependence on the
dye concentration and the light intensity, can be used as a standard to examine the degree of aggregate
formation and the absence and presence of singlet-triplet annihilation of a new sensitizer.
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3. Pheophorbide Sensitizers Combined with Polyene Spacers

While searching for a sensitizer of Chl a derivative having a cyclic conjugated system, we found
that pheophorbide a (Phe @) having the chlorin skeleton gave rise to reasonably-high photocurrent and
conversion efficiency. As described in the previous section, a spacer is useful in preventing singlet-
triplet annihilation due to aggregate formation of dye sensitizers, and, also, polyenes have high
potential of electron injection, we have tried to use Phe a as the sensitizer and bacterial and plant Cars
as redox spacers. Electron transfer from neutral Car to Phe a radical cation (Phe ¢*") must prevent the
charge recombination and stabilize the TiO, —Car®" charge-separated state. Actually, the Car spacers
enhanced the photocurrent and conversion efficiency, and the above figure has been confirmed by
subpicosecond pump-probe spectroscopy of Phe a and each bacterial Car bound to TiO; nanoparticles
in suspension.

We found no signs of singlet-energy transfer in the above experiments even by the use of the
shortest-chain Cars having the higher singlet energies than those of Phe a. We suspected that the direct
van der Waals contact and the correct orientation of transition dipoles between the Car and the Phe a
moieties may be necessary to facilitate efficient singlet-energy transfer. We then synthesized an adduct
sensitizer consisting of Phe y (modified from Phe a) and Car, which actually realized the singlet-
energy transfer from the Car to the Phe moiety in addition to electron transfer, enhancing photocurrent
and conversion efficiency. Further, the Car moiety, connected by single bonds to Phe y, prevented the
aggregate formation and the resultant singlet-triplet annihilation, which was evidenced by the
suppression of performance by lowering the light intensity. The details will be described below.

3.1. Mechanisms of Electron Transfer from Carotenoid Spacers to Pheophorbide a Sensitizer

Phe a-sensitized solar cells using bacterial Cars as redox spacers. Figure 18 presents the sensitizer,
methyl 3-carboxyl-3-devinyl-pyropheophorbide a (hereafter, abbreviated as ‘Phe a’), and spacers,
deoxycholic acid (DCA) and bacterial Cars including neurosporene, spheroidene, lycopene,
anhydrorhodovibrin and spirilloxanthin (note the three-letter abbreviations) having n = 9, 10, 11, 12
and 13 conjugated double bonds. The sensitizer consists of chlorin conjugated macrocycle, to which
the carboxyl group is directly attached to facilitate the binding and electron injection to TiO,
nanoparticles. DCA is a frequently-used saturated spacer with a carboxyl group, while Cars have no
anchoring groups. Here, a 10% each of spacer was added to the sensitizer solution, in which the TiO»-
deposited optically transparent electrode (OTE) was soaked overnight [16].

Figure 19 presents (a) the incident photon-to-current conversion efficiency (IPCE) profiles and (b)
the I-V curves of Phe a-sensitized solar cells using Car redox spacers having different chain lengths
(n); the solar cell with no spacers was also examined for comparison. Importantly, the patterns of IPCE
profiles with and without Car spacers are basically the same, and no contribution of Car absorption is
seen at all. Therefore, there is little chance of Car to Phe a singlet-energy transfer. The IPCE profile
and the photocurrent in the /-V curve increase monotonously with the conjugation length (n) of the
Car spacer.
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Figure 18. Chemical structures of the Phe a sensitizer and the spacers including DCA and
a set of bacterial Cars with n = 9~13 (reprinted from [16], Copyright (2005), with
permission from Elsevier).
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Figure 19. (a) The IPCE profiles and (b) the /- curves of the Phe a-sensitized solar cells
in the absence and presence of the Car redox spacer including neurosporene, spheroidene,
lycopene, anhydrorhodovibrin or spirilloxanthin with n = 9~13 (reprinted from [16],
Copyright (2005), with permission from Elsevier).
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Table 2 in Supporting Information of Ref. [16] lists the relevant parameters; the values of IPCEg7
(the height at 670 nm), the integrated IPCE ('[IPCE dv), Js. and 7 increase with n. Accordingly, the

one-electron oxidation potential (E,x) of Car shifts to the negative side with n (Table 1 of Ref. [16]).
Figure 20 depicts the correlations,j]PCE dv, Ji and n vs. Eo. The correlations support our

original idea of the neutralization of Phe ¢*" with Car; spirilloxanthin (n = 13) with the lowest E,y
exhibits the highest potential of electron transfer.

To obtain spectroscopic evidence for the Car to Phe @ electron transfer, we performed
subpicosecond pump-probe spectroscopy of the Phe a sensitizer and each Car spacer both bound to
TiO, nanoparticles in suspension [17]. The time constants of the Phe " generation, as the result of
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electron injection to TiO,, are listed in Table 4; they have been determined by the SVD and global-
fitting analysis of the data matrices in the 0.00—-0.50 ps time region.
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Figure 20. Dependence of the integrated IPCE (J[PCE dv ), photocurrent (Js) and

conversion efficiency (7) on the one-electron oxidation potential (E.x) of the Car spacer in

the Phe a-sensitized solar cells.
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Figure 21. (a) SADS and (b) time-dependent changes in population, obtained by the SVD
and global fitting analysis of the time-resolved data matrices in the 15 ps—1 ns region, for
Phe a bound to TiO; nanoparticles in suspension in the absence and presence of 10% each
of neurosporene, spheroidene, lycopene, anhydrorhodovibrin and spirilloxanthin. The
absorption peak of each Car”" free in solution electrochemically generated, is presented as
a line spectrum for comparison (reprinted from [17], Copyright (2005), with permission

from Elsevier).
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Table 4. Time constants (in ps) determined by the SVD and global-fitting analyses
(reprinted from [17], Copyright (2005), with permission from Elsevier).

Time constant no Car +Neu +Sph +Lyc +Ahr +Spx
Phe a*" rise 0.03 0.04 0.03 0.03 0.02 0.02
Phe a** decay 338 203 210 220 235 241
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Figure 21a shows the results of SVD and global-fitting in the 15 ps—1 ns region. The transient
absorption of each Car®" obtained as SADS nicely agrees with its stationary-state absorption obtained
by opto-electrochemistry (the line spectra). Thus, the assignment of Neu®", Sph*", Lyc*", Ahr*" and
Spx"" has been established. Each pair of time-dependent changes in population (Figure 21b) evidences
electron transfer from the neutral Car to Phe «” to generate Car radical cation (Car’"). The time
constants of electron transfer from each Car to Phe a*" are listed in Table 4 as ‘Phe a** decay’; they are
in the 200-240 ps region.

Figure 22 shows a mechanism of electron transfer: Spirilloxanthin having the lowest one-electron
potential (the highest energy) most effectively promotes the electron transfer from Car to Phe a*" and
suppresses the reverse electron transfer in comparison to neurosporene having the highest one-electron
potential (the lowest energy). On the other hand, the rate of resonance electron transfer is the highest
in neurosporene, where energy gap to the So¢/Do"" level is the smallest.

Now, we consider the reason why no Car-to-Phe a singlet-energy transfer took place: Figure 23
presents an energy diagram comparing the 1B,", 1B, and 2A, singlet-excited states of bacterial Cars
(n = 9~13) to the Qx and Qy states of Phe a. For Phe a, the Qx and Qy energies are too high to facilitate
efficient singlet transfer for the longer-chain Cars (n = 10~13). The only exception is for the 1B, state
of Car (n = 9), neurosporene. However, no indication of singlet-energy transfer has been found even in
the IPCE profile of this particular Car. Then, we have decided to try shorter-chain plant Cars.

Figure 22. A mechanism of electron injection from Phe a to TiO, followed by electron
transfer from neurosporene (n = 9) or spirilloxanthin (» = 13). The gap in one-electron
oxidation potential (in energy) between the relevant Car and Phe a determines the rate and
the amount of electron transfer (reprinted from [17], Copyright (2005), with permission
from Elsevier).
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Phe a-sensitized solar cells using plant Cars as redox spacers. Figure 24 presents the structures of
plant Cars used as redox spacers, including neoxanthin, violaxanthin, lutein and S-carotene (note the
three-latter abbreviations) with n =8, 9, 10 and 11, respectively [18].
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Figure 23. The energies of the optically-allowed 1B," and the optically-forbidden 2A,,
1B, and 3A, states of Car and those of the Q, and Qy states of Phe a (Phe y). Shorter-
chain Cars (n = 8 and 9) have a better chance of singlet-energy transfer to Phe a.
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Figure 24. Chemical structures of plant Cars with n = 8~11.
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The former three have polar pheripheral groups, while the last one is a symmetric hydrocarbon.
Figure 25 shows (a) the IPCE profiles and (b) the I~V curves of solar cells using the Phe a sensitizer
and the set of Car spacers. Importantly, the IPCE profile and the photocurrent (Jy.) systematically shift
to the higher values in the order, n=9 <n =8 <n =10 <n = 11. Again, these is no clear indication of
Car to Phe a energy transfer even in the shortest-chain Cars (n = 8 and 9). Table 3 of Ref, [18] lists
relevant parameters concerning the performance of the solar cells. The E,x values are listed in Table 1
of Ref. [18].

Figure 26 exhibits the correlation, JIPCE dv , Jse and 7 vs. E,,. It is to be noted that the order of the

J.IPCE d;, Jse, 1 and Ex values and the order in the number of conjugated double bond are reversed

between neoxanthin (n = §) and violaxanthin (n = 9). As seen in their structures shown in Figure 24,
the reversed order originates from the fact that violaxanthin having two electron-withdrawing epoxy
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groups has higher one-electron oxidation potential than neoxanthin having only one epoxy group. This
evidences that the enhancement of the photocurrent and conversion efficiency is determined not by the
number of conjugated double bonds but by the one-electron oxidation potential of the relevant Car
spacer.

Figure 25. (a) The IPCE profiles and (b) the /-V curves in the Phe a-sensitized solar cells
with no Cars and with a 20% each of Cars, including neoxanthin, violaxanthin, lutein and

[-carotene (n = 8~11) (reprinted from [18], Copyright (2006), with permission from

Elsevier).
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Figure 26. Dependence of (a) the integrated /PCE (I]PCE dv), (b) photocurrent (Js.) and

(c) conversion efficiency (77) of Phe a-sensitized solar cells on the one-electron oxidation
potential (E,x) of the Car spacer (reprinted from [18], Copyright (2006), with permission

from Elsevier).
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Finally, we discuss why no singlet-energy transfer was seen even in the present set of plant Cars:
The energy diagram in Figure 23 indicates that the 1B, — Q, the 1B, — Qy and the 2A, — Q,
singlet energy-transfer pathways should be open for neoxanthin (n = 8), and only the 1B," — Q,
energy transfer pathway, for violaxanthin (n = 9). The results strongly suggest that the 20% Car added,
here, as a conjugated spacer may not be enough or the effective distance between the Phe and Car may
not be short enough for efficient singlet-energy transfer. Most probably, however, the correct
orientation of the transition dipoles is necessary between the Car and Phe a moiety. Then, we
proceeded to synthesize a Phe—Car adduct so designed.

Summaries: A method is found to enhance the photocurrent and conversion efficiency of Phe a-
sensitized solar cell by the addition of Car as a redox spacer to facilitate the Car to Phe a*" electron
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transfer and to prevent immediate charge recombination in the TiO, —Phe a"" state. The enhancement
increases with the shift of the Car one-electron oxidation potential to the negative side. Subpicosecond
pump-probe spectroscopy of Phe a and each bacterial Car bound to TiO, nanoparticle in suspension
proved that the Car to Phe 4" electron transfer actually took place. No clear signs of the Car-to-Phe
singlet-energy was seen even in the shortest-chain Cars (n = 8).

3.2. Pheophorbide—Car adduct: Energy Transfer and Electron Transfer from Car to Phe Moiety

Figure 27 presents the structures of ‘Phe )’ sensitizer, i.e., methyl 3*-carboxy-3*-cyano-
pyropherophorbide @ and ‘Phe—Car adduct’, i.e., 3*-carboxy-3*-cyano-17* (B-apo-8’-carotenoyl)
oxymethyl-17%-decarboxy-pyropheophorbide a. Phe y has a structure similar to Phe a, in which the
carboxyl group attached to ring A is replaced by the ethenyl-cyano-carboxyl group that was supposed
to enhance electron injection. Phe—Car adduct consists of the Phe y and f-apo-8’-carotenoyl (n = 9)
moieties.

Figure 27. Chemical structures of Phe y and Phe—Car adduct (reprinted from [19],
Copyright (2007), with permission from Elsevier).

HOOC

Phe-Car adduct

The m-conjugated systems of the two moieties are connected loosely through several single bonds
so that their electron clouds can overlap with each other to facilitate efficient electron transfer, and the
1Bu’ transition moment of the Car moiety and the Qy transition moment of the Phe moiety can be set
parallel to facilitate the 1B, to Q, singlet-energy transfer. When the adduct is bound to the TiO,
surface, the intervening bulky Car group may prevent the formation of Phe y aggregate and, as a result,
suppress the singlet-triplet annihilation reaction.

Figure 28a compares the IPCE profiles of solar cells using the Phe y and Phe—Car adduct sensitizers
[19]. In the longer-wavelength region (500-800 nm), we see the shift of basically the same IPCE
profile from the former to the latter, similar to the cases of bacterial and plant Car spacers (see
Figure 19 and Figure 25). In the shorter-wavelength region (370-470 nm), a bump is observed in the
IPCE profile of Phe—Car adduct. Definitely, this is ascribable to singlet-energy transfer from the Car
to Phe a moiety. The shift of the IPCE profile in this region is ascribable to electron transfer from the
Car to the Phe y moiety. Figure 28b compares the I~V curves for the two sensitizers: the Phe y
sensitizer gives rise to a higher V. value, while the adduct sensitizer, a higher J;. value, The former
observation presumably reflects the better packing of the Phe y sensitizers on the TiO, surface,
because the bulky Car moiety in Phe—Car adduct must prevent ordered surface coverage. The latter
observation must reflect the larger photo-current due to the electron transfer and energy transfer from
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the Car to the Phe moiety as mentioned above. Table 1 of Ref. [19] lists the relevant parameters
concerning the performance of solar cells using the pair of sensitizers. The introduction of the Car
moiety enhances Jy by 1.6 times and # by 1.3 times. The E,x values of Phe—Car adduct reflect those of
the Car moiety (0.95 V) and the Phe y moiety (1.17 V), which supports the idea of electron transfer
from the Car to the Phe moiety.

Figure 28. (a) The IPCE profiles and (b) the /-V curves of solar cells sensitized by Phe y
and Phe—Car adduct (reprinted from [19], Copyright (2007), with permission from
Elsevier).
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Again, Figure 23 compares the 1B,", 1B, and 2A, energies of Cars and the Qx and Qy energies of
Phe y (the Qx and Qy absorptions are very similar between Phe a and Phe y). Energetically, there is a
chance of the 1B," — Q singlet-energy transfer reactions from the Car moiety (n = 9) to the Phe y
moiety. In the energy-transfer reaction, the relative orientation of the transition-dipole moments must
be most important, while in the electron-transfer reaction, the overlap of the conjugated systems
should be crucial. Both requirements are now satisfied as anticipated from the molecular structure of
the Phe—Car adduct (Figure 27).

Figure 29. The light-intensity dependence of the /—} curves in solar cells using the Phe y
and Phe—Car adduct sensitizers (reprinted from [19], Copyright (2007), with permission

from Elsevier).
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Figure 29 compares the light-intensity dependence of the /-V curves of solar cells using the Phe y
and Phe—Car adduct sensitizers. In the former, no clear changes in Jy is seen even by lowering the
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light intensity into 1/5, whereas in the latter, systematic decrease in Ji is seen as expected. The
changes are somewhat comparable to the case of polyenes (see Figure 16): the light-intensity
dependence of Phe y is similar to that of (MeO);-¢-6-CA, whereas that of Phe—Car adduct, to that of
¢-6-CA. The results indicate that some aggregation to cause singlet-triplet annihilation is formed in the
Phe y sensitizer, whereas practically no aggregates are formed in the Phe—Car adduct sensitizer.

Figure 29 pictorially proposes the mechanisms of enhancement in photocurrent and conversion
efficiency on going from the Phe y to Phe—Car adduct sensitizer, which include (i) electron transfer
and (ii) singlet-energy transfer from the Car to the Phe y moiety as well as (iii) the suppression of the
singlet-triplet annihilation reaction by preventing the aggregate formation by the use of the bulky Car
moiety.

Summary: Both singlet-energy transfer and electron transfer from the Car to the Phe moiety have
been realized in the Phe—Car adduct. The photocurrent (Jy) was enhanced by 1.6 times, the
photovoltage (V,.) was lowered by 0.9 times and, as a result, the conversion efficiency (1) was
enhanced by 1.3 times. The n-conjugated chain of the Car moiety prevented the aggregate formation of
the Phe moiety so that no sign of singlet-triplet annihilation was seen. Therefore, the Phe—Car adduct
is potentially an excellent sensitizer to be used in a more refined way; the addition of short polyene
spacers to improve the coverage of the TiO; layer and to enhance the photovoltage (V,.), for example.

Figure 30. Mechanisms of enhancement of photocurrent and conversion efficiency (as
indicated) in the solar cell using the Phe—Car adduct sensitizer (reprinted from [19],
Copyright (2007), with permission from Elsevier).
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4. Bacteriochlorin, Chlorin and Porphyrin Sensitizers

With the increasing number of conjugated double bonds in the macrocycle one by one, in the order,
the bacteriochlorin — chlorin — porphyrin skeleton (see Figure 2), the Soret absorption shifts to the
red and the Q, absorption, to the blue, while the relative intensity of absorptions, Soret vs. Qy,
increases in this order. The structural and spectral changes are shown in Figure 31 and Figure 32,
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respectively. Thus, the excited-state dynamics, after the photo-excitation, can vary depending on the
type of macrocycle. We first examined the photocurrent and conversion efficiency of solar cells using
a set of pheophorbide (Phe) sensitizers (with no central metals) having such different types of
macrocycle, and found that the performance increased monotonously in the order, Phe ¢, < Phe ¢; <
Phe b < Phe x < Phe a = BPhe a (i.e., porphyrin < chlorin < bacteriochlorin) with the decreasing one-
electron oxidation potential and the increasing Q, absorption.

Figure 31. Chemical structure of Phe sensitizers, including BPhe a having the
bacteriochlorin skeleton, Phe a, Phe x and Phe b having the chlorin skeleton, and Phe c¢;
and Phe ¢, having the porphyrin skeleton.
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Figure 32. Electronic-absorption spectra of BPhe a, Phe a, Phe x, Phe b, Phe ¢; and Phe ¢,
in THF solution (reprinted with permission from [20] © 2008, American Chemical Society).
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Next, we examined the photocurrent and conversion efficiency of solar cells using Chl ¢;, Chl ¢,
and their oxidized derivatives, and found that the introduction of Mg, i.e., Phe ¢; — Chl ¢, (Mg-Phe
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c), for example, substantially enhanced the performance. The results were ascribed to the negative
shift of one-electron oxidation potential and, also, to the disappearance of the Qy level that enhances
efficient internal conversion from the Soret level.

Finally, we succeeded in enhancing further the performance by co-sensitization, combining the
most efficient two sensitizers we have found so far, i.e., Phe a and Chl ¢, (Mg-Phe ¢;,). Also, we have
tried to reveal the mechanisms of co-sensitization, suppressing or enhancing the performance of the
component sensitizers. The details will be described below.

4.1. Pheophorbide Sensitizers Having Bacteriochlorin, Chlorin and Porphyrin Skeletons

Dependence of photocurrent and conversion efficiency on one-electron oxidation potential and Q,
absorption. Figure 31 shows a set of Phe sensitizers, which have different type of skeletons: (a) the
bacteriochlorin skeleton in 3-deacetyl-3-carboxy-bacteriopyropoheophobide a (BPhe a); (b) the
chlorin skeleton in methyl 3-carboxy-3-devinyl-pyropheophorbide a (Phe a), 3-deviny-3-ethyl-8-
deethyl-8-carboxy-pyropheo-phorbide a (Phe x) and methyl 7-deformyl-7-carboxy-pyropheophorbide
b (Phe b); and (c) the porphyrin skeleton in pheophorbides c; and ¢, (Phe ¢ and ¢;). We fabricated
solar cells using the above set of Phe sensitizers, and compared their photocurrent and conversion
efficiencies; we have tried to find key parameters that systematically influence the performance by the
use of the set of sensitizers with similar structures. Figure 33 shows the IPCE profiles of solar cells
using the above set of sensitizers [20], which can be characterized as follows: (i) In BPhe a, the IPCE
profile is extended to the near-infrared region, a unique property of this sensitizer. (ii) The IPCE
profiles in the Q, region are broader in BPhe a, Phe c¢; and Phe ¢, than those in Phe a, Phe x and Phe b.
(111) The IPCE profiles in the Soret region, relative to those in the Q region, are higher in Phe x, Phe b,
Phe ¢; and Phe ¢, than in BPhe a and Phe a. All these characteristics stem from the electronic-
absorption spectra of the sensitizers in solution (Figure 32).

Figure 33. The IPCE profiles of solar cells using BPhe a, Phe a, Phe x, Phe b, Phe ¢; and
Phe ¢; as sensitizers (reprinted with permission from [20] © 2008, American Chemical
Society).
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Figure 34 shows the -V curves of solar cells using the same set of sensitizers. Table 2 of Ref. [20]
lists the relevant parameters derived from their IPCE profiles and /-V curves shown above and below.
One-electron oxidation potentials of the sensitizers are also shown in Table 1 of the reference. The
photocurrent (Jy) is in the order, BPhe a > Phe a > Phe x > Phe b > Phe ¢; > Phe c¢,, while the
photovoltage (Vo) is in the order, Phe a > Phe b > Phe x > BPhe a >> Phe ¢; > Phe c¢,. The resultant
conversion efficiency (7) is in the order, BPhe a < Phe a > Phe x > Phe b > Phe ¢; > Phe c;; it is

substantially smaller in Phe ¢; and Phe c;.

Figure 34. The I-V curves of solar cells using BPhe a, Phe a, Phe x, Phe b, Phe ¢; and Phe
c; sensitizers (reprinted with permission from [20] ©2008, American Chemical Society).
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Figure 35. (a) The integrated IPCE (I]PCE dv ), the photocurrent (Js.) and the conversion

efficiency (77) as functions of (a) the integrated Q, absorption and (b) the one-electron
oxidation potential (E.x) for the solar cells using the Phe a, Phe x, Phe b, Phe ¢; and Phe c;,
sensitizers (reprinted with permission from [20] © 2008, American Chemical Society).
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Concerning the five different sensitizers (except for BPhe a), both the J;. and # values are in the
order, Phe a > Phe x > Phe b > Phe c¢; > Phe c,. It is important to note that not the overall integrated
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absorption but the integrated Qy absorption decreases in the same order. The one-electron oxidation
potential (E.x) of the sensitizer shifts to the positive side in this order, as well. Figure 35a presents the
correlation, the integrated incident photon-to-current conversion efficiency (I[PCE dv), Jsc and 7 vs.

the integrated Q, absorption, whereas Figure 35b presents the correlation, IIPCE dv, Ji. and n Vs.

Eox. Both correlations exhibit monotonous changes.

Figure 36. A mechanism of parallel electron transfer, i.e., one, via the singlet-excited
states and the other, via the ground redox states.
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Figure 37. Effects of one-electron oxidation potential on the major electron-injection
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Now, we are going to discuss why the photocurrent and, as a result, the conversion efficiency of the
solar cells depend on the Qy absorption and the one-electron oxidation potential of the Phe sensitizer.

Figure 36 proposes the parallel flow of electrons in the ground and in the excited states after the
excitation of Phe a sensitizer: (i) Upon excitation of the dye sensitizer, electron (¢") is transferred to an
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excited state, and, as a result, hole (h") is generated in the ground state. (ii) The electron is injected
into TiO,, whereas the hole is transferred to the I /I~ redox couple. (ii1) The latter generates electron
flow from the I'/I;~ couple to the radical cation (Dy"") of the sensitizer. (iv) Upon the UV excitation of
TiO,, electron transfer from the valence-band edge (VBE) to the conduction-band edge (CBE) can
take place. (v) Thus, a parallel flow of electrons, i.e., one, via the excited state and the other, via the
ground state can be generated, in principle.

(A) Dependence on the Q, absorption: Figure 37 presents a proposed mechanism of electron
injection from the excited states of the Phe sensitizer to the conduction band of TiO, by tunneling
through a barrier. The efficiency of electron injection via each excited state, i.e., Soret, Qy or Qy,
should be determined by competition among (i) electron injection, (ii) internal conversion and (iii)
energy transfer to the sensitizer molecules stacked on the upper layers to be dissipated. The key
parameter is the rates of internal conversion, which can be assumed to be on the order of (0.1 ps) ',
(0.01 ps) ' and (1 ns)' for the Soret, Q, and Qy states, respectively. When the one-electron oxidation
potential is high (left-hand-side), the barrier is relatively high in energy, and, as a result, the rates of
internal conversion and energy transfer via the Soret or the Qy state can be faster than that of electron
injection. Then, only the electron injection via the Qy state must play the major role due to its much
longer lifetime. Thus, the G — Qy absorption mainly determines the photocurrent,

J" oc O absorption (1)

(B) Dependence on the redox potential: Figure 36 shows that the one-electron oxidation potential
determines the relative heights of the Soret, Q, and Qy levels to the barrier for the electron injection.
However, since the details of the barrier for electron injection via the excited states are not known at
this moment, we will just consider the effect of one-electron oxidation potential on the electron
injection via the ground state (see Figure 36).

As described in Ref. [20], the following equation can be derived by the use of the Marcus theory:

_|z—(2.86—EOX)|2
0.1

Jredox oC exp[ (2)

Combining Equations (1) and (2), it turns out that:
JSC oC Jexcite +Jredox — A+B (3)

By the use of this equation, we tried to fit the observed values of Ji as a function of Qy absorption
and Eo,. The numerical fitting results are shown in Table S-1(a) of Supporting Information of
Ref. [20]; here, they are presented graphically in Figure 38.

The results apparently indicate that one-electron oxidation potential plays the predominant role.
However, this does not mean that the electron transfer through the ground redox state is more effective
than the electron injection through the Q, state. As mentioned above, the dependence on the one-
electron oxidation potential in the electron injection via the excited states can be more important than
that via the ground state.
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Figure 38. A graphical presentation of the results of fitting to Equation (3) (reprinted with

permission from [20] ©2008, American Chemical Society).
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from [20] © 2008, American Chemical Society).
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Figure 39 presents the ground-state redox levels (So/Do"") and the Q,, Qx and Soret excited-state
levels of the set of Phe sensitizers in reference to the levels of the valance-band-edge (VBE) and the

conduction-band-edge (CBE) of TiO,. It can be readily understood that the higher the one-electron

oxidation potential (the lower the energy), the less efficient the electron injection via the higher

excited states by the electron tunneling mechanism through the barrier (see also Figure 37).

Summary: The clear dependence of photocurrent and conversion efficiency on the Q, absorption

and the one-electron oxidation potential has been found for the set of Phe sensitizers having the
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chlorin and porphyrin skeletons, including Phe a, Phe x, Phe b, Phe ¢; and Phe c,. A fitting result to Ji

(Figure 38) has been obtained, where J <

reflects the electron injection from the Q, state of Phe
sensitizer, and J ™** must reflect not only the redox electron transfer in the ground state but also the
electron injection from the Qy state through the tunneling mechanism. It is suggested that the idea of
electron injection, only through the Q, absorption, originates from the high one-electron oxidation

potential (SO/DO”) of the Phe ¢, sensitizer.
4.2. Chl ¢ (Mg-Pheophorbide) Sensitizers Having Porphyrin Skelton

Solar cells sensitized by Chls c; and c; and their oxidized derivatives Chls c;’ and c,’. Figure 40
presents the chemical structures of the Chls ¢ and Chls ¢’ pairs extracted from a sea weed called
‘Undaria pinnatifida (Wakame)’. The structures were determined by mass spectrometry and 'H-NMR
spectroscopy (including the rotating-frame Overhauser effect spectroscopy (ROESY) measurement to
determine the nuclear Overhauser effect (NOE) correlations) [21]: Chl ¢; (Chl ¢,”) and Chl ¢, (Chl ¢;’)
have an ethyl group and a vinyl group, respectively, attached to ring B in different conformations.

Figure 40. Chemical structures of Chl ¢, Chl ¢,, Chl ¢;” and Chl ¢;’.

Chl ¢; and Chl ¢, (Chl ¢;” and Chl ¢;’) have hydrogen (a hydroxyl group) attached to ring E, and
also the carboxyl group attached to ring D through the vinyl group in the trans (cis) conformation with
respect to a single bond attached to ring D. Thus, Chl ¢;” and Chl ¢’ can form intramolecular
hydrogen bonding between the hydroxyl and carboxyl groups. Importantly, the chemical-shift values
of the vinyl H suggest that the electron density is in the order, Chl ¢; > Chl ¢; > Chl ¢;” > Chl ¢;” [21].

Figures 41a and b show the IPCE profiles and the I~V curves, respectively, for solar cells using the
set of four sensitizers. Table 3 of Ref. [21] lists the relevant parameters derived from the IPCE

profiles and the /-V curves. The values of IIPCE dlj, Jsc and 7 decrease all in the order,

Chl ¢; > Chl ¢; > Chl ¢;” > Chl ¢;’; the V, value also decreases in the same order. Interestingly, the
decreasing order is in agreement with that of the electron density on the vinyl H suggested by the
H-chemical-shift values, but not necessarily with that of the decreasing order of Eu, i.e., Chl ¢; > Chl
¢, > Chl ¢’ > Chl ¢’ [21].
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Figure 41. (a) The IPCE profiles and (b) the I~V curves of solar cells using the
Chl ¢y, Chl ¢, Chl ¢;" and Chl ¢’ sensitizers (reprinted from [21], Copyright (2007), with
permission from Elsevier).
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Concerning the Chl c,-sensitizerd solar cell, Figures 42a and b show that the photocurrent (J.) and
conversion efficiency (1) monotonously decrease toward the lower dye concentration, and Figure 42¢
shows that both the Js. and V. values decrease toward the lower light intensity. There is no sign of
singlet-triplet annihilation reaction at all due to the aggregate formation in this particular sensitizer.

Figure 42. Concentration dependence of the conversion efficiency (7), and (c) the light-
intensity dependence of the /-V (a) the /-V curves, (b) curves in the Chl ¢;-sensitized solar
cell (reprinted from [21], Copyright (2007), with permission from Elsevier).
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Chl ¢, has exhibited the highest photocurrent (Ji = 13.8 mA-cm™) and conversion efficiency
(7 = 4.6%) among all the sensitizers we have tested. It is rather surprising because Phe ¢, showed one
of the lowest photocurrent (Ji. = 6.0 mA-cm™) and conversion efficiency (7 = 1.1%), although the
absorption spectrum of Chl ¢, (Mg-Phe c¢;) to be shown in the next section (Figure 45e, dotted line) is
not very different from that of Phe ¢, shown in the previous section (Figure 32, bottom). An important
difference, however, is the absence and presence of the Qy absorption in the former and the latter,
respectively. Most importantly, however, the one-electron oxidation potential of Chl ¢, (1.06 V) is
much lower than that of Phe ¢, (1.33 eV).

Here, we will try to explain why the photocurrent and conversion efficiency of the solar cell using
the Chl ¢, sensitizer are much higher than those of the solar cell using the Phe ¢, sensitizer in terms of
(1) the much lower one-electron oxidation potential and (ii) the absence of the Qy level in the former:
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Figure 37 shows the effect of lowering the one-electron oxidation potential (on going from the left-
had-side to the right-hand-side); then, the excited-state electronic levels shift to the higher energy
relative to the barrier. Then, electron injection via the Soret level becomes tremendously enhanced,
taking advantage of the highest light absorption efficiency of the Soret absorption. Further, the absence
of the Qy level must lengthen the lifetime of the Soret level to enhance the efficiency of electron
injection. In addition, the central Mg atom seems to prevent the aggregation of the sensitizer molecules
and the resultant singlet-triplet annihilation.

Summary. One of the most efficient sensitizer, i.e., Chl c,, has been found and the mechanism of
giving rise to the highest performance has been proposed as mentioned above.

4.3. Pheophorbide and Metal-Pheophorbide Sensitizers Having Chlorin and Porphyrin Macrocycles

Solar cells sensitized by pheophorbide sensitizers without and with the central metal, Mg or Zn.
Figure 43 presents the structures of sensitizers used in this investigation. The structures can be
characterized in two different ways: (a) The type of macrocycle. The sensitizers can be classified into
three different categories (see Figure 43 and Figure 2): (i) Phe a, Mg-Phe a and Phe y, having the
chlorin macrocycle like Chl a, can be classified into the ‘a-type’ sensitizer. (i) Phe b consisting of the
chlorin macrocycle, to which a pair of C=O groups is attached in the diagonal positions like Chl b, can
be classified into the ‘b-type’ sensitizer. (iii) Zn-Phe ¢; and Mg-Phe ¢, having the porphyrin
macrocycle like Chl ¢, can be classified into the ‘c-type’ sensitizer. (b) The position of the carboxyl
group: The sensitizers can be classified into two different groups in terms of the positions of the
carboxyl group. (i) The carboxyl group is directly attached to ring A in Phe a and Mg-Phe a, but
through an additional double bond in Phe y, (i1) it is attached to ring B in Phe b, or it is attached to ring
D through a double bond in Zn-Phe ¢; and Chl ¢, (Mg-Phe ¢;). In terms of the x-axis and the y-axis
that have been originally defined for the Qx and Qy transitions in Chl a, the carboxyl group is on the y-
axis in Phe a, Mg-Phe a and Phe y, whereas it is on the x-axis in Phe b, Zn-Phe c¢; and Mg-Phe c; (see
the arrows directing to the carboxyl group in the Figure 43).

Figure 44 exhibits (a) the IPCE profiles and (b) the I~V curves for the five pairs of sensitizers,
which can be classified into three different types of co-sensitization, i.e., a-type + a-type, a-type + b-
type and a-type + c-type. In the present experiments of co-sensitization, Phe a was used as the
reference sensitizer. The IPCE profiles and the /-V curves pictorially demonstrate that the co-
sensitization of a-type + a-type gives rise to the suppression, whereas those of a-type + b-type and
a-type + c-type give rise to the enhancement of photocurrent and conversion efficiency.

Table 5 summarizes the Js, Voo, FF and 5 values of the solar cell using the reference Phe a
sensitizer as well as the pairs of solar cells singly-sensitized by the individual co-sensitizer or co-
sensitized with Phe a. For co-sensitization, the ratios (») are defined to show the suppression or
enhancement of photocurrent and conversion efficiency in reference to the averaged value of the
component sensitizers ("Js. and “%; see the footnote of the table for their definitions). Concerning the
performance of individual co-sensitizer, the chlorin sensitizers can be classified into two groups (here,
we abbreviate the relevant units), i.e., Phe a with high performance (Js. = 9.0, # = 3.4), whereas
Mg-Phe a, Phe y and Phe b with low performance (J. = 4.4~5.2, n = 1.6~1.8). The porphyrin
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sensitizers give rise to the highest performance, i.e., Zn-Phe ¢; (J5. = 10.4, # = 4.0) and Chl ¢, (Mg-Phe

c2) (Jsc=9.9, 1 =3.8).

Figure 43. Chemical structures of Phe’s and metal-Phe’s: Phe a, Mg-Phe a, Phe y are
classified into the a-type sensitizer, Phe b, into the b-type sensitizer, and Zn-Phe ¢; and Chl
¢, (Mg-Phe ¢;), into the c-type sensitizer. Each arrow points to the anchoring carboxyl
group; directions x, y are defined in accord with those of the Qy and Qy transitions defined

in the chlorin macrocycle of Phe a.
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Figure 44. The IPCE profiles (upper panels) and the /-V curves (lower panels) for three

different types of co-sensitization.
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Table 5. The open-circuit photovoltage (V,.), fill factor (FF), short-circuit photo-current
density (Ji), conversion efficiency (#) of the solar cells singly-sensitized and co-sensitized,
and the spectral separation (S) and one-electron oxidation potential (Ex) of the sensitizers.

Principal and Vo FF Jsc (AV) "Jy. n(AV) 'y xS EgIV
Co-sensitizers Vv /mA-cm™ 1% : Vs
Phe a (a-type) 0.56 0.68 9.0 3.4 1.16
a-type

Mg-Phe a 0.51 0.70 44 1.6 0.79
co-sensitization 0.50 0.69 56 (6.7) 083 19 (2.5 0.79 0.8 41

Phe y 049 0.70 52 1.8 1.19

co-sensitization 0.50 0.68 6.8 (7.1) 036 23 (2.6) 092 09 62
b-type
Phe b 0.53 0.70 4.6 1.7 1.24

co-sensitization 0.57 0.68 109 (6.8) 1.60 43 (2.6) 1.65 1.6 39
c-type

Zn-Phe ¢, 0.62 0.63 104 4.0 1.16
co-sensitization 0.60 069 119 (9.7) 123 50 3.7 135 1.3 80
Mg-Phe ¢; (Chl¢;)  0.58 0.66 9.9 3.8 1.06
co-sensitization 0.60 0.64 14.0 (9.5 147 54 (3.6) 150 1.5 95
Jo.(A-B A-B
The ratio of Jy: " J .. = se ) ; The ratio of : "7 = u )

T g (A)+ e (B)} /2 n(A4)+n(B)}/2

Concerning co-sensitization, the three different pairs of sensitizers give rise to suppression or
enhancement in reference to the average of performance of the component sensitizers (Table 5):
(1) The a-type + a-type co-sensitization gives rise to suppression of performance; the relative
performance values decrease for both sensitizers, i.e., Mg-Phe a ("Jy. = 0.83, 'y = 0.76) and Phe y
(‘Jse = 0.96, "y = 0.88), the averaged ratios being ~0.8 and ~0.9, respectively. (ii) The a-type + b-type
co-sensitization with the co-sensitizer, Phe b, shows remarkably-high enhancement ('J = 1.60,
"n = 1.65), the averaged ratio being 1.6. (iii) The a-type + c-type co-sensitization causes large
enhancement with the sensitizers, Zn-Phe ¢; (Jy. = 1.23, ' = 1.35) and Mg-Phe ¢, ("Jc = 1.47,
"n = 1.50), the averaged ratio being ~1.3 and ~1.5, respectively. Importantly, the combination of the
chlorin (Phe @) and the porphyrin (Mg-Phe c,) sensitizers, each showing the highest two individual
performance (concerning the maximum values ever exhibited), give rise to the highest enhancement of
the Ji. value (9.0 and 9.9 — 14.0 mA-cm™) and the 5 value (3.4 and 3.8 — 5.4%).

Figure 45 shows the electronic-absorption spectra of the pairs of sensitizers in ethanol solution,
which can be characterized as follows. Individual sensitizers: (1) Chlorin sensitizers of both a-type
(Phe a and Phe y) and b-type (Phe b) clearly exhibit the Soret, Qx and Qy absorption peaks, whereas
the metal-porphyrin sensitizers of c-type (Zn-Phe a & Mg-Phe a) exhibit only the Soret and Q,



Int. J. Mol. Sci. 2009, 10 4613

absorption peaks, the latter of which is split into two. Therefore, completely-different internal
conversion processes are expected, i.e., the stepwise Soret — Qx — Q, internal conversion in the
a-type and b-type sensitizer, whereas the direct Soret — Q, internal conversion in the c-type sensitizer.
(i) Phe a is characterized by a sharp, blue-shifted Soret absorption, whereas the rest of the chlorin
sensitizers (Mg-Phe a, Phe y and Phe b) are characterized by a broad, red-shifted Soret absorption. The
metal porphyrin sensitizers (Zn-Phe c¢; and Mg-Phe c,) exhibit a sharp, red-shifted Soret absorption.

Figure 45. The electronic absorption spectra of the pairs of co-sensitizers in ethanol

solution. (a) Phe ¢ + Mg-Phe 4, (b) Phe a + Phe y, (c) Phe a + Phe b, (d) Phe a + Zn-Phe ¢,
and (e) Phe a + Mg-Phe c.
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A pair of co-sensitizers: Depending on the overlapped and split absorption peaks due to the pair of
sensitizers, competitive or complementary light absorption is expected to take place. Concerning the
overlap of co-sensitizer absorption peaks, (iii) the ‘a-type + a-type’ co-sensitizer pair exhibits the
overlaps of the Soret, Q, and Qy absorptions in a complicated way. (iv) The ‘a-type + b-type’ pair, i.e.,
Phe a and Phe b, exhibits split Soret absorptions, but strongly-overlapped Q and Q, absorption peaks.
(v) The ‘a-type + c-type’ pair exhibits no overlaps in either the Soret or the Q, absorptions. To
evaluate the overlap over the spectral region, we have defined spectral separation (S),

S = j e, () —g,(A)| dA. )

The values are listed in Table 5. Importantly, it is the smallest in the a-type + b-type pair and the
largest in the a-type + c-type pair (see Table 5).

We examined the effects due to the type of macrocycles and the position of the carboxyl group on
the molecular orbitals by means of the time-dependent density-function-theory (TD-DFT) calculations:
Figure 46 shows the calculated four major molecular orbitals, including HOMO-1, HOMO, LUMO
and LUMO + 1 (here, HOMO and LUMO stands for the highest-occupied molecular orbital and the

lowest-unoccupied molecular orbital, respectively). The shapes of the four molecular orbitals are
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different depending on the type of macrocycle, chlorin or porphyrin. The LUMO and LUMO+1, that
are expected to play the key role in the electron injection into TiO,, are found to be extended toward
the carboxyl group; in other words, the electron density is shifted toward the carboxyl group to get
ready for electron injection (see the regions shown in dotted circles). Also, the electronic transitions
are mainly determined by the combination of {HOMO-1, HOMO} — {LUMO, LUMO + 1}
transitions and, therefore, all the Soret, Q, and Qy transitions are expected to be strongly influenced by
the position of the carboxyl group (or, in other words, by the direction of polarization).

Figure 46. The four orbitals including HOMO-1, HOMO, LUMO and LUMO + 1
obtained by TD-DFT calculations.
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The results of DFT calculations shown in Figure 46 have provided us with a strong support to the
ideas that (a) the type of macrocycle, chlorin or porphyrin, and (b) the position of the carboxyl group,
on the y-axis or the x-axis, strongly affect (a) the state energies and the rates of internal conversion and
(b) the directions of electron-injection and transition-dipole moment, respectively.

The suppression or enhancement of performance in co-sensitization can be explained in terms of
the light absorption (competitive or complementary), the direction of transition-dipole moment
(parallel or orthogonal) and the singlet-energy transfer (interactive or independent) between the pair of
sensitizers:

(1) The absorption spectra of the sensitizers (in Figure 45) show that the major light absorption
through the Soret bands is highly competitive in the a-type + a-type pair, complementary rather than
competitive in the a-type + b-type pair, and absolutely complementary in the a-type + c-type pair.
Therefore, the highest enhancement in the a-type + b-type co-sensitization and the next highest
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enhancement in the a-type + c-type co-sensitization can be rationalized in terms of complementary
absorption not by the Q and Qy levels but by the Soret levels.

(i1) The combination of the a-type sensitizer having the carboxyl group in the y-direction and the
b-type or c-type sensitizer having the carboxyl group in the x-direction should give rise to the highest
enhancement of photocurrent and conversion efficiency, because of the minimum interference of the
transition dipoles between the pair of co-sensitizers. Polarization and electron-injection along the
orthogonal directions must prevent the interference between the intermolecular transition dipole—
transition dipole interactions that can trigger intermolecular energy transfer and the resultant
dissipation of the singlet energy.

(1i1) The different pathways of internal conversion, Soret — Q, — Qy in the a-type sensitizer and
Soret — Qy 1n the b-type or c-type sensitizer may also prevent interaction in the internal-conversion
processes because of the different time scales of internal conversion.

Summary: Co-sensitization by the use of the best and the second-best sensitizers, i.e., Chl ¢, (Mg-
Phe ¢;) and Phe a, we have achieved the maximum enhancement in photocurrent (Js. = 14.0 mA sz)
and conversion efficiency (7 = 5.4%), the enhancement factor being 1.47 and 1.50 times in reference
to the averaged value of the performance of the component co-sensitizers. The enhancement is
ascribed to the complementary light absorption, the orthogonal transition-dipole moments and the

different pathways of internal conversion.
5. Conclusions and Future Perspective
5.1. Conclusions

(i) By the use of a set of RA and CA sensitizers (n = 5~13), the dependence of photocurrent and
conversion efficiency of DSSC on the conjugation-length of the sensitizer was determined to be, in the
order, RAS5 < CA6 < CA7 > CA8 > CA9 > CA1l > CAI13. For comparison, the electron-injection
efficiencies for RAS—CA11 bound to TiO, nanoparticles in suspension were determined by means of
subpicosecond time-resolved pump-probe spectroscopy. The maximum for CA7 and the decline
toward CA11 were explained in terms of excited-state dynamics of the sensitizers. On the other hand,
the decline toward RAS was explained by the increasing efficiency of triplet generation and, as a
result, the enhanced singlet-triplet annihilation due to the aggregate formation of the dye sensitizers on
the Ti0O, surface.

(i1) Excited-state dynamics including the formation of a charge-transfer complex, what we call ‘the
combined Dy"" + T state’, consisting of a charge-separated (TiO, —CA (DO”) and a neutral (Ti0,—CA
(T))) states, and its subsequent splitting into the Do"" plus T, Car species, was identified by
subpicosecond and microsecond time-resolved pump-probe spectroscopy, respectively.

(ii1)) The mechanism of singlet-triplet annihilation to suppress the photocurrent and conversion
efficiency was first identified by their dependence on the dye concentration in the CA7-sensitized solar
cell. This mechanism was confirmed by the use of sensitizers having the increasing transition-dipole
moments and, as a result, the increasing trend of aggregate formation. The least polarizable (the least
aggregate-forming) sensitizer gave rise to the decreasing conversion efficiency, whereas the most
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polarizable (the most aggregate-forming) sensitizer gave rise to the increasing conversion efficiency,
both with the decreasing dye concentration and light intensity.

(iv) Sets of bacterial (n = 9~13) and plant (n = 8~11) Cars were used as redox spacers for the Phe
a—sensitized solar cell. The idea behind this attempt is to induce electron transfer from Car to Phe a
radical cation (Phe a¢'") to stabilize the charge-separated TiO, — Car™" state to prevent immediate
charge recombination of the TiO, —Phe @”" pair. Rapid electron injection into TiO, to generate Phe a*"
(2040 fs) followed by electron transfer from bacterial Cars to Phe a** (200-240 ps) was evidenced by
subpicosecond pump-probe spectroscopy of each Phe a—bacterial Car pair bound to TiO, nanoparticles
in suspension. Among the two set of Cars, f-carotene having the lowest one-electron oxidation
potential (Eox = 0.61 V) exhibited the maximum enhancement of conversion efficiency (n = 3.4 —
4.2%). In the above mixture of Car and Phe a, no singlet-energy transfer was observed. However, in
Phe—Car adduct sensitizer, both singlet-energy transfer and electron transfer from the Car to the Phe
moiety were identified in the solar cell. No sign of singlet-triplet annihilation due to aggregate
formation was seen in this particular sensitizer.

(v) In a set of Phe sensitizers having the chlorin and porphyrin macrocycles, photocurrent (Jy.) was
found to be the functions of the integrated Q, absorption and one-electron oxidation potential (Eoy).
Phe ¢, having the highest one-electron oxidation potential (Eox = 1.33 V) exhibited the lowest
conversion efficiency (# = 1.1%) among the Phe sensitizers. On the other hand, Chl ¢, (Mg-Phe ¢»)
having low one-electron oxidation potential (E,x = 1.06 V) exhibited the highest conversion efficiency
(n = 4.6%) among all the sensitizers we have tested. The extremely-low conversion efficiency in Phe
¢, was ascribed to the high E. value and electron injection via the Q, level, whereas the high
conversion efficiency in Chl ¢, was ascribed to the low Eyx value and electron injection via the Soret
level, which is stabilizer by the absence of the Qy level.

(vi) By co-sensitization using the Phe a and Chl ¢, sensitizers of the second-best and the best
performance, we have succeeded in enhancing the photocurrent and conversion efficiency to
14.0 mA-cm™ and 5 = 5.4%, respectively. The enhancement was ascribed to the supplementary light
absorption, the orthogonal directions of transition-dipoles and the independent internal conversion
processes between the pair of sensitizers.

5.2. Future Perspective

(1) Pump-probe subpicosecond time-resolved spectroscopy of the single Car sensitizer as well as
the Chl a sensitizer plus Car redox spacer, both bound to TiO, nanoparticles in suspension, has turned
out to be very powerful in elucidating the initial electron-injection and electron-transfer mechanisms,
respectively. This technique should be applied to determine the mechanisms of excitation, energy-
transfer and electron injection in each chlorin or porphyrin sensitizer as well as the pairs of these
sensitizers used for co-sensitization.

(2) In the case of the well-characterized CA and RA sensitizers, it is time to start pump-probe time-
resolved spectroscopy of fabricated DSSCs, in various time regions, to elucidate the real electron flow
processes in the cell.

(3) To establish the mechanism of singlet-triplet annihilation, which is a key issue to enhance the
performance of DSSCs in general, other spectroscopic methods such as time-resolved fluorescence
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(up-conversion or Kerr-gate) and Raman, in the subpicosecond time region, will be most useful (see
Ref. [9], for example).

6. Relevant Work by Other Investigators

This mini-review is a condensed summary of our work already published; unpublished results are
also included. The authors thought that self-consistent presentation of our own work would make the
flow of ideas clear. However, it is fair and appropriate to introduce work by other investigators in the
field of DSSCs based on the principles and materials of photosynthesis. Now, we try to introduce the
readers most relevant work, which may lead them to a more general perspective and more objective
viewpoints on what we have written here. This may also highlight the uniqueness of our work. Here,
we follow the order of contents in this review.

Comparison between DSSC and photosynthesis. Gritzel [22] presented a summary of DSSC
fabricated, which is now called “the Gritzel cell”. In particular, he introduced the microporous
structure of sintered TiO, nanoparticles to increase the surface area, mimicing the structure of the
thylakoid membrane. The logical construction in developing the first cell module is solid, and this
review is an excellent introduction for the beginners to this particular field. Grétzel [23] also published
a more detailed description of his DSSC in comparison to plant photosynthesis. We learn that “the
Gritzel cell” has been actually build based on “the principle of photosynthesis™.

Cogdell and Lindsay [24] wrote a review addressing whether photosynthesis can provide a
‘biological blueprint’ of novel solar cells. The author has determined, for the first time, the structure of
the LH2 antenna complex from a purple bacterium by X-ray crystallography. Therefore, he could
describe consistently the structure-function relationship in both the bacterial RC and LH2 antenna
complexes. The authors introduced some organic compounds as mimics of the RC and LH2, although
their functions when introduced to photovoltaic cells are not clear at this moment.

A CAY-sensitized solar cell and the excited-state dynamics of RA and CA9 bound to TiO;
nanoparticles in suspension. Gao et al. [25] first fabricated a DSSC using CA9 as a sensitizer and
hydroquinone as a reductant. It exhibited IPCE as high as 34% and V,. = 0.15 V. Practically, no decay
of CA9 on the TiO; surface was observed even after 12 hr.

Pan et al. [26] studied the electron injection and charge-recombination mechanisms of CA9 bound
to TiO, nanoparticles in suspension by subpicosecond time-resolved pump-probe spectroscopy. They
found electron injection from the S, (1B,") state with a quantum yield of ~40% but no electron
injection from the S; (2A, ) state. The results are in agreement with ours, except for our value of
quantum yield of 60% and our introduction of both the 1B, and 1B, states. They considered two
pathways of charge recombination, i.e., one, via the ground state and the other, via the T, state, which
may correspond to our proposal of ‘the charge-transfer complex’ labeled state *3 in Figure 12.

Zhang et al. [27] examined RAS bound to TiO, in suspension by the SVD and global-fitting
analysis of subpicosecond time-resolved spectral data. They obtained SADS and time-dependent
changes in population similar to ours; they assigned the SADS to the 1B, "(S3), nm*(S,) and 2A, (S1)
states, whereas we assigned them to the 1B, 2A, and T,-D,"" states. Concerning the charge-
recombination mechanism, they seemed to assume an equilibrium between the radical cation and the
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T, states as we assumed in the state *3’ mentioned above. Their conclusions are in general agreement
with ours except for the assignment of SADS.

In summary, our unique contribution seems to be the identification of the T,—D,"" charge-transfer
complex (°3) by the SVD and global-fitting analysis of spectral data in the us time range.

Car to radical cation electron transfer in DSSC and photosynthetic systems. We believed that the
addition of Cars to Phe a-sensitized solar cells as redox spacers to stabilize the charge-separated state
was our own idea, but now we realize that the Car to Chl ¢*" (BChl ¢*") electron transfer is actually
one of the principles of photosynthesis: Noguchi et al. [28] identified, by FTIR spectroscopy, the
generation of f-carotene radical cation in photosystem (PS) II membrane at 80 K under the oxidizing
condition. Hanley et al. [29] studied the oxidation of f-carotene in Mn-depleted PS II by means of
EPR and electronic-absorption spectroscopy. They proposed possible electron-transfer pathways
among the Car, P680, Cyt bsso and Chl z. On the other hand, Polivka et al. [30] identified spheroidene
radical cation in the LH2 complex from Rba. sphaeroides. The detailed mechanisms and function in
the photosynthetic systems are still not clear (see [31] for a review), although there is a good chance of
the Chl ¢* and BChl " generation in the special pair of PS II RC and the B850 aggregate in LH2. In
this relation, we should point out that we actually observed the excimer formation of Phe a, in our
system, prion to the generation of Phe a*" (see Ref. [17]).

Singlet-energy transfer in Car—Phe adducts. Debreczny et al. [32] studied singlet-energy transfer in
adducts, where two Cars, i.e., fucoxanthin (n = 7) and zeaxanthin (n = 11), were covalently attached to
each of five different pyropheophorbides. In all the five compounds containing fucoxanthin, energy
transfer was found to occur from the higher-lying fucoxanthin S; state to the lower-lying
pyropheophorbide S; state with the 12-44% efficiency. In contrast, all the five zeaxanthin-containing
compounds showed no clear evidence for energy transfer from the zeaxanthin S; state to the
pyropheophorbide S; state.

Macpherson et al. [33] prepared a model photosynthetic antenna system, consisting of a Car moiety
covalently linked to a purpurin to study singlet-energy transfer by means of fluorescence up-
conversion spectroscopy. The S, lifetime of 150 = 3 fs in the isolated Car and that in Car-purpurin
dyad of 40 + 3 fs lead to the energy-transfer efficiency via the S; state, 73 £ 6%. On the other hand, the
S lifetime of Car (7.8 ps) was not changed at all even after the formation of the dyad. Taken together,
the S, state of the Car moiety is concluded as the sole donor state in the singlet-energy transfer.

Polivka et al. [34] examined the Car to pyropheophorbide singlet energy transfer for dyads
containing carboxyl Cars, peridinin (dyad 1) and fucoxanthin (dyad 2). Energy transfer occurred in
3144 ps for dyad 1, whereas in 195-280 ps in dyad 2. Energy-transfer efficiency varied with solvent
polarity: 80% in benzene, 69% in tetrahydrofuran and 22% in acetonitrile for dyad 1, whereas 27% in
benzene, 18% in tetrahydrofuran and 13% in acetonitrile for dyad 2.

Those model antennas can be used as a guide for designing the dyad sensitizers in the future, after
adding the carboxyl group for the binding and electron injection to TiO».

Chlorin and porphyrin sensitizers. As a pioneering work in the usage of Chl derivatives and related
porphyrins, Kay and Gritzel [35] found that compounds containing copper as the central metal gave
rise to the highest IPCEs. Cu mesoporphyrin IX exhibited an IPCE value as high as 83% at the Soret
absorption, i.e., a unit quantum yield of charge separation when the loss of light energy by reflection
and scattering was taken into account. On the other hand, Cu chlorophyllin gave rise to performance
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with a J. value of 9.4 mA cm‘z, a Vi, value of 0.52 V, and the resultant # value of 2.6%. It was found
that the conjugation of the carbonyl group with the m electron system of the chromophore was not
absolutely necessary, and that cholanic acids as co-adsorbates were useful to improve the photocurrent
and photovoltage of solar cells using those sensitizers.

Nazeeruddin et al. [36] show that Zn porphyrins exhibit much better performance than Cu
porphyrins. Tetraporphyrinato Zn(Il) ethenyl benzoic acid showed the best performance as the
sensitizer, i.e., Ji. = 9.7 mA cm >, Voo = 0.66 V and 5 = 4.8%. Campbell et al. [37] compared the
performance of a wide variety of porphyrins to reveal structural dependence. They found this
compound was the best as a sensitizer.

Wang et al. [38] examined a series of metalloporphyrins and found that the Zn-3-sensitized solar
cell demonstrated high performance with J;. = 13.0 £ 0.5 mA cmfz, Voe =0.61 £0.5 mV, and n = 5.6%.
Most recently, Campbell et al. [39] reported a porphyrin sensitized solar cell of extremely-high
performance, i.e., Jio = 14.0 £ 0.20 mA em 2, Voo = 0.68 £ 0.03 V, and n = 7.1%, the most efficient
porphyrin-sensitized solar cell reported to date.

The performance of our DSSCs may have been underestimated due to our fabricating technique.
The conversion efficiency of the Phe a-sensitized cell exhibited # = 3.4% when we fabricated, but a
DSSC fabricated by Dr. Nazeeruddin, by the use of the same sensitizer, showed the value as high as
n =5.1% (personal communication). Assuming ‘the technical factor’ of 5.1/3.4 = 1.5, the conversion
efficiencies for solar cells sensitized by Chl ¢, and co-sensitized by Phe a + Chl ¢, turn out to be
3.8 x 1.5=15.7and 5.4 x 1.5 = 8.1%, respectively. Obviously, we need to improve our technique of
solar-cell fabrication to correctly determine the conversion efficiency for each sensitizer.
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