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Chapter 1

General Introduction

1-1. Global energy crisis and the pursuit of sustainable energy

The 21st century is marked by a global energy crisis, fueled by soaring demand and
dwindling fossil fuel reserves.' This crisis is further exacerbated by environmental
concerns such as greenhouse gas emissions, which contribute to global warming and
adversely affect biodiversity, water resources and ecosystem health.*> In response, solar
energy emerges as a promising solution, offering a sustainable alternative to fossil fuels.
Its potential to significantly exceed current global energy needs positions it as a key player
in future energy strategies.’

The transition from fossil fuels to renewable sources like solar, wind, hydro, and
biomass is pivotal for sustainable development.”'* This shift, while essential for
addressing energy scarcity, also aims to mitigate environmental impacts. Integrating
renewable energy sources, however, involves overcoming technological, economic, and
political challenges. Yet, the progress in renewable energy technologies, coupled with a
growing global environmental consciousness, is gradually easing this transition.

Scientific research and innovation play a critical role in this shift, particularly in areas
like artificial photosynthesis systems. The goal of artificial photosynthesis research is to
emulate the natural conversion of solar energy into chemical energy, thereby contributing

to the development of advanced systems for solar energy utilization.



1-2. Natural photosynthesis and photoinduced electron transfer

Natural photosynthesis exemplifies the most efficient energy conversion process
known to sustain life on Earth.!*'® This biological phenomenon, where solar energy is
transformed into chemical energy, is fundamental to the survival of plants and all life
forms. At the heart of this process are chlorophyll molecules, predominantly found in
plant leaves and algae, that capture sunlight and act as natural solar energy converters.!”!8
Including  chlorophyll, structurally analogous compounds like porphyrins,
phthalocyanines (Fig. 1-1) and their derivatives, possessing extensive m-conjugated

structure, are usually employed as antenna molecules in artificial photosynthesis systems

or related research.!®2*
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a) Chlorophyll a b) Porphyrin c) Phthalocyanine

Fig. 1-1. Chemical structures of a) chlorophyll a, b) porphyrin and c) phthalocyanine.

Natural photosynthesis encompasses multiple stages, such as the light-dependent

25,26

reactions®?® and the Calvin cycle.?’?® In these stages, absorbed sunlight is used to

produce energy-rich molecules like ATP and NADPH, which are then used to convert



atmospheric carbon dioxide into glucose.

Central to natural photosynthesis is the phenomenon of photoinduced electron transfer.
This process begins when chlorophyll molecules absorb photons and reach an excited
state, initiating electron transfer.?®* The electron transfer process in natural
photosynthesis is usually not a singular event but a series of meticulously coordinated
steps involving various electron donors and acceptors.’ 33 This intricate mechanism
ensures efficient utilization and conversion of absorbed energy into a usable form. Each
photosynthesis reaction center demonstrates precise structural organization, facilitating
the efficient occurrence of photoinduced electron transfer processes.>*>*

The reaction center in purple photosynthetic bacterium showcases a sophisticated
structural organization vital for efficient electron transfer (Fig. 1-2). This intricate
assembly, encompassing chlorophylls, quinones, and surrounding protein matrices,
orchestrates a finely tuned electron transport chain. Spatial arrangement of protein
matrices optimizes the distance between electron donors and acceptors, ensuring rapid

and efficient electron transfer while minimizing energy dissipation. 3¢



Fig. 1-2. (a) Overall view of the reaction center structure of purple photosynthesis
bacterium and (b) the electron donor and acceptor molecules embedded in this reaction

center.’’

Sophisticated structural organization finds echoes in the photosynthetic systems of
other lifebeings.***! The high efficiency and precision observed in photoinduced electron
transfer within natural photosynthesis serve as a crucial blueprint for creating artificial
systems, particularly in the realm of solar energy conversion. Replicating these intricate
natural processes within artificial settings presents a significant challenge yet promises
sustainable and efficient solutions for harnessing solar energy. The comprehension of the
foundational principles governing natural electron transfer is pivotal in guiding the

development of artificial photosynthesis systems.



1-3. From nature to artificial: advances in artificial photoinduced electron transfer

systems

In the quest to mimic natural photosynthesis, significant attention has been focused on
developing artificial photoinduced electron transfer systems.*>*’ These efforts aim to
replicate the fundamental process of natural photosynthesis - the transfer of electrons
triggered by light absorption - in a controlled, artificial setting. The development of these
artificial systems centers around establishing systems capable of effectively absorbing

light and facilitating electron transfer.

1-3.1. Covalent and non-covalent linked electron transfer systems

The evolution of artificial photoinduced electron transfer systems has branched into
two approaches: covalent and non-covalent linked systems. Both strategies are inspired
by the intricate mechanisms observed in natural photosynthesis but differ in their
assembly and functioning.*’

Covalent electron transfer systems establish enduring, structured pathways for electron
transmission within chemical bonds. This methodology affords meticulous regulation of
distances and orientations between electron donors and acceptors, which is pivotal for

optimizing the efficacy of electron transfer. 4"~

Within covalent electron transfer systems, molecules serving as electron donors and
acceptors are commonly interconnected via a 'bridge'. These 'bridges' encompass a

spectrum of structures, including simple alkyl chains, oligomers, m-conjugated



architectures, DNA helices, and numerous other flexible or rigid frameworks.’*®! The
electron transfer occurring between the donor and acceptor molecules connected through
this diverse array of 'bridges' has been extensively investigated. Some typical covalent

systems are shown in Figs. 1-3—1-5.33-36:61

t-Bu

Fig. 1-3. Covalent electron transfer systems containing porphyrin and fullerene
derivatives as electron donor and acceptor, linked by (a) a rigid molecular wire and (b) a

flexible molecular wire.>?



Fig. 1-4. A covalent electron transfer system consisting of porphyrins as electron donors

and a carbon nanotube as electron accpetor.>¢

Fig. 1-5. A covalent electron transfer system consisting of a zinc porphyrin as electron

donor and a viologen as electron accpetor.®!



Non-covalent systems, also known as supramolecular systems, hinge on weaker yet
versatile interactions such as hydrogen bonding, coordination bonding, van der Waals
forces, and electrostatic interactions.®””’® This characteristic grants them exceptional
flexibility and the ability to self-assemble into intricate architectures, closely mimicking

the dynamic nature of natural photosynthetic systems. Some typical supramolecular

_8 717276

systems are shown in Figs. 1-6—1
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Fig. 1-6. A supramolecular electron transfer system formed by coordination bonding

between a zinc porphyrin donor and a pyridyl bearing iron catalyst.”!

Notably, our group previously established a supramolecular electron transfer system
formed by host-guest interaction between a porphyrin donor and a cyclodextrin bearing
a viologen acceptor (Fig. 1-7) and an efficient fluorescence quenching was observed in

this system.”



Fig. 1-7. A supramolecular electron transfer system formed by host-guest interaction

between a porphyrin donor and a cyclodextrin bearing a viologen acceptor.’

R = OMe

Fig. 1-8. A supramolecular electron transfer system formed by hydrogen bonding between

a zinc porphyrin donor and an iron porphyrin acceptor.’¢

The capacity of supramolecular electron transfer systems for adaptation to diverse



conditions underscores their relevance in artificial photoinduced electron transfer.

1-3.2. Artificial photoinduced electron transfer systems within in polymer matrices

Investigating photoinduced electron transfer systems within polymer matrices signifies
the forefront of foundational research, offering insights into intricate molecular
interactions and energy transduction mechanisms. These systems serve as a platform to
unravel fundamental principles governing electron transfer phenomena in controlled
environments.”” Their distinctiveness lies in embedding photoactive species within the
polymer matrices, resembling the sophisticated structure found in the natural
photosynthetic centers, thereby providing a refined environment for photoinduced
electron transfer.

Research efforts predominantly concentrate on material selection and structural
manipulation to create optimized situations for photoinduced electron transfer.”® %>

Early research includes the covalently linkage of electron donor to polymer
structures.3*%> Morishima et. al. reported a zinc porphyrin—methylviologen electron
transfer system, in which zinc porphyrins, as side chain pendants, are compartmentalized
in unimer micelles (Fig. 1-9).%* In such electron donor molecules covalently linked to
polymer structures systems, over strong steric protections of polymers make electron

acceptors and sacrificial agents hard to approach electron donors, which is unfavorable

for photoinduced electron transfer.
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Fig. 1-9. Zinc porphyrin bearing terpolymers.®

Comparing to covalent linkage, using supramolecular interactions can provide a more
flexible microenvironment for electron transfer. Our group previously reported that the
photoinduced electron transfer from zinc porphyrin to methylviologen (MV>") was
controlled by the complexation of monoclonal and zinc porphyrin (Fig. 1-10).%? Recently,
Shi et. al. reported a porphyrin—fullerene donor—acceptor system through a electrostatic
self-assembling strategy in poly(ethylene glycol)-b-poly(rL-lysine) polymer micelle,
which serves as a shelter to prevent proton invasion, with high electron transfer efficiency

(Fig. 1-11).78

11



Monoclonal Antibody

Fig. 1-10. A porphyrin-methylviologen electron transfer system built in monoclonal

antibody matrix.®?
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Fig. 1-11. A porphyrin-fullerene electron transfer system built in polymer micel
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The similarity between these systems in polymer matrices and natural photosynthetic
centers underscores their potential to provide a controlled environment for scrutinizing
fundamental charge transfer phenomena, mirroring the intricate architecture observed in
natural processes. This fundamental exploration within polymer matrices not only
enriches our understanding of electron transfer dynamics but also offers a pathway for

novel methodologies in artificial photosynthesis.

1-4. Scope and outline of this thesis

The central focus of this thesis revolves around the investigation and enhancement of
artificial photoinduced electron transfer systems, specifically directing attention towards
refining and comprehending mechanisms in supramolecular electron transfer systems
within polymer matrices.

In Chapter 2, polyvinylpyrrolidone (PVP) was found to form complex with 5,10,15,20-
tetrakis-(4-sulfonatophenyl)porphyrin (TPPS) and its zinc complex (ZnTPPS)
quantitatively through different interactions (hydrogen bonds and coordination bonds,
respectively). The formation of these complexes hinders the interaction between ground-
state TPPS or ZnTPPS and an electron acceptor (methyl viologen, MV>") and can control
the photoinduce electron transfer from TPPS or ZnTPPS to MV?", giving a larger amount

of the electron transfer product, i. e. methyl viologen cationic radical (MV*") (Fig. 1-12).

13



Without polymers : With polyvinylpyrrolidone

Fig. 1-12. Conceptual figure of ZnTPPS-MV?" electron transfer system, set apart from

and within the PVP polymer matrix.

In Chapter 3, an artificial photoinduced electron transfer system within a poly(/N-
methyl-4-vinylpyridinium) (P4VPMe) polymer matrix was developed. This system
features TPPS and ZnTPPS as electron donors and MV>" as the electron acceptor. In the
presence of excess P4VPMe, ZnTPPS are molecularly dispersed rather than self-
aggregating, favoring photoinduced electron transfer. Under these conditions, P4VPMe
inhibits the formation of ground-state charge-transfer complex between ZnTPPS and
MV?*, This switches the main electron transfer process from singlet to triplet states.
ZnTPPS in an excess of P4AVPMe demonstrates over a tenfold increase in catalytic activity

for the photoinduced oxidation of MV?* compared to ZnTPPS alone (Fig. 1-13).

14



Fig. 1-13. Conceptual illustration depicting ZnTPPS molecules individually dispersed
within the P4VPMe polymer matrix, facilitating photoinduced electron transfer,
contrasted with TPPS aggregates within the same matrix, unfavorable for such electron
transfer.

In Chapter 4, works presented in Chapter 2 and Chapter 3 are summarized.

15
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Chapter 2

Control of Photoinduced Electron Transfer Using Complex Formation of

Water-Soluble Porphyrin and Polyvinylpyrrolidone

2-1. Introduction

Given the depletion of fossil fuel reserves and escalating environmental concerns, the
imperative development and adoption of sustainable energies like solar, wind, water, and
biomass energy has gained paramount importance.!?> Among these, solar energy stands as
the most abundant and consistent resource available on Earth.? Nature exemplifies the
optimum utilization of solar energy. Natural photosynthetic systems demonstrate
remarkable efficiency in converting solar energy into chemical energy.* Central to these
systems are the pigments within photosynthetic reaction centers, ensconced by
surrounding proteins. This arrangement ensures the non-covalent fixation of electron
donors and acceptors at an optimal distance and relative position, facilitating efficient
electron transfer.*”’

Extensive endeavors have been directed towards emulating the natural photosynthetic
systems to explore the initial processes of photosynthesis and realize highly efficient
electron transfer in artificial systems.!°?7 Studies investigating electron transfer systems
through covalently linked donor-acceptor molecules have been well-documented.!*!3
Recent advancements have introduced covalently linked donor-acceptor systems, notably
utilized as photoinitiators in polymerization processes.!*!> Additionally, non-covalent

assemblies of electron donor and acceptor molecules have been established, employing
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16-18 18-20

mechanisms such as hydrogen bonding, metal coordination, electrostatic

2123 and host-guest interaction.’* >’ Among these investigations, those

interaction,
employing polymer matrices have garnered substantial interest, owing to their ability to
immobilize electron donors, mimicking the natural photosynthetic systems. Notably, Aida
et al. demonstrated the use of porphyrin dendrimers to regulate electron transfer distance
between porphyrin and methyl viologen.?! Recently, Shi et al. reported controlled electron
transfer between porphyrin and water-soluble fullerene within poly(ethylene glycol)-
block-poly(l-lysine) micelles.”> However, the intricate molecular design and synthesis
processes still present challenges, warranting the development of a more convenient and
generalized approach.

In this study, polyvinylpyrrolidone (PVP, Fig. 2-1) was observed to form complexes
with 5,10,15,20-tetrakis-(4-sulfonatophenyl) porphyrin (TPPS, Fig. 2-1) and its zinc
complex (ZnTPPS, Fig. 2-1) through various interactions. Here, the author presents a
discovery that the interaction between porphyrins and the electron acceptor, methyl

viologen (MV?*, Fig. 2-1), can be modulated in the presence of PVP, resulting in an

amplified concentration of electron-transfer products.

HO,S SO;H  HOsS SO3H

QL S

w H Cj-N B B N+—CH
(NTO TN \ 3
HO5S SO,H  HOsS SOzH

TPPS ZnTPPS PVP MV2Z*

Fig. 2-1. Chemical structures of TPPS, ZnTPPS, PVP and MV?**,
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2-2. Materials and Methods

Materials

Tetraphenylporphyrin tetrasulfonic acid hydrate (TPPS) and polyethylene glycol 6000
(PEG 6000) were acquired from TCI Co., Ltd., Tokyo, Japan. Polyvinylpyrrolidone (PVP
25 (M = 24,500), K-30 (M = 40,000), and K-90 (M = 360,000), M represents for the
average molecular weight), methyl viologen hydrate, potassium dihydrogenphosphate,
dipotassium hydrogenphosphate, and ethylenediamine-N,N,N',N'-tetraacetic acid
tetrasodium salt (EDTA) were purchased from Nacalai Tesque, Kyoto, Japan. All reagents
and solvents were used as received without further purification. Zinc meso-5,10,15,20-
tetrakis-(4-sulfonatophenyl)porphyrin (ZnTPPS) was synthesized according to the

method reported by Flamigni et al.?®

Methods

The '"H NMR spectra were acquired using a JEOL (Tokyo, Japan) INM-ECA 500 MHz
NMR spectrometer. Chemical shifts were referenced to sodium 3-(trimethylsilyl)-1-
propanesulfonate (6 = 0.00 ppm) and the solvent value (6 =4.79 ppm for D,0). UV—vis
spectra were recorded on a SHIMADZU (Kyoto, Japan) UV-2500PC spectrophotometer
at 25 °C using a cell with a 1 cm path length. Fluorescence spectra were recorded on a
HITACHI F-2500 fluorescence spectrophotometer (Tokyo, Japan). Slit widths were both
5.0 nm for excitation and emission side and sensitivity was set to high. Raman scattering

of the ZnTPPS in the absence and presence of PVP or pyridine was excited by ~20 ns
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laser pulses of 425 nm generated using the second harmonic of a Ti:sapphire laser pumped
by a Q-switched diode-pumped Nd-doped yttrium lithium fluoride (Nd:YLF) laser (TU-
L, Photonics Industries, Ronkonkoma, NY, USA) at 1 kHz. The pulse energy at the sample
was 0.5 pJ. The sample solution was placed in a glass tube used as a spinning cell, and
the scattered Raman light was collected and focused onto the entrance slit of a
spectrograph (iHR550, HORIBA Jobin Ybon, Kyoto, Japan) equipped with a charge-
coupled-device (CCD) camera (SPEC-10:400B/LN-SN-U, Roper Scientific, Sarasota, FL,
USA). The accumulation times for obtaining each spectrum were 5 min. The Raman shifts
were calibrated using the Raman bands of cyclohexane. The calibration error was within
1 cm™! for prominent bands. Irradiation experiments were carried out using a UV
irradiation unit (SP-11, USHIO, Tokyo, Japan) equipped with an ND10 filter (HOYA,

Tokyo, Japan).

2-3. Results and Discussion

2-3.1. Formation of Complexes

We investigated the interaction between ZnTPPS and PVP (refers to PVP K-30 unless

otherwise noted) in a 0.01 M phosphate buffer at pH 8.0. Upon the addition of PVP,

noticeable redshifts appeared in the Soret band (Fig. 2-2a) and the Q-bands (Fig. 2-3) of

ZnTPPS. These spectral shifts indicate the formation of a complex between ZnTPPS and

PVP.
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Fig. 2-2. (a) Absorption spectra of ZnTPPS upon the addition of PVP at Soret band in
0.01 M phosphate buffer (pH 8.0); (b) A plot of Abs. at 430 nm as a function of the
concentration of PVP; BH plots for the formation of ZnTPPS—PVP complex under the
assumption of the formation of (c) a 1:1 complex and (d) a 1:2 complex in the lower and

higher PVP concentration regions, respectively.

Benesi—Hildebrand (BH) plots,?’ based on the absorbance at 430 nm (Fig. 2-2b), were
generated to ascertain the molar ratio of ZnTPPS and PVP monomer unit in a complex
and association constant of the ZnTPPS—PVP complex. The BH plots for 1:1 and 1:2
complex formation ratios, observed in low and high PVP concentration ranges,
respectively, are depicted in Figs. 2-2¢ and 2-2d. Both plots exhibited linearity within
their respective PVP concentration ranges, indicating the formation of ZnTPPS—-PVP

complexes in a 1:1 (ZnTPPS:PVP monomer unit) and 1:2 ratio in lower and higher PVP
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concentration regions, respectively. The association constants were determined from the
slopes and computed as K zntpps = 5.0 x 10* M™! and K zntpps X Ka2zatpps = 5.0 x 10°
M2 (Ki.zateps and K zatpps are the first and second binding constants of ZnTPPS with

PVP, respectively).

0.2

ZnTPPS

—0.05 mM

—0.14 mM

y ——0.24 mM
0.1

2 ——0.06 M
o 1 1
500 550 600 650

Wavelength / nm

Fig. 2-3. Absorption spectra of ZnTPPS upon the addition of PVP at Q-bands in 0.01 M

phosphate buffer (pH 8.0).

In addition to the observed redshifts in the absorption spectra of ZnTPPS (12.0 uM), a
distinct color change from purple to green was also noted (Fig. 2-4). Both alterations are

typical when an agent interacts with zinc porphyrin via a coordination bond.??"32
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Fig. 2-4. Color change of ZnTPPS solution upon the addition of PVP.

Our hypothesis centered on the formation of a ZnTPPS-PVP complex via a
coordination bond between the carbonyl group of PVP and the central Zn atom of ZnTPPS
(Fig. 2-8a). This interpretation finds support from the 'H NMR spectra (Fig. 2-5) and

Raman spectra (Fig. 2-6).

H,0 DMF Standard
ok 10ea mol e
C?ﬁo 8eq [Pl ! LA, |
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L3 MMLL o B |
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Fig. 2-5. 'H NMR spectra of mixing solutions of ZnTPPS and PVP, in D0 at 25°C.

The chemical shifts of the protons on the pyrrole rings exhibited the largest shifts (Fig.

2-5), suggesting that PVP interacts with ZnTPPS at the center of the porphyrin ring.
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Fig. 2-6. Raman spectra of mixing solutions of ZnTPPS and PVP or pyridine.

The Raman band near 1,450 cm ™' showed a 3 cm™!' downshift in the presence of PVP,
whereas no shifts were observed upon the addition of pyridine (Fig. 2-6). The frequency
of this band is sensitive to the spin state (or coordination number) of the porphyrin. The
observed downshift indicated that the high-spin character of the porphyrin increased in
the presence of PVP. We speculated that PVP interacts with ZnTPPS through a

coordination bond between the carbonyl groups of PVP and the central zinc atom of

ZnTPPS.
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Fig. 2-7. Absorption spectra of TPPS upon the addition of PVP at (a) Soret band and (b)
Q-bands in 0.01 M phosphate buffer (pH 8.0); BH plots for the formation of a TPPS—PVP
complex under the assumption of the formation of (¢) a 1:1 complex and (d) a 1:2 complex
in the lower and higher PVP concentration regions, respectively; Absorption spectra of
H,TPPS?" upon the addition of PVP at (¢) Soret band and (f) Q-bands in 0.01 M phosphate

buffer (pH 4.0).
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The absorption spectra of TPPS, both in the presence and absence of PVP, were
recorded in 0.01 M phosphate buffer (pH = 8.0). Notable redshifts in the Soret band and
Q-bands (Figs. 2-7a and 2-7b) strongly indicate the formation of a TPPS—PVP complex.
Corresponding BH plots were constructed similarly to those for the ZnTPPS—PVP
complex (Figs. 2-7c and 2-7d). The BH plots indicate the formation of the TPPS—PVP
complex at ratios of 1:1 (TPPS:PVP monomer unit) and 1:2 in the lower and higher PVP
concentration regions, respectively. The association constants were evaluated to be K tpps
=5.0 x 10* M ! and K. tpps X Katpps = 5.0 x 10° M2 (K teps and K> tpps are the first and
second binding constants of TPPS with PVP, respectively).

The interaction of protonated TPPS (H,TPPS?") with PVP was also studied at pH 4,
presenting a Soret band at 434 nm (Fig. 2-7¢). The Q-bands appeared at 516, 553, 590
and 645 nm (Fig. 2-7f), with the Qy absorption bands being more intense than the Qx
bands. Upon the introduction of PVP, the Soret band of H*TPPS,+ shifted to 430 nm. This
shift reversed the absorption pattern, resulting in slight shifts in the Qy and Qx bands until
the Q-bands matched those in the spectrum of TPPS. Our interpretation suggests the
formation of a TPPS—PVP complex facilitated by hydrogen bonding between the carbonyl
group of PVP and the central amino group of TPPS (Fig. 2-8b), observed even under

acidic pH conditions.
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Fig. 2-8. Conceptual schemes of the formation of the (a) ZnTPPS—PVP complex and (b)

TPPS—PVP complex.

The fluorescence intensity of both TPPS and ZnTPPS (Fig. 2-9) exhibited an increase

upon the addition of PVP. This observation implies that the presence of PVP retards the

themal quenching of the porphyrins, e.g. the collision of solvent molecules.?>*’
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Fig. 2-9. Fluorescence spectra of (a) ZnTPPS (Aex =425 nm) and (b) TPPS (Aex =417 nm)

upon the addition of PVP.
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The absorption spectra of ZnTPPS or TPPS in the presence of N-methyl-2-pyrrolidone
(NMP) (Figs. 2-10a and 2-10b) or N-vinyl-2-pyrrolidone (NVP) (Figs. 2-10c and -10d)
suggest minimal interactions of NMP or NVP with ZnTPPS or TPPS. This underscores
the critical importance of the steric effect imparted by the polymer structure of PVP in

the formation of the ZnTPPS—PVP and TPPS—PVP complexes.

(@) g2 (b) o2
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(c) (d)
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Loa | —03M § 01 } —03M
<
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400 430 460 400 430 460
Wavelength / nm Wavelength / nm

Fig. 2-10. Absorption spectra of (a) ZnTPPS and (b) TPPS upon the addition of NMP;

Absorption spectra of (c) ZnTPPS and (d) TPPS up on the addition of NVP.

Additionally, studying the interaction between ZnTPPS and PVP with different
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molecular weights (PVP 25 (M = 24,500), PVP K-90 (M = 360,000)) revealed no
discernible molecular weight dependence (Fig. 2-11). Despite testing, polyethylene

glycol (PEG) failed to form a complex with ZnTPPS (Fig. 2-11).

0.3
ZnTPPS

ZnTPPS + PEG 6000
ZnTPPS + PVP 25

02 } ZnTPPS + PVP K-30
ZnTPPS + PVP K-90

Abs.

0.0 .
400 430 460
Wavelength / nm

Fig. 2-11. Absorption spectra of ZnTPPS upon the addition of PEG or PVP.

2-3.2. Photoinduced Electron Transfer

In the presence of MV**, both ZnTPPS and TPPS form donor—acceptor pairs with
MV?*3* Addition of MV?*" to TPPS or ZnTPPS led to observable redshifts in their
absorption spectra (Figs. 2-12a and 2-12b). However, upon the addition of MV?" in the
presence of PVP in the TPPS or ZnTPPS solution, no significant peak shifts were
observed (Figs. 2-12c and 2-12d). These results imply a restrained ground-state

interaction between the porphyrin and MV>" in the presence of PVP.
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Fig. 2-12. Absorption spectra of (a) ZnTPPS and (b) TPPS upon the addition of MV?;

Absorption spectra of (¢c) ZnTPPS and (d) TPPS upon the addition of MV?** with 24.0 uM

PVP existence; Stern—Volmer plots of the quenching of (e) ZnTPPS and (f) TPPS by

MV?2* in the absence (solid circles) and presence (solid triangles) of 24.0 uM PVP.

Further investigation involved observing the fluorescence quenching of ZnTPPS (Fig.

2-13) and TPPS (Fig. 2-14) by MV?" with and without 24.0 uM PVP upon excitation at
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the isosbestic point, aiming to understand the electron transfer from the porphyrins to
MV?2*, Stern—Volmer (SV) plots constructed based on the intensity at the maximum of
fluorescence band (Figs. 2-12e and 2-12f) revealed a decrease in the SV constant (Ksv)
upon the addition of PVP (Ksv, zatpps-mv: 7.1 to 1.6, Ksv, teps-mv: 1.6 to 0.2), indicating a
reduced fluorescence quenching efficiency. However, notable fluorescence quenching
was still observed.
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Fig. 2-13. Fluorescence spectra 0.6 uM ZnTPPS upon the addition of MV?" in the (a)

absence and (b) presence of 24.0 uM PVP.
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Fig. 2-14. Fluorescence spectra 0.6 uM TPPS upon the addition of MV?* in the (a)

absence and (b) presence of 24.0 uM PVP.
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The absence of spectral overlap between the emission spectra of porphyrin and the
absorption spectra of MV?" indicates the absence of Forster energy transfer. The
fluorescence quenching experiments were conducted in the presence of oxygen, which
typically depletes the triplet state of porphyrin. Moreover, the direct interaction between
MV?" and porphyrins was hindered by PVP, making molecular collisions less likely to
occur. This effect was consistent with the similar fluorescence quenching behavior
observed in the presence and absence of oxygen (Figs. 2-13b and 2-15a). Thus, the decline
in fluorescence intensity can be attributed to photoinduced electron transfer occurring

over long distances.
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Fig. 2-15. (a) Fluorescence spectra of ZnTPPS upon the addition of MV?* in the absence
of oxygen; (b) Stern—Volmer plots of the quenching of ZnTPPS by MV?" in absence of

oxygen.

PVP 25 and K-90 (0.24 mM) demonstrated similar abilities in regulating the interaction

and photoinduced electron transfer between ZnTPPS and MV?', with no observable
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dependence on molecular weight (Figs. 2-16-2-18). Conversely, PEG (0.24 mM) did not
exhibit any control over the interaction or the photoinduced electron transfer between

ZnTPPS and MV?* (Figs. 2-16-2-18).
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Fig. 2-16. Absorption spectra of ZnTPPS upon the addition of MV?** in the (a) absence

and presence of 0.24 mM (b) PEG, (c) PVP 25 and (d) PVP K-90.
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Fig. 2-17. Fluorescence spectra of ZnTPPS upon the addition of MV2" in the (a) absence

and presence of 0.24 mM (b) PEG, (c) PVP 25 and (d) PVP K-90.

5
e no ploymers
©PVP 25 ®
APVP K-30
4 | OPVPK-90 @ o)
OPEG 6000 o
]
< 3 O
- L 4
@)
, | 8
p o O B
1 - n 1 n 1 1 1
0 0.1 0.2 0.3 04 0.5

[MV2*] | mM
Fig. 2-18. Stern—Volmer plots for the quenching of ZnTPPS by MV?" in the absence and

presence of PEG or PVP.
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The higher quantum yield of ZnTPPS compared to TPPS and its elevated energy level
facilitate electron transfer from ZnTPPS to MV?" more readily than that from TPPS 3%
Therefore, ZnTPPS was selected for subsequent experiments. Ethylenediamine-
N,N,N',N'-tetraacetic acid tetrasodium salt (EDTA) was introduced as a sacrificial agent
to enable the reduction of oxidized ZnTPPS after the photoinduced electron transfer

process (Scheme 2-1).

hv
EDTA Porphyrin ———— *Porphyrin MV+
EDT
Aox Porphyringy myz+

Scheme 2-1. Generation of MV"* from MV?" via electron transfer from photoexcited

porphyrin with EDTA as a sacrificial agent.
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Fig. 2-19. Absorption spectra of mixed solutions of ZnTPPS, MV?**, and EDTA in the (a)
absence and (b—e) presence of PVP at various ratios: (b) 4 eq., (c) 40 eq., (d) 400 eq. and

(e) 4000 eq. before and after 30 min of irradiation.
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Degassed solutions of ZnTPPS, PVP, MV?*, and EDTA as a sacrificial agent were
irradiated with UV light at ~20 cm for 30 minutes, causing a change in the absorbance at

605 nm (AAbs), indicating the presence of the methylviologen cationic radical (MV™)

(Fig. 2-19).%7
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Fig. 2-20. Generated MV ™" in ZnTPPS systems, in the absence and presence of PVP.

The concentrations of generated MV ™ were determined by monitoring the change in
absorbance at 605 nm, in conjunction with its molar absorption coefficient.’’
Concentration of the generated MV™ increased with increasing the PVP concentration
(Fig. 2-20) and reached saturation at higher PVP concentrations. Despite the diminished
electron transfer environment between ZnTPPS and MV?* following the addition of PVP
(as indicated by the significantly lower Ksy value), the concentration of generated MV ™
reached a peak value of ~0.06 mM. This outcome suggests the critical role of PVP in

impeding reverse electron transfer within this photoinduced electron-transfer process.>*2
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Fig. 2-21. Absorption spectra of mixed solutions of ZnTPPS, MV**, and EDTA in the

presence of 0.24 mM (a) PEG, (b) PVP 25 or (c) PVP K-90 before and after 30 min of

irradiation under UV light.
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Fig. 2-22. Generated MV ™ in ZnTPPS systems, in the absence and presence of 0.24 mM

PVP or PEG.

PVP 25 and K-90 similarly contributed to the production of MV* (Figs. 2-21 and 2-

600
Wavelength / nm

700 800

22), with minimal dependence on their respective molecular weights. Conversely, PEG

exhibited no discernible impact on the production of MV** (Figs. 2-21 and 2-22).
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2-4. Conclusions

In this study, PVP demonstrated its ability to form complexes with ZnTPPS and TPPS
through coordination bonding with ZnTPPS and hydrogen bonding with TPPS. These
complex formations effectively regulated the interactions between the ground-state
porphyrins and MV?" while also influencing the photoinduced electron transfer from
porphyrins to MV?*. The presence of PVP notably increased the production of an electron
transfer product (MV™) via photoinduced electron transfer from ZnTPPS to MV?*. Our
ongoing investigations aim to explore the conversion of the generated MV ™ into storable
energy forms, such as hydrogen or formic acid,?”*® thereby realizing the conversion of
solar energy into chemical energy.

This study presents a versatile and convenient approach to control photoinduced
electron transfer between diverse electron donor and acceptor pairs. Leveraging
appropriate polymers, this method exhibits promising adaptability across a spectrum of

donor-acceptor combinations.
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Chapter 3

Controlled Photoinduced Electron Transfer via Triplet in Polymer Matrix

Using Electrostatic Interactions

3-1. Introduction

In recent years, the study of electron transfer processes within complex molecular
systems has garnered increasing attention due to its pivotal role in a wide range of
scientific and technological applications.! Among the diverse array of molecular
systems, porphyrins have emerged as fascinating candidates for exploring electron
transfer dynamics. These aromatic macrocycles exhibit unique photophysical properties,
making them ideal platforms for investigating charge transfer and energy transfer
phenomena .>

In particular, the interaction between porphyrins and various electron acceptors within
a polymer matrix has captured the interest of researchers seeking to understand and
control these processes.” '? These systems' potential applications span diverse fields,

13-15 16,17

including photovoltaics,'*"!* sensors, 18,19

and molecular electronics.

This study delves into the intricate electron transfer dynamics within systems
consisting of porphyrin (TPPS and ZnTPPS), polymer (poly(N-methyl-4-
vinylpyridinium), P4VPMe), and electron acceptor (MV>"), with a focus on the role of

the polymer matrix in modulating these interactions (Fig. 3-1).
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Fig. 3-1. Chemical structures of TPPS, ZnTPPS, P4VPMe and MV>*,

3-2. Experimental Section

Materials

5,10,15,20-Tetrakis-(4-sulfonatophenyl) porphyrin (TPPS) was purchased from TCI
Co., Ltd., Tokyo, Japan. Methyl viologen hydrate, potassium dihydrogenphosphate,
dipotassium hydrogenphosphate, ethylenediamine-N,N,N',N'-tetraacetic acid tetrasodium
salt (EDTA), 4-vinyl pyridine and 2,2' azobis(2-vmethylpropionitrile) (AIBN) were
purchased from Nacalai Tesque, Kyoto, Japan. All the reagents and solvents, except 4-
vinyl pyridine, were used as received without further purification. 4-Vinyl pyridine was
distillated to remove the polymerization inhibitor (hydroquinone) within it before
polymerization. Zinc meso-5,10,15,20-tetrakis-(4-sulfonatophenyl)porphyrin (ZnTPPS)
was prepared according to the method reported by Flamigni et al.?® Poly (4-vinyl
pyridine) was prepared by polymerize 4-vinyl pyridine in DMF using AIBN as a thermal
initiator. Poly(N-methyl-4-vinylpyridinium) (P4VPMe) was synthesized by methylating

poly 4-vinyl pyridine in methanol using iodomethane.
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Methods

"H NMR spectra were acquired with a JEOL INM-ECA 500 MHz NMR spectrometer
(Tokyo, Japan). The chemical shifts were referenced to the solvent value (6 = 4.79 ppm
for D>0). Gel permeation chromatography (GPC) was performed at 25 °C on a TOSOH
HLC-8320GPC EcoSEC® system equipped with an RI detector and TOSOH TSK gel o-
M column, using dimethyl sulfoxide (DMSO) containing lithium bromide (1.05 g L™!) as
the eluent at a flow rate of 0.4 mL min'. The molecular weights were calibrated with
seven standard samples of poly(ethylene glycol) (PEG) (Scientific Polymer Products, Inc.
(Ontario, NY)). Sample solutions were filtrated with a DISMIC13JP PTFE 0.50 um filter
just prior to injection. UV-visible spectra were recorded using a SHIMADZU UV-
2500PC spectrophotometer (Kyoto, Japan) at 25 °C. A quartz cuvette with an optical path
length of 1 cm was used for these measurements. Excitation and fluorescence spectra
were obtained with a HITACHI F-2500 fluorescence spectrophotometer (Tokyo, Japan)
at 25 °C, employing 1-cm quartz cuvettes. Slit widths were both 5.0 nm for excitation and
emission side and sensitivity was set to high. Irradiation experiments were conducted in
a sealed 1-cm quartz cuvette using an USHIO SP-11 UV irradiation unit with a HOYA
ND10 filter. Emission lifetimes were measured with a home-built setup based on the time-
correlated single-photon counting. The details were described in a previous report.?! The
pulsed light source was a Ti:sapphire oscillator, and the second harmonics at 420 nm was
used for photoexcitation of the sample. The instrumental response function was evaluated
as 48 ps. Transient absorption spectra in the nanosecond and microsecond time regions
were measured using a home-built setup.?? The excitation light source was a Nd:YAG

laser and the second harmonics at 532 nm was used for photoexcitation of the sample.
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The time resolution of the measurement was ca. 50 ns. In the transient absorption

measurements, the sample solution was filled into a 1 cm cuvette and deoxygenated with

nitrogen bubbling in 10 minutes unless specifically mentioned.

Synthesis

Synthesis of P4VP and P4VPMe

= h
n
= AIBN = Mel Z |
EEEE— —
g DMF | MeOH Y
N N | +
4VP P4VP P4VPMe

Scheme 3-1. Synthesis of PAVPMe.

Poly(4-vinylpyridine) (P4VP) was prepared by polymerizing 4-vinylpyridine in DMF
using AIBN as a thermal initiator (Scheme 3-1). Initially, 1.0 g (10.0 mmol) of distilled
4-vinylpyridine was dissolved in 10 mL of DMF. Varying amounts (0.1 mmol and 0.2
mmol) of AIBN were subsequently added, and the mixture was refluxed at 60 °C for 24
h. Following this, the solution was poured into 100 mL of diethyl ether, and the resulting
particulate (P4VP) was collected after being washed three times with diethyl ether. GPC
measurements (Fig. 3-2) revealed molecular weights (M;) of 3,700 and 6,400,

respectively.

49



0 5 10 15 20 25 30
Time / min
b)
0 5 10 15 20 25 30
Time / min

Fig. 3-2. GPC profiles of P4VP with molecular weights of 3,700 and 6,400.

P4VPMe was prepared by quaternization of poly(4-vinylpyridine) in methanol using
1odomethane (Scheme 3-1). Initially, 0.1 g (1.0 mmol) of P4VP was dissolved in 5.0 mL
of methanol. Then, 0.6 mL (10.0 mmol) of iodomethane was added, and the mixture was
stirred at room temperature for 40 h. Subsequently, the resulting particulate (P4VPMe)
was collected by centrifugation and washed three times with methanol. Quantitative
methylation was confirmed by 'H NMR analysis (Fig. 3-3). The molecular weights (M)

of P4AVPMe were calculated to be 4,300 and 7,400.

50



[ ]
3
i I @
Y I
) o
Jﬁl i o
A N
. L// II‘* [N Ay |l\ ‘-L/ \\\‘_.-—~._.“MW
" 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
Z
| e
N R

N 45 2
. ]
‘ J ‘o O
/ad
f k_// II\_

T AT l\.—._f\i-_«/ \‘\_h—mm-
III llllllllllll|l|l||ll||l||Illlllllllllllllllllllllllllllllllllllllllllllllllllll’ll|||l|

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

Fig. 3-3. 'H NMR spectra of P4VPMe with molecular weights of 4,300 and 7,400.

3-3. Result and Discussion

3-3.1. Evolution of Porphyrin Aggregates in P4AVPMe Polymer Matrix

To investigate the interaction of ZnTPPS with PAVPMe, absorption spectra of mixed
solutions of ZnTPPS and P4VPMe (M, = 4,300) at different charge ratios (I =
Ceharge(prophryin) / ccharge(P4VPMe)) in a 0.01 M phosphate buffer (pH = 8.0) were
recorded. The Soret band of ZnTPPS, with a maximum absorption at 420 nm, exhibited
a redshift upon the addition of PAVPMe (/= 0.10) and broadened into a multi-component
band, displaying peaks at 410, 430 and 440 nm simultaneously (Fig. 3-4a). Further
addition of PAVPMe led to an increase in absorbance at 430 nm and a decrease in
absorbance at 410 and 440 nm. Ultimately, in the presence of an excess of P4VPMe (I =

0.01), a single-component band at 430 nm was observed.
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Excitation spectra (Aem = 605 nm) of these mixed solutions were recorded to identify the
components that appeared upon the addition of PAVPMe. When ZnTPPS was irradiated
at 420 nm, it emitted at 605 nm when in isolation. However, in the presence of P4AVPMe,
ZnTPPS emitted light only when irradiated at 430 nm, regardless of the quantity of
P4VPMe added (Fig. 3-4b). Therefore, the 430 nm absorption band was assignable to a
single molecule of ZnTPPS within the P4AVPMe polymer matrix, while the absorption
bands at 410 and 440 nm were ascribed to be (J or H) aggregates of ZnTPPS within the
P4VPMe polymer matrix.>>*

It can be concluded that, as the addition of P4VPMe progressed, ZnTPPS initially
formed aggregates at low P4VPMe concentrations. Subsequently, these aggregates
gradually dissociated into individual ZnTPPS molecules as the P4VPMe reached an
excess amount (Fig. 3-7a), as illustrated in the spectral data and discussed in Figs. 3-4a
and 3-4b. Furthermore, the aggregation and dissociation of ZnTPPS in the P4VPMe
polymer matrix were also examined and supported by excited singlet lifetime
measurements of ZnTPPS with P4VPMe (upon the addition of P4AVPMe, the singlet

lifetime of ZnTPPS initially decreased and then recovered in the presence of an excess of

P4VPMe; see Table 3-1).
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Fig. 3-4. Absorption spectra of mixing solutions of P4AVPMe and a) ZnTPPS or ¢) TPPS
at various charge ratios. Excitation spectra of mixing solutions of P4VPMe and b)

ZnTPPS or d) TPPS at various charge ratios.

Absorption spectra and excitation spectra (Aem = 640 nm) of mixed solutions of TPPS
and P4VPMe at different / in a 0.01M phosphate buffer (pH = 8.0) were also recorded.
Notable changes, such as shifting and broadening, were observed in the Soret band of
TPPS upon the addition of P4VPMe (Fig. 3-4c). However, none of these changes resulted
in obvious emission (Fig. 3-4d). This suggests that TPPS forms aggregates when mixed
with P4VPMe, and these aggregates persist even in the presence of an excess of PAVPMe
(Fig. 3-7b). The aggregation of TPPS in the P4AVPMe polymer matrix was further

confirmed through excited singlet lifetime measurements. With the addition of P4AVPMe,
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the lifetime of TPPS consistently decreased in one direction (Table 3-1), providing
additional evidence for the formation of TPPS aggregates within the PAVPMe polymer
matrix.

Excited singlet-state lifetime measurements of ZnTPPS and TPPS (0.6 uM) in the
absence and presence of PAVPMe (M, = 4,300) at varying charge ratios (0.10, 0.01 and
0.001) in 0.01 M phosphate buffer (pH 8.0) were carried out. The associated data are

presented in Figs. 3-5 and 3-6.
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Fig. 3-5. Fluorescence decay profiles of ZnTPPS in the a) absence of PAVPMe and
presence of PAVPMe (M, = 4,300) at varying charge ratios: b) /=0.10, ¢) /=0.01 and d)
1=0.001.
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Fig. 3-6. Fluorescence decay profiles of TPPS in the a) absence of P4VPMe and presence

of P4AVPMe (M: = 4,300) at varying charge ratios: b) /=0.10, ¢) /=0.01 and d) /= 0.001.

The fluorescence lifetime data were fitted using the equation:

1) = ) Arexp (—t/ )

where /() is fluorescence intensity, 4, is corresponding pre-exponential factor in %, ¢ is
time and 7; is fluorescence lifetime. The summarized fluorescence lifetimes are provided

in Table 3-1.
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Table 3-1. Excited singlet-state lifetimes,ti (1= 1-4), of ZnTPPS and TPPS in the absence
and presence of P4VPMe. A; (i = 1-4) are corresponding pre-exponential factors in %

and Tavg 1s averaged lifetime.

Sample 1, /ns Tt/ns tw/ns T /ns A, A, A, A, T/ NS
ZnTPPS 1.88 100 1.88
1=0.10 0.092 0.470 1.62 3.20 69 12 17 2 0.459
1=0.01 0.289 1.34 2.17 14 44 42 1.54
1=0.001 0.656 1.50 2.04 18 57 25 1.48
TPPS 10.0 100 10.0
1=0.10 0.464 2.38 10.8 29 33 38 5.02
1=0.01 0.472 2.16 9.10 33 46 21 3.06
1=0.001 0.344 1.80 4.96 37 43 20 1.89

058 S0;

"

038 SO;

Fig. 3-7. Conceptual figures of a) ZnTPPS exists as individual molecule in P4VPMe

matrix and b) TPPS forms aggregates in P4VPMe matrix.

Absorption and excitation spectra were acquired for mixed solutions of ZnTPPS or
TPPS (0.6 uM) and P4VPMe (M, = 7,400) at varying charge ratios (0.10, 0.01 and 0.001)

in 0.01 M phosphate buffer (pH 8.0) (Fig. 3-8). Similar spectral changes were observed
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when compared with using P4VPMe of M, = 4,300 indicating no discernible dependency

on molecular weight.
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Fig. 3-8. Absorption spectra of a) ZnTPPS and b) TPPS upon the addition of PAVPMe
(My = 7,400) at varying charge ratios. Excitation spectra of ¢) ZnTPPS (Aem = 605 nm)
and d) TPPS (Aem = 640 nm) upon the addition of PAVPMe (M, = 7,400) at varying charge

ratios.
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3-3.2. Charge-transfer complex and photoinduced electron transfer
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Fig. 3-9. Absorption spectra of a) ZnTPPS and b) TPPS upon the addition of MV>",
Absorption spectra of ¢) ZnTPPS and d) TPPS upon the addition of MV?" in the presence

of PAVPMe (/= 0.01).

ZnTPPS and TPPS are recognized for their ability to form charge-transfer complex
with MV?".2°> When MV?" is added, both ZnTPPS and TPPS exhibit a notable redshift in
their Soret bands (Figs. 3-9a and 3-9b), indicating the formation of charge-transfer
complex. However, in the presence of P4AVPMe (/ = 0.01), no significant changes were
observed in the Soret bands of either ZnTPPS or TPPS upon the addition of MV?** (Figs.
3-9c and 3-9d). This suggests that P4AVPMe hinders the formation of ground-state charge-

transfer complex between ZnTPPS or TPPS and MV?*,
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Fig. 3-10. Florescence spectra of a) ZnTPPS and b) TPPS upon the addition of MV?"in

the air. Stern-Volmer plots for the quenching of ¢) ZnTPPS and d) TPPS in the absence

and presence of P4VPMe.

The addition of MV?" led to a reduction in the fluorescence intensity of ZnTPPS and

TPPS (Figs. 3-10a and 3-10b), a phenomenon commonly referred to as fluorescence

quenching. This quenching is attributed to the electron transfer from the excited singlet

state of ZnTPPS or TPPS to MV?". Fluorescence quenching experiments involving

ZnTPPS and TPPS in the presence of PAVPMe (M, = 4,300) in the air were also

conducted (Figs. 3-11 and 3-12), and Stern-Volmer plots were constructed based on the

fluorescence intensities (Figs. 3-10c, and 3-10d). The slopes of the Stern-Volmer plots,

59



represented as Stern-Volmer constants (Ksv), decreased for both ZnTPPS and TPPS
systems following the addition of P4AVPMe. This observation suggests that the presence
of PAVPMe creates a less favorable environment for photoinduced electron transfer,
aligning with the results obtained from absorption spectra which showed a restriction in
the formation of ground-state charge-transfer complex. In the case of TPPS, Ksv values
became negative in the presence of an excess of P4AVPMe (/ = 0.01 and 0.001). This
phenomenon was attributed to the minor partial dissociation of TPPS aggregates within
the P4VPMe polymer matrix induced by the addition of MV?*, resulting in a slight

increase in fluorescence intensity.
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Fig. 3-11. Absorption spectra of ZnTPPS upon incremental addition of MV?" in the
presence of P4AVPMe (M, = 4,300) at various charge ratios: a) /=0.10, b) /=10.01 and ¢)
I = 0.001. Fluorescence spectra of TPPS upon incremental addition of MV>" in the
presence of P4VPMe (M, = 4,300) at various charge ratios: d) /=0.10, ¢) /=0.01 and f)

1=0.001.
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Fig. 3-12. Absorption spectra of TPPS upon incremental addition of MV?* in the presence

of PAVPMe (M, = 4,300) at various charge ratios: a) /=0.10,b) /=0.01 and c¢) /=0.001.

Fluorescence spectra of TPPS upon incremental addition of MV?" in the presence of

P4VPMe (M, = 4,300) at various charge ratios: d) /=0.10, ¢) /=0.01 and f) /=0.001.
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Fig. 3-13. Absorption spectra of ZnTPPS upon incremental addition of MV?* in the

presence of PAVPMe (M, = 7,400) at various charge ratios: a) /=0.10, b) /=0.01 and ¢)

I = 0.001. Fluorescence spectra of TPPS upon incremental addition of MV?* in the
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presence of P4AVPMe (M, = 7,400) at various charge ratios: d) /=0.10, ¢) /=0.01 and f)
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Fig. 3-14. Absorption spectra of TPPS upon incremental addition of MV?* in the presence
of PAVPMe (M, = 7,400) at various charge ratios: a) /=0.10,b) /=0.01 and c¢) /=0.001.
Fluorescence spectra of TPPS upon incremental addition of MV?" in the presence of

P4VPMe (M, = 7,400) at various charge ratios: d) /=10.10, ¢) /=0.01 and f) 7/=0.001.

Fluorescence quenching experiments involving ZnTPPS and TPPS in the presence of
P4VPMe (M, = 7,400) in the air were also conducted (Figs. 3-13 and 3-14), and Stern-
Volmer plots were constructed based on the fluorescence intensities (Fig. 3-15). Notably,
the quenching behavior of ZnTPPS or TPPS in the presence of PAVPMe with different
molecular weights remained relatively consistent, suggesting an absence of molecular

weight dependency when M, = 4,300 or 7,400.
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Fig. 3-15. Stern-Volmer plots for the quenching of a) ZnTPPS and b) TPPS by MV>" in

the absence and presence of PAVPMe (M, = 7,400).

a) b)
0.2 0.3
Oeq Oeq
4eq 4eq
40eq 0.2 | 40eq
173 400eq @ 400eq
0.1
2 4000eq | 2 4000eq
0.1
0 = 0 - S~
400 430 460 370 400 430 460

Wavelength / nm

Wavelength / nm

Fig. 3-16. Absorption spectra of a) ZnTPPS and b) TPPS upon the addition of DMP. The

amounts of added DMP are indicated in the figures.

Absorption spectra were obtained for mixed solutions of ZnTPPS or TPPS (0.6 uM)

and 1,4-dimethylpyridinium (DMP) at different mixing ratios in a 0.01 M phosphate
buffer (pH 8.0) (Fig. 3-16). Notably, no systematic spectral changes were observed,
indicating that the interaction between DMP and ZnTPPS or TPPS is weak and lacks

influence on their aggregate states, a contrast to the impact PAVPMe exerts.
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Scheme 3-2. Generation of MV*™ from MV?" via electron transfer from photoexcited

porphyrin with EDTA as a sacrificial agent.

Ethylenediamine-N,N,N',N'-tetraacetic acid tetrasodium salt (EDTA) was employed as
a sacrificial agent to enable the reduction of oxidized ZnTPPS or TPPS after the
photoinduced electron transfer process (Scheme 3-2). This allowed us to conduct
continuous photoinduced electron transfer experiments. Deoxygenated solutions
containing ZnTPPS or TPPS, P4VPMe (M, = 4,300, I = 0.01), MV*", and EDTA were
exposed to light (A > 400 nm) at an intensity of ca. 3 mW cm™ for a duration of 30 min.
The quantities of generated methylviologen cation radical (MV ™) were determined by
monitoring the change in absorbance at 605 nm, a characteristic absorption wavelength

of MV™, in conjunction with its molar absorption coefficient (Fig. 3-17).%
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Fig. 3-17. Generated MV ™ in ZnTPPS and TPPS systems, in the absence and presence of

P4VPMe.

Within the P4VPMe polymer matrix, ZnTPPS exhibited over a tenfold increase in the
generation of MV™ compared to ZnTPPS alone, without P4VPMe. In contrast, the
catalytic activity for the photoinduced oxidation of MV?" by TPPS remained relatively
unchanged in the presence or absence of PAVPMe. This difference can be attributed to
the distinct aggregate states of ZnTPPS and TPPS within P4VPMe. The aggregation states
within the polymer matrix play a crucial role in this difference. When aggregated,
absorbed photon energy tends to dissipate as thermal energy rather than participating in

photoinduced electron transfer.

Additional experiments were conducted to compare the outcomes between P4VPMe
variants with distinct My's of 4,300 and 7,400 at different charge ratios (/ = 4.00, 2.00,

0.10, 0.01 and 0.001) (Figs. 3-18, 3-19, 3-20, and 3-21) beyond the previously discussed
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experiment using P4VPMe with M, = 4,300 at a charge ratio of 0.01. The concentrations

of the resulting MV " were collated and presented in Fig. 3-23.
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Fig. 3-18. Absorption spectra of mixing solutions of ZnTPPS, MV?*, EDTA-4Na before
and after 30 min irradiation in the a) absence of PAVPMe and b)-f) presence of P4AVPMe
(Mn =4,300) at various charge ratios: b) I =4.00, c) /=2.00,d) /=0.10, e) /=0.01 and

f)1=0.001.
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Fig. 3-19. Absorption spectra of mixing solutions of ZnTPPS, MV**, EDTA-4Na before
and after 30 min irradiation in the a) absence of PAVPMe and b)-f) presence of PAVPMe

(M, = 7,400) at various charge ratios: b) /=4.00, ¢c) /=2.00,d) /=0.10, ¢) /= 0.01 and

f) 1=0.001.
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Fig. 3-20. Absorption spectra of mixing solutions of TPPS, MV?* EDTA-4Na before and
after 30 min irradiation in the a) absence of PAVPMe and b)-f) presence of PAVPMe (M,

=4,300) at various charge ratios: b) /=4.00, ¢) /=2.00,d) /=0.10,¢) /=0.01 and f) /
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=0.001.
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Fig. 3-21. Absorption spectra of mixing solutions of TPPS, MV, EDTA-4Na before and
after 30 min irradiation in the a) absence of PAVPMe and b)-f) presence of PAVPMe (Mx
= 7,400) at various charge ratios: b) / =4.00, ¢c) / =2.00,d) /=0.10,¢e) /=0.01 and f) /

=0.001.

MV™ generation experiments were conducted for ZnTPPS and TPPS in the presence

of DMP (Fig. 22), and the resulting concentrations of generated MV ™ were presented in

Fig. 3-23.
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Fig. 3-22. Absorption spectra of a) mixing solutions of ZnTPPS, MV?*, EDTA-4Na
and DMP, and b) mixing solutions of TPPS, MV?*, EDTA-4Na and DMP before and after

30 min irradiation.

For the ZnTPPS systems, the quantity of generated MV ™ generally increased with the
P4VPMe concentration, except for a decrease observed at a charge ratio of 0.001. This
decline was attributed to the electrostatic repulsion between MV?" and an excessive
amount of P4AVPMe, making it less favorable for MV?" to approach ZnTPPS. In the case
of TPPS systems, the quantity of generated MV ™ remained relatively consistent, with the
lowest and highest amounts observed at charge ratios of 0.10 and 0.001, respectively.
These ratios align with TPPS exhibiting its most aggregated and most disassociated states
during the experiments. DMP exhibited no or only a few effect on the generation of MV ™",
underscoring the crucial role of PAVPMe in modulating the aggregate state of porphyrins

and their photoinduced electron transfer to MV?>",
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Fig. 3-23. Concentration of generated MV ™" after 30 min irradiation in a) ZnTPPS systems

and b) TPPS systems.

Although ZnTPPS exists as individual molecule within the P4AVPMe matrix (/=0.01),
favoring the photoinduced electron transfer process, it predominantly occurs from the
singlet excited state. However, the photoinduced electron transfer process from the singlet
state results in a minimal generation of MV™, as evidenced by the near-zero Ksv,
indicating only a limited electron transfer from the singlet state of ZnTPPS to MV?*. The

primary photoinduced electron transfer pathway in this system may involve the triplet
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state under the deoxygenated conditions. To investigate this process, transient absorption

spectra were recorded.
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Fig. 3-24. Transient absorption spectra of a) ZnTPPS and b) ZnTPPS with MV?" in the
nanosecond and microsecond time regions. The sample solution was deoxygenated with

nitrogen bubbling before the measurements.

For ZnTPPS, an absorption band originating from the triplet state of the ZnTPPS was
observed approximately 100 ns after photoexcitation, appearing in the region below 540
nm (Fig. 3-24a). This characteristic band persisted for several hundreds of microseconds
before showing a partial decay at ca. 500 ps, corresponding to the intrinsic triplet state
lifetime of ZnTPPS.?” However, when MV?" was added to this ZnTPPS system, no
transient absorption signals were detected (Fig. 3-24b). In this scenario, even if a charge-

transfer state is formed after photoexcitation, it rapidly recombines to the ground state

71



within the temporal resolution of the current measurement. Consequently, no distinct

signals were observed in the transient absorption spectrum.
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Fig. 3-25. a) Transient absorption spectra of mixing solution of ZnTPPS, MV?*, and
P4VPMe in the nanosecond and microsecond time regions. b) Enlarged spectrum
recorded at 20 ps. The sample solution was deoxygenated with nitrogen bubbling before

the measurements.
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Fig. 3-26 a) Transient absorption spectra of mixing solution of ZnTPP, MV?** and
P4VPMe in the nanosecond and microsecond time regions. b) Enlarged spectrum

recorded at 20 ps. The sample solution was air-saturated.

In the ZnTPPS, P4VPMe, and MV?* system, the triplet absorption band of porphyrin
was initially observed upon excitation and decays over a time scale of a few microseconds
(Fig. 3-25a). Additionally, upon further enlargement of the transient absorption spectrum
after this time, the appearance of the MV ™ absorption band, believed to be generated by
electron transfer, was detected (Fig. 3-25b). It should be noted that this MV ™ absorption
band was not observed under the air-saturated conditions where molecular oxygen
effectively quenches the triplet state (Fig. 3-26b). This observation strongly suggests that

electron transfer from the triplet state of ZnTPPS to MV?** indeed occurs.
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Fig. 3-27. Transient absorption spectra of mixing solution of ZnTPPS, MV?*, and PAA in

the nanosecond and microsecond time regions.

Transient absorption spectra were obtained for a mixing solution of ZnTPPS (0.12 mM)),
MV?2* (0.02 M), and polyacrylic acid (PAA, 48.0 mM, /= 0.01) (Fig. 3-27). However, no
transient absorption was detected, indicating that PAA lacks the capacity to impede the
formation of charge-transfer complexes between ZnTPPS and MV?*, a phenomenon

effectively demonstrated by P4VPMe.

3-4. Conclusion

In summary, our study has uncovered intricate electron transfer dynamics within the
porphyrin, polymer, and MV?" system. The presence of P4VPMe amplified MV*"
generation from ZnTPPS, underscoring the pivotal role of the polymer matrix. This effect
is linked to the distinct aggregate states of ZnTPPS and TPPS within P4VPMe. Transient
absorption studies revealed the dynamic electron transfer from the triplet state of ZnTPPS

to MV?*. Our research thus yielded valuable insights into electron transfer dynamics and
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their interplay with polymer matrices, potentially impacting photochemical and

photophysical applications.
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Chapter 4

Summary and Conclusions

In this thesis the author focuses on refining and comprehending the mechanism in

supramolecular electron transfer systems within polymer matrices.

Chapter 2 treats with the construction of a photoinduced electron transfer system
through the complexation of PVP with TPPS or ZnTPPS. This novel approach controlled
the interactions between ground-state porphyrins and MV?*, regulating the photoinduced
electron transfer from porphyrins to MV>*. Notably, the introduction of PVP significantly

amplified the production of the photoinduced electron transfer product MV ™.

Chapter 3 treats with an artificial photoinduced electron transfer system within a
P4VPMe polymer matrix. This system features TPPS and ZnTPPS as electron donors and
MV?" as the electron acceptor. The presence of P4VPMe amplified MV ™ generation from
ZnTPPS, underscoring the pivotal role of the polymer matrix. This effect is linked to the
distinct aggregate states of ZnTPPS and TPPS within P4VPMe. Transient absorption

studies revealed the dynamic electron transfer from the triplet state of ZnTPPS to MV?>*.

In conclusion, this thesis has found and investigated several supramolecular electron
transfer systems within polymer matrices. Chapters 2 and 3 have highlighted the
influential role of polymer matrices (PVP and P4VPMe) in regulating and enhancing

photoinduced electron transfer systems. These insights underscore the critical role of
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polymer environments in modulating and optimizing electron transfer processes, laying

a foundation for future advancements in this field.
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