u

) <

The University of Osaka
Institutional Knowledge Archive

Controlled photoinduced electron transfer via
Title triplet in polymer matrix using electrostatic
interactions

Author (s) g?oélYilin; Sotome, Hikaru; Kobayashi, Yuichiro

Journal of Photochemistry and Photobiology A:

Citation Chem|stry 2024, 452, p. 115593

Version Type| AM

URL https://hdl. handle. net/11094/95450

© 2024. This manuscript version is made
available under the CC-BY-NC-ND 4.0 Llicense
https://creativecommons.org/licenses/by-nc-
nd/4.0/

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Controlled Photoinduced Electron Transfer via Triplet in Polymer
Matrix Using Electrostatic Interactions

Yilin CAO ¢, Hikaru SOTOME °, Yuichiro KOBAYASHI ¢4, Syoji ITO ¢, Hiroyasu YAMAGUCHI

a,c,d,*

a Department of Macromolecular Science, Graduate School of Science, Osaka University, 1-1

Machikaneyama, Toyonaka, Osaka 560-0043, Japan

b Division of Frontier Materials Science, Graduate School of Engineering Science, Osaka University,

Toyonaka, Osaka 560-8531, Japan

¢ Innovative Catalysis Science Division, Institute for Open and Transdisciplinary Research Initiatives
(ICS-OTRI), Osaka University, Suita, Osaka 567-0871, Japan

d Project Research Center for Fundamental Sciences, Graduate School of Science, Osaka University,

Toyonaka, Osaka 560-0043, Japan

e Research Institute for Light-induced Acceleration System (RILACS), Osaka Metropolitan University,
1-2, Gakuen-cho, Naka-ku, Sakai, Osaka 599-8570, Japan

Abstract

Drawing inspiration from highly efficient natural photosynthetic systems, we developed an artificial
photoinduced electron transfer (PET) system within a poly(N-methyl-4-vinylpyridinium) (P4VPMe)
polymer matrix. This system features 5,10,15,20-tetrakis-(4-sulfonatophenyl) porphyrin (TPPS) and
its zinc complex (ZnTPPS) as electron donors and methylviologen (MV?") as the electron acceptor. In
the presence of an excess of P4VPMe, ZnTPPS exists as individual molecules rather than self-
aggregating, favoring PET. Under these conditions, PAVPMe inhibits the formation of ground-state
charge-transfer complex between ZnTPPS and MV?*. This shifts the main PET process from singlet
to triplet states. ZnTPPS in an excess of P4VPMe demonstrates over a tenfold increase in catalytic

activity for the photoinduced oxidation of MV?" compared to ZnTPPS alone.

Keywords: photoinduced electron transfer; water-soluble porphyrin; polymer matrix; porphyrin

aggregates.

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 [1-4]. Among the diverse array of molecular systems, porphyrins have emerged as

fascinating candidates for exploring electron transfer dynamics. These aromatic macrocycles exhibit

1



unique photophysical properties, making them ideal platforms for investigating charge transfer and
energy transfer phenomena [5,6].

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 [7—
12]. These systems' potential applications span diverse fields, including photovoltaics [13—15], sensors
[16,17], and molecular electronics [18,19].

This study delves into the intricate electron transfer dynamics within a porphyrin (TPPS and
ZnTPPS), polymer (P4VPMe), and electron acceptor (MV?") system, with a focus on the role of the
polymer matrix in modulating these interactions (Fig. 1). PAVPMe polymer matrix refers to the
solution environment created by the cationic, amphiphilic polymer P4VPMe, which is dispersed
throughout the solution. By gaining insights into the electron transfer processes and their modulation,

we hope to contribute to the development of advanced materials and technologies [20-22].
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Fig. 1. Chemical structures of TPPS, ZnTPPS, P4VPMe and MV?*.

Result and Discussion

Evolution of Porphyrin Aggregates in P4VPMe Polymer Matrix

To investigate the changes of ZnTPPS when interact with PAVPMe, absorption spectra of mixed
solutions of ZnTPPS and PAVPMe (M, = 4,300) at different charge ratios (I = Ccharge(porphryin) /
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 P4VPMe (1 = 0.10)
and broadened into a multi-component band, displaying peaks at 410 nm, 430 nm, and 440 nm
simultaneously (Fig. 2a). Further addition of PAVPMe led to an increase in absorbance at 430 nm and
a decrease in absorbance at 410 nm and 440 nm. Ultimately, in the presence of an excess of P4VPMe
(I=0.01), a single-component band at 430 nm was observed.

Excitation spectra (Aem = 605 nm) of these mixed solutions were recorded to identify the components
that appeared during the addition of PAVPMe. When ZnTPPS was irradiated at 420 nm, it emitted at
605 nm when in isolation. However, in the presence of P4VPMe, ZnTPPS emitted light only when
irradiated at 430 nm, regardless of the quantity of PAVPMe added (Fig. 2b). Therefore, the component
with a 430 nm absorption was identified as a single molecule of ZnTPPS within the P4AVPMe polymer
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matrix, while the other components at 410 nm and 440 nm were determined to be (J or H) aggregates
of ZnTPPS within the P4VPMe polymer matrix [23,24].

It can be concluded that, as the addition of P4AVPMe progressed, ZnTPPS initially formed
aggregates at low PAVPMe concentrations. Subsequently, these aggregates gradually dissociated into
individual ZnTPPS molecules as the PAVPMe reached an excess amount (Fig. 3a), as illustrated in the
spectral data and discussed in Figs. 2a and 2b. Furthermore, the aggregation and dissociation of
ZnTPPS in the PAVPMe polymer matrix were also examined and supported by excited singlet lifetime
measurements of ZnTPPS with PAVPMe (upon the addition of P4VPMe, the singlet lifetime of

ZnTPPS initially decreased and then recovered in the presence of an excess of PAVPMe; see Table 1).
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Fig. 2. Absorption spectra of mixing solutions of PAVPMe and 0.6 uM a) ZnTPPS or c) TPPS at
various charge ratios (I = 0.10, 0.01 and 0.001) in 0.01 M phosphate buffer (pH = 8.0). Excitation
spectra of mixing solutions of P4VPMe and 0.6 uM b) ZnTPPS (Aem = 605 nm) or d) TPPS (Aem = 640
nm) at various charge ratios (I =0.10, 0.01 and 0.001) in 0.01 M phosphate buffer (pH = 8.0).

Absorption spectra and excitation spectra (Aem = 640 nm) of mixed solutions of TPPS and PAVPMe
at different I 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 PAVPMe (Fig.
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2¢). However, none of these changes resulted in obvious emission (Fig. 2d). This suggests that TPPS
forms aggregates when mixed with PAVPMe, and these aggregates persist even in the presence of an
excess of PAVPMe (Fig. 3b). The aggregation of TPPS in the P4VPMe polymer matrix was further
confirmed through excited singlet lifetime measurements. With the addition of P4VPMe, the lifetime
of TPPS consistently decreased in one direction (Table 1), providing additional evidence for the
formation of TPPS aggregates within the PAVPMe polymer matrix.

The difference in aggregation behavior primarily stems from the intrinsic structural and chemical
differences between ZnTPPS and TPPS. The incorporation of zinc enhances the rigidity of the
porphyrin ring in ZnTPPS, reducing its flexibility for self-aggregation. This rigidity, coupled with
zinc's axial coordination with solvent molecules, significantly reduces ZnTPPS's tendency to self-
aggregate [25, 26]. At high PAVPMe concentrations, the charges on TPPS molecules are neutralized,
reducing intermolecular electrostatic repulsion and thus making TPPS more prone to self-aggregation.
This behavior is attributed to the weakening of electrostatic repulsion between the rings, making the

inherent aggregative properties of TPPS more pronounced.

Table 1. Excited singlet-state lifetimes,ti (1= 1-4), of ZnTPPS and TPPS in the absence and presence

of PAVPMe. A; (i = 1-4) are corresponding pre-exponential factors in % and tavg is averaged lifetime.

Sample 1t /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

The average lifetime was defined as pre-exponential factor-weighted average (first moment) and

i o _ i AT
described by equation: T,y = T4
i=1 4

In the polymer matrix, ZnTPPS or TPPS molecules are present as the aggregates in slightly
different environments reflected by interactions with the heterogeneous matrix, and the individual
molecules have distinct fluorescence lifetimes from each other. We consider that these
heterogeneous environment and aggregation manner are distributed continuously rather than with
four specific environments because the lifetime of each component varies with change of the

charge ratio, as shown in Table 1.
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Fig. 3. Conceptual figures of a) ZnTPPS exists as individual molecule and b) TPPS forms aggregates
in excess of P4VPMe.



Charge-transfer complex and photoinduced electron transfer
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Fig. 4. Absorption spectra of 0.6 uM a) ZnTPPS and b) TPPS upon the addition of MV?* in 0.01 M
phosphate buffer (pH = 8.0). Absorption spectra of 0.6 uM ¢) ZnTPPS and d) TPPS upon the addition
of MV?* in the presence of P4VPMe (1= 0.01) in 0.01 M phosphate buffer (pH = 8.0). Concentrations
of added MV?* are indicated in the figures.

ZnTPPS and TPPS are recognized for their ability to form charge-transfer complex with MV [27].
When MV?2* is introduced, both ZnTPPS and TPPS exhibit a notable shift in their Soret bands towards
longer wavelengths (Figs. 4a and 4b), indicating the formation of charge-transfer complex. However,
in the presence of PAVPMe (I = 0.01), minimal changes were observed in the Soret bands of either
ZnTPPS or TPPS upon the addition of MV?" (Figs. 4c and 4d). This suggests that P4VPMe exerts a
restraining influence on the formation of ground-state charge-transfer complex between ZnTPPS or

TPPS and MVZ',
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Fig. 5. Florescence spectra of 0.6 uM a) ZnTPPS and b) TPPS upon the addition of MV?" in air-
saturated 0.01M phosphate buffer (pH = 8.0). Concentrations of added MV?* are indicated in the
figures. Stern-Volmer plots for the quenching of ¢) ZnTPPS and d) TPPS by MV?* in the absence and
presence of PAVPMe at different charge ratios.

The addition of MV?" led to a reduction in the fluorescence intensity of ZnTPPS and TPPS (Figs.
5a and 5b), 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 in the
air were also conducted, and Stern-Volmer plots were constructed based on the fluorescence intensities
(Figs. 5c, and 5d). The slopes of the Stern-Volmer plots, represented as Stern-Volmer constants (Ksv),
decreased for both ZnTPPS and TPPS systems following the addition of P4VPMe. This observation
suggests that the presence of PAVPMe creates a less favorable environment for PET, 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 (I =0.01 and 0.001). This phenomenon was attributed to the minor partial dissociation of
TPPS aggregates within the P4AVPMe polymer matrix induced by the addition of MV?*, resulting in a

slight increase in fluorescence intensity.



Fluorescence lifetimes of ZnTPPS and TPPS within the polymer matrix become slightly shorter with
the addition of MV?* (Table S1). This result indicates that a small fraction of ZnTPPS and TPPS in the
S, state undergoes electron transfer to MV although the rapid recombination of the charge-separated
state may take place in the early time stage, not significantly contributing to the catalytic process in

the later time region.

hu
EDTA Porphyrin — *Porphyrin MV+ -

EDT.
Aox Porphyringy Mvz*
Scheme 1. 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 introduced as a sacrificial
agent to enable the reduction of oxidized ZnTPPS or TPPS after the PET process (Scheme 1). This
allowed for continuous PET experiments to be conducted. Deoxygenated solutions containing
ZnTPPS or TPPS, P4VPMe, MV?*, and EDTA were exposed to light (A > 400 nm) at an intensity of
ca. 3 mWem? for a duration of 30 minutes. The quantities of generated methylviologen cation radical
(MV*) were determined by monitoring changes in absorbance at 605 nm, a characteristic absorption

wavelength of MV, in conjunction with its molar absorption coefficient (Fig. 6) [28].
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Fig. 6. Generated concentrations of MV™ in ZnTPPS and TPPS systems, in the absence and presence

8



of P4VPMe.

Conversions of MV2* to MV** during the reaction were 3.4% for ZnTPPS and 35.5% for ZnTPPS
with P4AVPMe (I = 0.01). Those for TPPS and TPPS with P4VPMe (I = 0.01) were 3.6% and 5.2%,
respectively. Within the P4VPMe polymer matrix, ZnTPPS exhibited over a tenfold increase in the
generation of MV ™ compared to ZnTPPS alone, without PAVPMe. In contrast, the catalytic activity
for the photoinduced oxidation of MV?* by TPPS remained relatively unchanged in the presence or
absence of P4VPMe. This difference can be attributed to the distinct aggregate states of ZnTPPS and
TPPS within PAVPMe. The aggregation states within the polymer matrix play a crucial role in this
variation. When aggregated, absorbed photon energy tends to dissipate as thermal energy rather than
participating in PET.

In addressing the role of the charge ratio (I) in determining the yield of the methylviologen radical
cation (MV™") for ZnTPPS and TPPS, we observed distinct optima: I=0.01 for ZnTPPS and I =0.001
for TPPS (Fig. S21). The optimal yield of MV™ in the ZnTPPS system at [ = 0.01 is attributed to the
disassociation of ZnTPPS aggregates into monomers facilitated by increased P4AVPMe concentration,
enhancing photoinduced electron transfer (PET). However, an excessive P4VPMe concentration
introduces a strong electrostatic repulsion, hindering MV?*'s approach to ZnTPPS, thus defining the
observed optimal yield. For TPPS, the highest yield of MV™ at I = 0.001 corresponds to the initial
stages of TPPS disassociation into monomers. A further increase in P4VPMe concentration is expected
to produce a yield peak for TPPS as well, due to a similar interplay of disassociation and electrostatic
repulsion effects.

Although ZnTPPS exists as individual molecule within the P4VPMe matrix, favoring the PET
process, it predominantly occurs from the singlet excited state. However, the PET process from the
singlet state results in a minimal generation of MV™, as evidenced by the near-zero Ksy, indicating
only a limited electron transfer from the singlet state of ZnTPPS to MV?*. The primary PET pathway
in this system may involve the triplet state under deoxygenated conditions. To investigate this process,

transient absorption spectra were recorded.
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Fig. 7. Transient absorption spectra of a) ZnTPPS and b) ZnTPPS with MV?* in the nanosecond and

microsecond time regions. The sample solution was treated with nitrogen bubbling before the

measurements.

For ZnTPPS, an absorption band originating from the triplet state of the ZnTPPS is observed
approximately 100 ns after photoexcitation, appearing in the region below 540 nm (Fig. 7a). This
characteristic band persists for several hundreds of microseconds before showing partial decay at
around 500 ps, corresponding to the intrinsic triplet state lifetime of ZnTPPS [29]. However, when
MV?" is introduced to this ZnTPPS system, no transient absorption signals are detected (Fig. 7b). In
this scenario, even if a charge-transfer state is formed after photoexcitation, it rapidly recombines to
the ground state. The charge recombination takes place with a time constant of 700 fs [30]. Thus, the
MV* absorption is not observed in the transient absorption spectra in the nanosecond and microsecond

time regions within the temporal resolution of the current measurement.
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Fig. 8. a) Transient absorption spectra of mixing solution of ZnTPPS, MV?*, and P4AVPMe in the
nanosecond and microsecond time regions. b) Enlarged spectrum recorded at 20 ps. The sample

solution was treated with nitrogen bubbling before the measurements. ¢) Absorption spectrum of MV*".

In the ZnTPPS, P4VPMe, and MV?" system, the triplet absorption band of porphyrin is initially
observed upon excitation and decays over a time scale of a few microseconds (Fig. 8a). 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, is detected (Figs. 8b and 8c). The
absorption band due to MV* almost vanished at 100 ps after the photoexcitation. Thus, we
estimated the lifetime of MV** to be < 100 us. It should be noted that this MV** absorption band was
not observed under the air-saturated condition where molecular oxygen effectively quenches the triplet
state (Fig. S23b). This observation strongly suggests that electron transfer from the triplet state of
ZnTPPS to MV?" is indeed occurring.

We evaluated the quantum yield of electron transfer in following two methods. The details are shown
in the Supporting Information (Figure S24, S25). In the first method, the quantum yield was estimated
to be 0.97 from shortening of the lifetime of ZnTPPS in the T, state with the addition of MV?*, that is,
quenching experiments. But it should be noted that the absorption band of MV*™ produced by electron
transfer is rather small (Fig. 8). To verify this result, we next estimated the production yield of MV™
from the amounts of the reactant (ZnTPPS in the T, state) and product (MV ™). The yield was evaluated
as 0.27, which is significantly lower than the value obtained from the first method (0.97). These results

indicate that a fraction of the charge-separated state undergoes the rapid recombination probably due
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to its short pair distance. We adopted the value of 0.27 as the quantum yield of electron transfer because
the remaining charge-separated state free from the rapid recombination is available for the subsequent
catalytic process.

As clearly in the above evaluation of the electron transfer yield, a key factor in the increase of
the catalytic activity is suppression of the charge recombination by increase of the donor

(ZnTPPS)-acceptor (MV?") distance in the presence of the polymer.

Conclusion

In summary, our study has uncovered intricate electron transfer dynamics within the porphyrin,
polymer, and MV?* system. The presence of P4AVPMe 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 excess PAVPMe. 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 their interplay with polymer matrices, potentially impacting

photochemical and photophysical applications.
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