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Highlights

e 5,8-Dicyano[5]phenacene oxidizes water to hydrogen peroxide under visible-light
e Polycyclic aromatic compound derivatives sterilize of E. coli under visible-light

¢ 9,10-Dicyanoanthracene has excellent antibacterial abilities against E. coli

e The formed hydroxy radicals have a higher antibacterial effect against E. coli
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Abstract

Water is oxidized using 5,8-dicyano[5]phenacene, a thin-film catalyst supported on a
silica plate by vacuum deposition; hydrogen peroxide is produced under visible-light
irradiation. Despite the high hydrogen peroxide production rate during the initial reaction
stage, the rate decreases after 12 h, and the reaction is almost terminated after 24 h,
possibly because hydrogen peroxide undergoes self-decomposition. The self-
decomposition rate of hydrogen peroxide increases with increasing concentration, and
attains equilibrium. Additionally, Escherichia coli is efficiently sterilized using this
catalyst under visible-light; the antibacterial effect is exhibited even under indoor light.
Among several polycyclic aromatic derivatives, 9,10-dicyanoanthracene exhibits the
highest hydrogen peroxide production rate and antibacterial activity against E. coli. Its
antibacterial efficiency is approximately 16 times higher than that of 5,8-
dicyano[5]phenacene. The oxygen species causing these antibacterial effects is
investigated using trapping reagents. superoxide anion radicals and hydroxyl radicals

induce antibacterial effects; hydroxyl radicals are particularly effective.

Keywords: Photocatalytic hydrogen peroxide production; Photocatalytic antibacterial

effect; Polycyclic aromatic compound derivative; Organic semiconductor

1. Introduction

Titanium oxide is an oxide semiconductor; when it absorbs light energy equal to or
greater than its bandgap, electrons in the valence band are excited to the conduction band
to generate electron—hole pairs. Electrons and holes are known to diffuse to the surface
and result in oxidation and reduction reactions with the adsorbed substances on the
surface [1-9]. However, the oxidizing power is particularly strong because the redox
potential is higher than that of oxidizing agents such as ozone. Under the low levels of
ultraviolet (UV) light found in sources such as sunlight and indoor light in living spaces,

titanium oxide photocatalysts can utilize its strong oxidizing power to decompose odors

Abbreviations

UV light: ultraviolet light; HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied
molecular orbital; DFT: density functional theory; E. coli.: Escherichia coli; 'H-NMR: proton nuclear
magnetic resonance spectroscopy; FT-IR: Fourier-transform infrared spectroscopy; CNPSP: 5.8-
dicyano[5]phenacene thin-film on silica plate; TEMPOL: 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl;
IPA: 2-propanol; DMPO: 5,5-dimethyl-1-pyrroline N-oxide



and destroy bacteria that may negatively affect everyday life. Titanium oxide thin-films
are supported on glass and tiles; their deodorant, antifouling, and antibacterial effects
have been evaluated under UV light irradiation in living spaces, and their excellent
performance has been confirmed [5-9]. However, sunlight contains considerably lower
levels of UV light than visible-light. Hence, instead of titanium oxide, a photocatalyst
capable of absorbing visible-light is desirable [10,11].

Organic semiconductors have been researched and developed as excellent electronic
devices [12—14]. Particularly in the field of electronics, organic semiconductors are used
in devices such as solar cells, light-emitting diodes, and transistors, in addition to their
application in various other fields. In recent years, organic semiconductors have attracted
attention as photocatalysts [2,15—18]. The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of organic semiconductor
photocatalysts correspond to the upper end of the valence band and lower end of the
conduction band of inorganic semiconductors, respectively. When an organic
semiconductor is used as the photocatalyst, its HOMO and LUMO energy levels, which
correspond to the oxidation potential and reduction potential, respectively, are crucial for
the photocatalytic reaction. Moreover, the wavelength of light required for the reaction
depends on the HOMO-LUMO energy gap, which must be less than 3.1 eV owing to the
visible-light utilization. In organic semiconductors, the HOMO and LUMO energy
levels depend on the molecular structure. These energy levels can be controlled by
introducing substituents into the organic semiconductors. Because the energy levels can
be predicted by quantum chemical simulations using DFT calculations, the HOMO and
LUMO energy levels of the photocatalysts can be easily controlled. Therefore, new
photocatalysts can be developed by comprehensively considering organic semiconductors
and DFT calculations. Organic semiconductors can be formed into thin-films by methods
such as vacuum deposition, sputtering, and spray coating, and can also be supported by
chemical bonding, thus making them convenient for various applications.

Previously, 5,8-dicyano[5]phenacene, which is a polycyclic aromatic compound
organic semiconductor with a cyano group introduced into [S]phenacene, absorbed
visible-light in a reducing atmosphere to decompose water and produce hydrogen [18].
Based on the HOMO-LUMO energy levels obtained from DFT calculations, we
speculated that water would be oxidized in an oxygen atmosphere to produce hydrogen
peroxide under the influence of 5,8-dicyano[5]phenacene. In the reaction to produce
hydrogen peroxide by oxidizing water using a photocatalyst, the formation of superoxide
anion radicals and hydroxyl radicals as reaction intermediates is highly possible;

antibacterial effects can be expected owing to the photocatalytic effect. In this study, we



investigated whether hydrogen peroxide could be produced by oxidizing water under an
oxygen atmosphere over a 5,8-dicyano[5]phenacene photocatalyst, and its antibacterial
activity was evaluated. In addition, the results of DFT calculations revealed that the
reaction could proceed with other polycyclic aromatic compound derivatives; the
hydrogen peroxide production reaction and its antibacterial effect were similarly
investigated. The antibacterial efficiency was found to increase as the amount of hydrogen
peroxide produced increased, and the reasons for this increase were examined. In
particular, 9,10-dicyanoanthracene facilitated hydrogen peroxide generation, while
demonstrating excellent antibacterial properties. When investigating the antibacterial
efficiency, we observed that rather than hydrogen peroxide, the oxygen species that were
formed during the hydrogen peroxide formation were responsible for the antibacterial
performance. Therefore, the 9,10-dicyanoanthracene photocatalyst was comprehensively

investigated, and the oxygen species responsible for its antibacterial effect were examined.

2.Experimental
2.1 Chemicals and materials

1-Naphthaldehyde  (>95.0%), l-naphthaleneacetic ~ acid(>98.0%),  9,10-
dicyanoanthracene(>98.0%), 9-cyanoanthracene, 9-nitroanthracene(>95.0%) and 2,7-
dibromo-pyrene(>98.0%) were purchased from Tokyo Chemical Industry (Tokyo, Japan).
Triethylamine, acetic anhydride, methanol, toluene, sulfuric acid, iodine, benzene,
magnesium sulfate, tetrahydrofuran, sodium hydroxide, and hydrochloric acid were
purchased from Nacalai Tesque (Kyoto, Japan). All the reagents were of analytical grade
and were used without further purification. Deionized water and acetone were used in the
experiments. Titanium dioxide powder was supplied as a standard reference catalyst by
the Catalysis Society of Japan (JRC-TIO-10: anatase type).

2.1.1 Catalyst preparation of 5,8-dicyano[S]phenacene

A previously reported method was used to synthesize 5,8-dicyano[5]phenacene [18].
'"H-NMR and FT-IR measurements confirmed that 5,8-dicyano[5]phenacene was
synthesized (Figure Sland S2). Using the same procedure as that previously reported [18],
a 5,8-dicyano[5]phenacene thin-film was deposited on a silica plate (length = 40 mm,
width = 10 mm, and height = 0.5 mm) via vacuum deposition. A thickness of 300 nm was
used for the deposited film. Hereafter, the prepared thin-film photocatalyst is referred to
as CNPSP300.

2.1.2 Catalyst preparation of [S|phenacene-13-carboxylic acid



The following procedure was used to synthesize [5]phenacene-13-carboxylic acid [19].
Initially, 1-naphthaldehyde (0.1 mol) and 1-naphthaleneacetic acid (0.1 mol) were added
to a mixture of triethylamine (10 mL) and acetic anhydride (20 mL), which was refluxed
with stirring for 15 h. lon-exchanged water (200 mL) was added to the resulting solution,
which was then washed twice with ethyl acetate (250 mL), and the oil phase was collected.
The recovered oil phase was washed with ion-exchanged water. Magnesium sulfate was
added to remove the water. The material was filtered and then dried using an evaporator
to obtain a solid, which was washed with 200 mL of ethyl acetate:heptane = 1:9 mixture
to obtain a solid powder. This solid powder was recrystallized from ethyl acetate to obtain
2,3-di(naphthalen-1-yl)acrylic acid. Subsequently, the resulting 2,3-di(naphthalen-1-
ylacrylic acid (3.89 g) was added to toluene (40 mL); methanol (60 mL of) and sulfuric
acid (0.640 mL) were added and refluxed under stirring for 10 h. The resulting solution
was evaporated to dryness using an evaporator and also dried at 25 °C under vacuum to
obtain a solid. The solid was extracted with ethyl acetate (100 mL); the oil phase was
washed with ion-exchanged water, sodium bicarbonate solution, and again with ion-
exchanged water. Magnesium sulfate was added to the recovered oil phase to remove
water, filtered, and evaporated to dryness using an evaporator to obtain a pale-yellow
solid. The solid was washed with hexane (20 mL) to obtain methyl 2,3-di(naphthalen-1-
yl)acrylate. Subsequently, the resulting methyl 2,3-di(naphthalen-1-yl)acrylate (1.01 g)
and iodine (0.761 g) were added to benzene (25 mL) and mixed. The solution was stirred
for 12 h under UV irradiation. The resulting solution was washed with sodium sulfite and
ion-exchanged water, and the oil phase was recovered. Magnesium sulfate was added to
the recovered oil phase to remove the water, filtered, and evaporated to dryness using an
evaporator to obtain a white solid. The solid was washed with cyclohexane (5 mL) to
yield methyl [5]phenacene 13-carboxylate. Thereafter, methyl-[5]phenacene-13-
carboxylate (0.336 g), ion-exchanged water (2 mL), and sodium hydroxide (0.040 g) were
added to tetrahydrofuran (8 mL). The mixture was refluxed with stirring for 8 h.
Hydrochloric acid was added to the resulting solution to make it acidic; ethyl acetate (50
mL) was added to the solution, which was subsequently washed with ion-exchanged
water. Magnesium sulfate was added to the recovered oil phase to remove the water,
filtered, and evaporated to dryness using an evaporator to obtain a solid, which was
washed with cyclohexane (5 mL) to obtain the target substance, [5]phenacene-13-
carboxylic acid. '"H-NMR and FT-IR measurements confirmed the synthesis of [5]
phenacene-13-carboxylic acid. (Figure S3, S4)

2.2 Photocatalytic test



2.2.1 Photocatalytic water oxidation to hydrogen peroxide

The reaction was performed in an open system by adding 4.0 mL of ion-exchanged water
and the prepared CNPSP300 to a 5.9-mL quartz reactor irradiated with light using a 500
W xenon lamp. A HOYA UV-42 colored glass filter was used to control the wavelength
of light. To compare the photoactivity of various polycyclic compounds, the powdered
catalyst (3 x 10> mol) was added to ion-exchanged water and photo-irradiated under
stirring. The potassium permanganate (KMnOs) titration method was used to measure the

amount of hydrogen peroxide produced [20].

2.2.2 Photocatalytic sterilization of Escherichia coli

E. coli (strain NBRC3301) was used for antibacterial activity experiments. Antibacterial
activity was evaluated using the following procedure [21]. In a triangular flask, ion-
exchanged water (300 mL), agar powder (4.5 g), and LB medium powder (6 g) were
autoclaved at 121 °C for 20 min. After cooling for 2 h, the mixture was dispensed into
plastic Petri dishes on a clean bench and allowed to cool until it solidified to form an LB
solid medium. E. coli was scooped out with a platinum loop, inoculated into the solid
medium using the fractional culture method, and incubated at 37 °C overnight. A small
amount of the obtained single colony of E. coli was scraped off with a platinum loop,
inoculated into LB liquid medium, and incubated at 37 °C overnight while the medium
was shaken from side to side with a shaker. The resulting E. coli solution was diluted
1000-fold with saline in an autoclaved container. In a 5.9-mL quartz tube reactor, 4 mL
(10°-10° CFU/mL) of the 1000-fold diluted E. coli solution and various catalysts (3 x 107>
mol) were placed and exposed to visible-light or room light for 1 h. A 500 W xenon lamp
was used for visible-light irradiation, and the wavelength of the light was controlled using
a colored glass filter (HOYA UV-42). The light intensity was quantified as 40 W/m? using
a light meter at 340 nm. Experiments under room light were performed by exposing the
bacterial solution in the quartz reactor to the room light of a fluorescent lamp, without
using a special light source. Using a light meter at 340 nm, the light intensity was
determined as 0.1 W/m?. The solution was further diluted 100-fold with saline, and 20 pL
of this diluted solution was applied to the LB agar medium and incubated at 37 °C
overnight. Colonies on the agar medium were counted after incubation; the numbers of
viable cells before and after treatment were designated No and N, respectively. The
antibacterial rate was calculated from N and No in the same manner as for yeast. The
formula used was (1-N/Np) % 100 (%).

2.2.3 Photocatalytic sterilization of yeast cells



Sugar (3.5 g) and agar powder (5.25 g) were added to beer (350 mL) and heated at
100 °C for 2 h to remove alcohol and carbonic acid from the liquid. Subsequently, the
agar medium was dispensed into plastic Petri dishes and allowed to cool to room
temperature until the medium solidified. Dry yeast powder was instead of bacteria. Dry
yeast powder (0.01 g) was added to ion-exchanged water (100 mL) and stirred. The
bacterial solution was diluted 10-fold with ion-exchanged water, and 10 uL was applied
to the agar medium using a bacterial spreader. The Petri dish was then inverted and
incubated at 37 °C for 50 h. The number of colonies that appeared on the agar medium
was counted and designated No. As in the E. coli sterilization experiment, 4 mL of the dry
yeast solution was placed in a quartz cylindrical reactor with the photocatalysts. The
reactor was irradiated with a 500 W xenon lamp for 1 h. The wavelength of the light was
controlled using a colored glass filter (HOYA UV-42). After light irradiation, the bacterial
solution was diluted 10-fold with ion-exchanged water, and 10 pL of this diluted solution
was applied to the agar medium and incubated in a Petri dish at 37 °C for 50 h. The

number of colonies appearing on the agar medium was counted and designated N.

2.3 DFT calculation

Gaussian 09 software was used to calculate the most stable structures of the various
polycyclic aromatic compounds. The HOMO and LUMO energy levels were obtained
from the calculations. B3LYP methods using the 6-311G (d, p) basis set were conducted

using DFT calculations of all samples.

3. Results and discussion
3.1 Photocatalytic water oxidation to hydrogen peroxide over CNPSP300

Hydrogen peroxide was formed from water photooxidation using CNPSP300 as a
photocatalyst, under visible-light irradiation. However, hydrogen peroxide was not
produced when water was irradiated with visible-light in the absence of CNPSP300 and
when a catalyst was added under dark conditions, indicating that water was
photocatalytically oxidized over CNPSP300. Figure 1 shows the time profile of the
hydrogen peroxide yield when the water oxidation reaction was performed using the
CNPSP300 photocatalyst. The hydrogen peroxide production rate is evidently high for up
to 4 h of reaction time. However, the reaction rate decreases after 12 h, and hydrogen
peroxide is scarcely produced from 24 to 48 h. This indicates that the reaction is
terminated. Hydrogen peroxide decomposes by itself [22]. The decomposition and
formation reactions of hydrogen peroxide are considered to occur simultaneously; with

the increasing hydrogen peroxide concentration, the effect of hydrogen peroxide



decomposition increases, the formation and decomposition rates attain equilibrium, and
the reaction appears to stop. To examine the hydrogen peroxide degradation rate, 4.0 mL
of an aqueous solution containing 1.8 umol of hydrogen peroxide was prepared, and the
time profile of hydrogen peroxide yield in the presence or absence of CNPSP300 was
measured (Figure 2). Hydrogen peroxide is degraded even under visible-light irradiation
in the absence of a catalyst, and this degradation rate increases in the presence of the
CNPSP300 photocatalyst under visible-light irradiation. The reduction potential of
hydrogen peroxide is —0.695 eV, which is higher than the LUMO potential
(approximately —0.94 eV) of 5,8-dicyano[5]phenacene. Therefore, the excited electrons
possibly reduce and decompose hydrogen peroxide. The hydrogen peroxide concentration
does not increase at a certain concentration, presumably because the possibility of its
decomposition by 5,8-dicyano[5]phenacene increases with increasing hydrogen peroxide
concentration. Consequently, the formation and decomposition rates attain equilibrium.
Experiments were conducted to reuse CNPSP300 as a photocatalyst. The catalyst was
collected after the reaction, washed with ion-exchanged water, and vacuum-dried
overnight to obtain the reused catalyst. Table 1 lists the hydrogen peroxide yields obtained
after 24 h of water oxidation. The yield for the second reused catalyst is approximately
80% of the original. However, the hydrogen peroxide yields in the third and fourth
reactions are approximately 90% of the yields of the second and third reactions,
respectively.  This is presumably because 5,8-dicyano[5]phenacene was physically
supported on the glass substrate via vacuum deposition, and the organic semiconductor
was peeled off from the substrate in water, thereby decreasing the activity. However, the
catalyst is not significantly damaged, suggesting the possibility of reuse.
Although the details of the hydrogen peroxide formation mechanism in this reaction are

unclear, the following is discussed [23-25].

Oxidation of water by produced holes
H2O +h" — ¢OH + H*
2e0H+2h"—> 02 +2H'

Reduction of oxygen by excited electrons
Oy +¢e — o0y
O, + H" — HO»e
HOze + H + e— H20»

The produced holes (h") oxidize water to produce oxygen. In contrast, the excited



electrons (e") reduce oxygen to produce hydrogen peroxide. In this process, superoxide
anion radicals (¢O>") and hydroxyl radicals (¢OH) are formed as reaction intermediates.
These superoxide anion radicals and hydroxyl radicals are characterized by strong
oxidizing power and are therefore known to demonstrate antibacterial effects. The
antibacterial effect of titanium dioxide photocatalysts is attributed to the formation of
these oxygen species. In Section 3.2, we discuss the antibacterial effect of the CNPSP300

photocatalyst, which can produce hydroxyl radicals and superoxide anion radicals.

3.2 Photocatalytic sterilization of E. coli over CNPSP300

To evaluate the antibacterial performance of the CNPSP300 catalyst, its ability to
sterilize E. coli under visible-light irradiation was tested. Figure 3 shows the time profile
of the inactivation rate of E. coli when CNPSP300 was introduced into the E. coli solution
and irradiated with visible-light using a xenon lamp. Figure 4 shows the time profile of
the inactivation rate of E. coli under room light. When only light was irradiated without
the photocatalyst, E. coli was inactivated over time under both the light irradiation
conditions. For visible-light irradiation by xenon lamps, UV light is blocked by colored
glass filters. However, despite using colored glass filters, approximately 10% of UV light
is known to leak in, and this UV light sterilizes E. coli bacteria even without
photocatalysts. Figure 3 shows that the CNPSP300 photocatalyst introduced under
visible-light irradiation significantly sterilizes E. coli. After approximately 3 h of visible-
light irradiation, E. coli is completely sterilized. These results suggest that CNPSP300
exhibits antibacterial activity owing to its photocatalytic ability. Furthermore, the
antibacterial effect of the CNPSP300 photocatalyst is more pronounced under room light,
and E. coli is completely sterilized in approximately 6 h even at low light levels,
suggesting that the CNPSP300 photocatalyst does not require a special light source such
as xenon lamps, and natural light is sufficient and practical for its antibacterial effect on
E. coli.

3.3 Photocatalytic test over the several powdered polycyclic aromatic compound
derivatives

To evaluate other derivatives of polycyclic aromatic compounds that exhibit
antibacterial activity, DFT calculations were used to identify catalysts that could generate
hydrogen peroxide, and their actual hydrogen peroxide generation capacity and
antibacterial effect were examined. Thin-film catalysts were not used for the reaction.
Instead, powdered catalysts were used for comparing the activity. This is because

differences such as the ease of fabricating thin-film catalysts are not apparent when



compared to a suspension solution system. Table 2 lists the results of hydrogen peroxide
production after visible-light irradiation for 24 h, and the antibacterial effect of each
photocatalyst after visible-light irradiation for 1 h. Based on the data presented in Table
2, Figure S5 depicts the correlation between the amount of hydrogen peroxide produced
and the antibacterial efficiency of each photocatalyst, which is subjected to visible-light
irradiation for 1 h. The amount of hydrogen peroxide produced and the antibacterial effect
demonstrate a good relationship, although the plot is not linear only for 9,10-
dicyanoanthracene, because the antibacterial efficiency reaches 100.00% at an early stage.
Scheme 1 shows the structural formulas of the polycyclic aromatic compound derivatives.
The energy levels of water oxidation and oxygen reduction in the proposed hydrogen
peroxide formation reaction are +0.695 and +1.23 eV, respectively [26]. Moreover, the
HOMO and LUMO energy levels do not directly affect the hydrogen peroxide generation
activity. However, the more efficiently the catalyst produces hydrogen peroxide, the
higher its antibacterial effect. Anthracene derivatives produce more hydrogen peroxide,
and their antibacterial effects are higher than those of other polycyclic aromatic
compound derivatives. Anthracene is known to be highly unstable because the
photodimerization reaction generally occurs at the 9- and 10-positions [27]. This reaction
can be suppressed by introducing substituents at the positions where dimerization occurs.
However, the catalyst with substituents only at the 9-position exhibit poor stability and
cannot be reused. In contrast, 9,10-dicyanoanthracene with substituents at the 9- and 10-
positions is extremely stable (Figure S5-S7) and retains its activity in a recycling
experiment involving yeast (Table 3).

These results indicate that a close relationship exists between the hydrogen peroxide
production capacity and antibacterial activity and that E. coli is possibly sterilized by
oxygen species such as superoxide anion radicals and hydroxyl radicals, which are formed

in the hydrogen peroxide production reaction.

3.4 Photocatalytic sterilization of E. coli over the powdered 9,10-dicyanoanthracene

The bactericidal effect of the 9,10-dicyanoanthracene powdered catalysts on E. coli was
investigated in detail. Figure 5 shows the time profile of the antibacterial efficiency of the
9,10-dicyanoanthracene powdered catalysts under visible-light irradiation. The
antibacterial efficiency reaches 100% at 20 min after the reaction is initiated. Assuming
a first-order irreversible reaction with reference to the bacterial solution concentration,
the rate constant for 5,8-dicyano[5]phenacene is 7.6 x 107 (min '), whereas the rate
constant for 9,10-dicyanoanthracene is 0.12 (min!), indicating that 9,10

dicyanoanthracene is approximately 16 times faster than 5,8-dicyano[5]phenacene. For



comparison, Table 4 presents the antibacterial efficiencies of 9,10-dicyanoanthracene,
5,8-dicyano[5]phenacene, and titanium dioxide powders after 1 h of reaction under room
light. E. coli is sterilized even in non-catalytic reactions (Table 4). We assume that E. coli
is sterilized by a small amount of UV light in the room light. When exposed to room light
for 1 h, 9,10-dicyanoanthracene powdered catalyst exhibits an antibacterial efficiency of
45.40%. However, the antibacterial efficiency 1is 22.67% with the 5,8-
dicyano[5]phenacene powdered catalyst. Furthermore, the commonly used anatase-type
titanium dioxide powdered catalyst has an antibacterial efficiency of 30.83%, indicating
that the antibacterial performance of the 9,10-dicyanoanthracene powdered catalyst is
excellent. Thus, 9,10-dicyanoanthracene is a highly effective photocatalyst with

antibacterial activity.

3.5 Estimation of oxygen species responsible for antibacterial activity

The antibacterial action may be caused directly by the generated hydrogen peroxide
rather than by oxygen species such as superoxide anion radicals (¢O2") and hydroxyl
radicals (¢OH), which are reaction intermediates that are generated in the field. Therefore,
antibacterial activity was investigated by irradiating the bacterial solution with visible-
light in a system where only hydrogen peroxide was added. The antibacterial activity was
approximately the same as that of the control, indicating that the hydrogen peroxide
produced was not directly responsible for the antibacterial activity (Table S1). Based on
the results presented in Figure S5, we hypothesized that a relationship exists between the
amount of hydrogen peroxide produced and the antibacterial effect, and that the radical
species formed during the hydrogen peroxide production cause the antibacterial effect.

To identify the oxygen species that mainly exert antibacterial activity, a trapping reagent
that scavenges superoxide anion radicals and hydroxyl radicals species was added to the
bacterial solution, irradiated with visible-light for 0.5 h, and its behavior was examined.
Specifically, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) was added as a
reagent to trap superoxide anion radicals and isopropyl alcohol (IPA) to trap hydroxyl
radicals [23]. The above trapping reagents were added individually without a catalyst and
irradiated with visible-light for 1 h. However, the antibacterial efficiencies were similar
to that of the control, suggesting that the trapping reagents alone had no bactericidal action.
Figure 6 shows the results when 0.29 pmol of 9,10-dicyanoanthracene powder catalyst
and TEMPOL or IPA were added to the bacterial solution and irradiated with visible-light
for 1 h. When only 9,10-dicyanoanthracene was added to the bacterial solution, the
antibacterial efficiency was 100.00%. However, when TEMPOL was added and visible-
light was irradiated, the antibacterial efficiency decreased to 62.23%. When IPA was



added and visible-light was irradiated, the antibacterial efficiency was further decreased
to 21.46%, indicating that IPA affected the antibacterial efficiency to a greater extent than
TEMPOL. This suggests that both superoxide anion radicals and hydroxyl radicals
produce antibacterial effects; however, the formation of hydroxyl radicals is particularly
significant, although both oxygen species are responsible for the antibacterial effect.
Subsequently, 5,8-dicyano[5]phenacene and 9,10-dicyanoanthracene photocatalysts were
irradiated with visible light in the presence of oxygen, and 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) was used as a spin-trapping regent for superoxide anion radicals. The
electron spin resonance spectra for 5,8-dicyano[5]phenacene and 9,10-dicyanoanthracene
are shown in Figures S9 and S10, respectively. No spectrum is observed in the absence
of visible-light irradiation. However, after 10 min of visible-light irradiation, a peak
attributed to DMPO-+O;" is observed for both photocatalysts, indicating that superoxide
anion radicals are formed when the photocatalysts are subjected to visible-light irradiation
in the presence of oxygen. After 20 min of visible-light irradiation, the intensities of 5,8-
dicyano[S]phenacene and 9,10-dicyanoanthracene photocatalysts increase by
approximately 1.6 and 1.4 times, respectively, compared with the intensities after 10 min
of irradiation. We speculate that a correlation exists between the amount of radical species

formed and the antibacterial activity.

4. Conclusions

The CNPSP300 thin-film catalyst, in which 5,8-dicyano[5]phenacene was supported on
a silica plate via vacuum deposition, was found to function as a photocatalyst under
visible-light irradiation, producing hydrogen peroxide by the photooxidation of water
with oxygen. In this process, oxygen species, such as superoxide anion radicals and
hydroxyl radicals, are generated as reaction intermediates. Because these species are
known to cause photocatalytic antibacterial effects, we investigated the antibacterial
effects of the CNPSP300 thin-film photocatalyst under visible-light irradiation.
Antibacterial experiments using E. coli on a CNPSP300 thin-film photocatalyst showed
that CNPSP300 can sterilize E. coli under visible-light irradiation. The antibacterial
performance of the catalyst under room light also suggests that it is considerably practical.
Using DFT calculations, we found that several polycyclic aromatic compound derivatives
could produce hydrogen peroxide from water oxidation under visible-light irradiation,
and the reaction proceeded when these catalysts were used. In particular, 9,10-
dicyanoanthracene is highly stable and produces a substantial amount of hydrogen
peroxide via water oxidation; moreover, its antibacterial activity under visible-light

irradiation is approximately 16 times that of 5,8-dicyano[5]phenacene, which is also an



excellent photocatalyst. The oxygen species responsible for these antibacterial effects
were examined using trapping reagents, revealing that both superoxide anion radicals and
hydroxyl radicals cause these antibacterial effects, with hydroxyl radicals being
particularly effective. These polycyclic aromatic compound derivatives can be prepared
as thin-films via vacuum evaporation, sputtering, or spraying and can also be supported
by chemical bonding, making them extremely convenient and practical for applications
in the future.
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Table 1 Recycle tests of CNPSP300 photocatalyst for

water oxidation under visible-light irradiation for 24 h?

Cycle number (-) Hydrogen peroxide yield (umol)

1 0.85
2 0.65
3 0.60
4 0.55

a%For the reuse experiment, the catalyst was collected after the
reaction, washed with ion-exchanged water, and vacuum-dried

overnight at room temperature (25 °C).



Table 2 Results of catalytic water oxidation to hydrogen peroxide and antibacterial
efficiency against E. coli in the presence of several polycyclic aromatic compound
derivatives photocatalysts, and HOMO-LUMO energy levels and energy gaps of the

catalysts (from DFT calculations)

Catalytic test DFT calculation
Catalysts H>O; production Antibacterial HOMO LUMO  Energy gap

(umol)? efficiency (%)° (eV) (eV) (eV)
2,7-dicyanopyrene 0.62 38.45 2.06 —0.84 2.90
5,8-dicyano[5]phenacene 0.88 37.34 1.86  —0.94 2.80
[5]phenacene-13-carboxylic acid 1.01 42.03 1.46 —1.54 3.00
9-cyanoanthracene 1.61 72.94 1.56 —0.84 2.40
9-nitroanthracene 1.82 79.10 1.56 -0.74 2.30
9,10-dicyanoanthracene 2.91 100.00 1.76  —0.34 2.10

2 Water was irradiated by visible light for 24 h at room temperature in the presence of oxygen.

> The E. coli solution was irradiated by visible light for 1 h at room temperature.



Table 3 Recycle tests of 9,10-dicyanoanthracene
photocatalyst for yeast inactivation under visible-light

irradiation for 1 h

Cycle number (-) Antibacterial efficiency (%)
1 100.00
2 99.80

3 99.80




Table 4 Antibacterial efficiencies of various
photocatalysts against E. coli under room light irradiation
for 1 h

Catalyst Antibacterial efficiency
(7o)
none 8.33
5,8-dicyano[5]phenacene 22.67
9,10-dicyanoanthracene 45.40

Titanium oxide 30.83
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Scheme 1 Structural formulas of various polycyclic aromatic compound derivatives

used in the reaction



Figure Captions

Figure 1 Time profile of hydrogen peroxide yield for photocatalytic oxidation of water
with CNPSP300 under visible-light irradiation.

Figure2 Time profile of hydrogen peroxide amount for decomposition with CNPSP300

(®) and without the catalyst (0) under visible-light irradiation.

Figure 3 Time profile of antibacterial efficiency against E. coli with CNPSP300 (e) or

without catalyst (0) under visible-light irradiation.

Figure 4 Time profile of antibacterial efficiency against E. coli with CNPSP300 () or

without catalyst (0) under room light irradiation.

Figure 5 Time profile of antibacterial efficiency against E. coli with 9,10-

dicyanoanthracene (®) or without catalyst (00) under visible-light irradiation.

Figure 6 Antibacterial efficiency of 9,10-dicyanoanthracene with or without trapping

reagents against E. coli under visible-light irradiation for 0.5 h.
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Figure 1 Time profile of hydrogen peroxide yield for photocatalytic oxidation of water
with CNPSP300 under visible-light irradiation.
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Figure 2 Time profile of the hydrogen peroxide amount for decomposition with
CNPSP300 (e) and without the catalyst (o) under visible-light irradiation.
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Figure 3 Time profile of antibacterial efficiency against E. coli with CNPSP300 (e) or

without catalyst (0) under visible-light irradiation.
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Figure 4 Time profile of antibacterial efficiency against E. coli with CNPSP300 (e) or

without catalyst (0) under room light irradiation.
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Figure 5 Time profile of antibacterial efficiency against E. coli with 9,10-

dicyanoanthracene (®) or without catalyst (00) under visible-light irradiation.
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reagents against E. coli under visible-light irradiation for 0.5 h.
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