M) Cneck tor updates

View Article Online

View Journal

Photochemical &

Photobiological
Sciences

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: D. A. Lukyanov, L.
D. Funt, A. S. Koney, A. Povolotskiy, A. A. Vereshchagin, O. Levin and A. F. Khlebnikov, Photochem.
Photobiol. Sci., 2019, DOI: 10.1039/C9PP00206E.

Photochemical &
Photobiological
Sciences

‘5.\;(5 st1-458

~

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

rsc.li/pps


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/c9pp00206e
https://pubs.rsc.org/en/journals/journal/PP
http://crossmark.crossref.org/dialog/?doi=10.1039/C9PP00206E&domain=pdf&date_stamp=2019-06-17

Page 1 of 8

Published on 17 June 2019. Downloaded by American University of Beirut on 6/19/2019 9:09:14 PM.

Journal Name

Photochemical:&PhotobiologicalSciences

OF CHEMISTRY
jew Article Online
DOI: 10:039/€9PP00206E

Novel homogeneous photocatalyst for oxygen to hydrogen peroxide
reduction in aqueous media

Received 00th January 20xx,
Accepted 00th January 20xx

Daniil A. Lukyanov,? Liya D. Funt,? Alexander S. Konev,*? Alexey V. Povolotskiy,? Anatoly A.

Vereshchagin,? Oleg V. Levin? and Alexander F. Khlebnikov?

DOI: 10.1039/x0xx00000x

www.rsc.org/

An isoquinolinium-pyrrole donor-acceptor dyad was found to
exhibit photocatalytic activity in oxygen-to-peroxide
photoreduction with oxalate as a sacrificial electron donor. The
concentration of hydrogen peroxide was shown to reach plateau
of 0.57 mM. The screening of related pyridinium-pyrrole dyads
showed the importance of isoquinoline moiety in securing the
photocatalytic activity.

Environmental conservation fosters the search for energy
sources alternative to fossil fuel, the energy of sun irradiation
being most appealing among them.[-3] The natural way for
solar energy conversion, the photosynthesis, has low quantum
and mass efficiency. The charge separation state of the
photosystem Il accumulates only 0.5 eV from the total photon
energy due to multiple energy losses during the cascade
charge separation.[4 To increase the efficiency of solar energy
harvesting, extensive efforts have been devoted to the
development of artificial photocatalytic systems, which
accumulate the power of light in the energy of chemical bonds.
[1,5-7]

Photoreduction of oxygen to hydrogen peroxidel®! is an
example of this approach, as hydrogen peroxide is one of the
most powerful and cheap oxidants used in chemical and
pharmaceutical industry. Oxidation processes involving H,0,
are known to be selective, clean and green.[® In addition, H,0,
is believed to be useful green fuel able to produce electric
power in fuel electrochemical cells.[®>10 At present, hydrogen
peroxide is mainly produced by the costly, energy-consuming
and hazardous anthraquinone process, !l so the development
of photocatalytic processes for H,0, synthesis would have a
positive environmental impact.

In the pioneering works in the field of photocatalysis,
mainly inorganic materials, such as TiO,[!213] and zZnO,!1415]
photocatalysts. However, poor
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absorption of visible light by such inorganic photocatalysts has
limited their utilization for light harvesting. Dye
sensibilization!'®] or utilization of nanoparticles[7.18] can
increase the light absorption by such systems. Alternatively,
application of organic molecules as photocatalysts based on
acridinium!®-221 or quinolinium[23-281 carcasses allows to
enhance catalyst efficiency by performing the reaction in the
homogenous mode in addition to the increased light
absorption. In particular, photocatalytic reduction of O, to
H,0, using a mesitylacridinium donor-acceptor dyad I (Fig. 1)
as a photocatalyst has been reported by Fukuzumi et al.[2]

Environmentally friendly conversion of O, to H,0, requires
strong and “green” reductant. A perfect candidate seems to be
an oxalate ion due to its high reductive power (Eq = 0.475 V vs.
NHE), abundance in natural sources and CO, as the only by-
product (eq. 1),126-28] the last factor being the advantage over
conventional sacrificial electron donors such as aromaticl2223]
and polyaromatic hydrocarbons,[20.21] glcohols,[1929] phenols, 23]
and amines.[30

C,0,% + 0, +2H* = 2CO, + H,0, (eq. 1)

In our work, we explore pyrrolo-isoquinolinium and
pyrrolo-pyridinium dyads lla-d31 and llla-d32 as a novel kind
of compact donor-acceptor system potentially able to
photocatalyze the process of O, to H,0, reduction with oxalate
ions and compare their performance to mesitylacridinium I.

A series of experiments was performed in order to evaluate
the photocatalytic activity of compounds lla-d and llla-d (Fig.
1) for O, reduction with oxalate as a sacrificial donor. A portion
of each compound was dissolved in 8 mL of sodium oxalate
buffer (pH 4.5), the solutions obtained were irradiated by LED
light source with A, = 415 nm and light emitting power of ca.
0.33 W while being maintained at 8 °C with air bubbling. After
3 h of continuous irradiation, a sample of solution was collec-
ted and the hydrogen peroxide content was evaluated im-
mediately using photometric titanyl oxalate techniquel®3! and
iodometric technique!34 to secure confident detection of H,0,.

Screening of the series lla-d showed that only the pyrrole-
isoquinolinium dyad lla possesses discernible photocatalytic
activity. None of pyridinium-containing analogues shows any
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Figure 1. Structures of compounds |, lla-d, llla-d. Donor fragments are colored in blue, acceptor fragments in red.

photocatalytic  activity. On the other hand, N-
methylisoquinolinium tetrafluoroborate has zero absorption
above 360 nm (SI, Fig. SI3), and the isoquinolinium fragment
by itself cannot thus account for the observed activity of lla.
This lead us to conclusion that combination of pyrrole and
isoquinolinium fragments is necessary to provide the observed
photocatalytic reduction of O, to hydrogen peroxide.

A series of control experiments was performed to establish
the necessity of each factor for H,0, generation: the catalyst,
the oxygen and the light. None of the control experiments (ir-
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Figure 2. The pH (top, 67 mM oxalate solution) and [C,0,%] (bottom, red squares, pH
4.5) dependence of concentration of H,0, in the reaction medium after 3h of
irradiation (A 415 nm) in the presence of compound lla. (Air bubbling through the
aqueous reaction medium at 8°C.) Blue circles show conversion of oxalate ions to H,0,.
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radiation without the catalyst, without the irradiation and the
irradiation under Ar atmosphere) produced any amount of
H,0,, confirming it is the photocatalytic reduction of O, with
direct involvement of lla as a catalyst.

In accord with the reaction equation, the production of
H,0, depended on both pH of the medium and concentration
of oxalate ions. The pH screening showed that pH of 4.5
resulted in the highest production of H,0, (Fig. 2) measured
after 3h of the reaction. At this pH, the concentration of H,0,
produced in 3 h increased from 0.1 mM in 0.13 mM oxalate
buffer to 1 mM in 7 mM oxalate buffer. Further increase of
oxalate concentration did not affect the H,0, accumulation
rate (Fig. 2).

The time course of photocatalysis was recorded until the
persistent concentration of hydrogen peroxide was reached.
An array of 8 LEDs with overall light emitting power of ca. 2.64
W was used for these reactions to irradiate 0.1 mM solutions
of catalysts in oxalate buffer. In addition, each sample was
examined for catalyst degradation by monitoring the
absorbance of sample solution in near UV range. In order to
compare these results with the performance of the known
compound, the same experiment was carried out with 9-
mesityl-10-methylacridinium perchlorate 1, a benchmark
compound for photocatalytic oxygen reduction.[21]

Both compounds | and lla demonstrate asymptotic curve
for hydrogen peroxide production, reaching plateau of ca. 0.4
mM and ca. 0.55 mM H,0, concentration for catalysts I and lla
respectively (Fig. 3).

The stationary conditions of H,0, production when the
rate of formation is equal to the rate of decomposition might
be one of the reasons for the asymptotic behavior of the
process. However, hydrogen peroxide is known to be stable at
temperatures below 14 °C.['41 Consistent with this, no
decomposition of H,0, was observed in the control
experiment on irradiation of H,0; solution with 415 nm LED in
the oxalate buffer used in the experiments on photochemical
generation of H,0,. Also, experiments on photogeneration of
H,0, in solutions with pre-added aliquot of H,0, (0.4, 0.8, 1.3
and 3.1 mM) show continuous grow of H,0, concentration.
These results refute the hypothesis about reaching the
stationary conditions of hydrogen peroxide formation.
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Figure 3. Time courses of H,0, production for the experiments on irradiation (A 415 nm,
8 °C) of air-bubbled oxalate aqueous solution (67 mM) using compounds lla (c 0.1 mM)
(top) and I (¢ 0.1 mM) (bottom). Fits of the experimental data are shown as solid lines.
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Figure 4. Time courses of catalyst degradation for the experiments using compounds |
(c 0.1 mM)(top) and lla (c 0.1 mM) (bottom).

An alternative cause for the asymptotic behavior might be the
decomposition of the catalyst during the process. Indeed,
almost complete depletion of the catalyst absorption bands
was observed in the case of compound | within first 7 minutes
of the reaction (Fig. 4, top). During twice the same time period,
no changes were observed in the absorption spectrum of
compound lla (Fig. 4, bottom). However, longer exposition
showed evolution of the absorption spectrum of the reaction
medium, two new bands appearing at ca. 380 and ca. 420 nm.
The new bands steadily grew during the first 100 min of the
reaction. Subsequent overall fading of the absorption is most
probably due to continuous degradation of the catalyst.

In view of the observed instability of the catalysts, the
kinetics of the hydrogen peroxide production are best
described by eq. 1, where the reduction of O, to H,0, occurs
with effective rate constant k; at the catalyst exponentially
decaying with rate constant k,. The effective rate constant k;
takes into account that the concentrations of O, (permanent
air flow) and H* (buffer solution) are constant.

d[H,0,]
— 0 ,— kst
dt - klccate 2

(eq. 2)

Solution of the differential equation 2 under boundary
condition of [H,0,] = 0 at t = 0 gives the expression for the
time evolution of the H,0, concentration (eq. 3).

This journal is © The Royal Society of Chemistry 20xx
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Fitting of the experimental data according to eq. 3 gives
the effective rate constants for H,O, generation, ki, and
catalyst decomposition, k,, respectively for the processes
catalyzed by the catalysts | and lla (Table 1). Extrapolation of
the H,0, concentration to the infinity according to eq. 3
defines the asymptotic limit as k;C%./k, to give 0.38 mM for
compound | and 0.58 mM for compound lla. So, despite the
lower rate of H,0, generation, compound lla allows to reach
the higher concentrations of H,0, due to the higher stability of
compound lla under the experimental conditions.

To get insight on the mechanism of photocatalytic
hydrogen peroxide formation by lla, we performed a series of
electrochemical and spectroscopic studies.

In cyclic voltammetry (CV) studies, compound lla shows
one reduction and one oxidation peak (Fig. 5). Exploring CV
dependence on the potential sweep rate shows that the peak
potentials stabilize at sweep rates of 50 mV/s at ca. 0 and —1.6
V (vs. TEMPOL/TEMPOL") for oxidation and reduction of lla
respectively. In view of the low dependence of the peak poten-

[H20,] = (eq. 3)

Table 1. The rate constants for the H,0, photogeneration by use of catalysts la and II.

Catalyst ky, s ky, st kiCocar/kz, MM
| 2.3(2)-10 6.1(6) 1073 0.38
lla 7.0(4) -10* 1.2(1) -10* 0.58
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tials on the potential sweep rates, the redox processes
corresponding to these redox waves can be considered
electrochemically reversible and can be used to estimate the
formal electrode potentials. Taking the slowest (10 mV/s)
potential sweep data for lla/lla* and lla/lla- redox couples
corrected for 28 mV of polarization potential (—0.032 and
—1.586 V respectively) as the closest assessments of the formal
potentials, and considering formal potential E° vs. SHE for
TEMPO/TEMPO* reference couple of 0.750 V, one can
estimate E° vs. SHE values for lla/lla* and lla/lla- redox couples
to comprise 0.718 and —0.836 V respectively. So, in view of the
E° values for other possible redox couples in the explored
system, both reduction of lla by oxalate ion and oxidation of
lla by molecular oxygen with formation of H,0, are
thermodynamically forbidden under standard conditions.

0, + 2H* +2e~ = H,0, E°=0.695V
H,0, + 2H* + 2e™ = 2H,0 E°=1.76V
2C0O; + 2H* +2e~ = H,C,0,4 E°=-0.345V
Br, + 2e” = 2Br- E°=1.096 V
lla* +e =lla E°=0.718V
lla+e =lla~ E°=-0.836V

However, these processes become thermodynamically
allowed under non-standard conditions for certain ratios of
the oxidized and reduced forms of lla and H,0, (Fig. 6). That
means, a catalytic cycle involving transformations of
compound lla is thermodynamically allowed. Under these
circumstances, the absence of the notable reaction in the dark
shows that the role of light is to provide energy necessary to
overcome the activation barrier endowing thus compound lla
with the properties of photocatalyst.

The UV-vis absorbance spectrum of compound lla shows
strong absorption in near UV region (Amax 335 nm) with smaller
shoulder at 400 nm extending to 490 nm (Fig. 7). Comparison
to the model methyl isoquinolinium compound shows the 335
nm band to be due to absorption of the isoquinolinium
fragment. Isoquinolinium compounds are reported to form
intermolecular charge transfer complexes3> or charge shift36
exciplexes with aromatic hydrocarbons, showing charge
transfer absorption band at 392—-415 nm3> or charge shift
exciplex emission band at ca. 440-580 nm?3®. In view of these

04 comhey
034 184 "
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1, mA

10 50 500

v, mVis

-2.0 -1.5 -11.0 -UI,5 0.0
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Figure 5. CVA of compound lla (¢ 1 mM in DMF/LICIO, (0.1 M)) at variable potential
sweep rate v. Inset: dependence of oxidation (red dots) and reduction (blue dots)
potential peaks on v. Potentials are given vs. TEMPOL/TEMPOL* in the same medium.
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data, we suppose the shoulder at 400 nm in the UV spectrum
of lla to be a charge transfer band due to the intramolecular
charge transfer process from pyrrole to isoquinoline moiety.

TD DFT study of compound lla testifies further to this
hypothesis. According to DFT (B3LYP/6-31+G(d,p)) calculations,
HOMO of lla is localized on the diphenyl-pyrrole fragment,
while LUMO is localized on the isoquinolinium moiety (Fig. 8).
TD DFT modelling (PCM, water) predicts the lowest electro-
nically excited state of lla to have configuration HOMOLUMO?
(>99% contribution of HOMO—LUMO transition to the
formation of the state). The predicted energy of the state (2.57
eV/483 nm) and the low oscillator strength (0.0271) match
well to the observed picture in the UV-Vis spectrum.

Emission spectra of compound lla excited at the range
300-400 nm have peak at 445 nm with notable shoulder at
465 nm (Fig. 7). This two-peak pattern finds reflection in the
excitation spectrum (450 nm emission), most probably being
due to the vibronic structure of the CT absorption band
(compound lla has strong absorption at 1607, 1489 and 1393
cm1). At excitation with 390—-400 nm light, the emission band
is contaminated with the Raman scattering of water, but the
two-peaks pattern remains at excitations with wavelengths
shorter than 360 nm, where the Raman scattering band of wa-
ter is shifted below 400 nm (Fig. 7, excitation at 340 nm).
Interestingly, the emission at 350-400 nm (Fig. 7, bottom, red
dot line), which corresponds to the fluorescence of the
isoquinolinium moiety (Fig. 7, bottom, AM# = 375 nm) is rather
low. This is most probably due to the fluorescence quenching
of the isoquinolinium fragment via the electron transfer from
the pyrrole moiety, resulting in population of the CT state.

The lifetime of 450 nm CT emission band in lla in the
absence of oxalate ions and oxygen comprises 5.2 ns, giving
the rate constant for radiative relaxation to the ground state
ks=0.2-10° s1. Both the nanosecond time domain for the
emission and the independence of the decay constant on the
presence of oxygen testify to the singlet nature of the CT ex-

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Top: 3D plot of excitation/emission spectra of compound lla. Region covered
with white pattern corresponds to the Raman scattering of water (3000-3700 cm*
band). Middle and bottom: excitation (red short dash line, A, = 450 nm), emission (red
solid line, Ae, = 400 nm, red dot line, Ae = 340 nm) and absorption (red short dash dot
line) spectra of compound Ila (c 0.01 mM (emission) and 0.22 mM (absorption) in
water) vs. absorption (blue short dot line), excitation (blue dash line, Ay, = 375 nm)
and emission (blue dash dot dot line, Ae, = 320 nm) spectra of N-methylisoquinolinium
tetrafluoroborate (1Q, ¢ 0.1 mM (absorption) and 0.01 mM (emission) in water).
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Figure 8. HOMO (left) and LUMO (right) of compound lla according to DFT (B3LYP/6-
31+G(d,p)) calculations.

implying involvement of a dynamic process to fluorescence
quenching. In accord with this, Stern-Volmer plot for
fluorescence intensity has non-linear character, while Stern-
Volmer plot for fluorescence lifetime has linear character.
Linear fit of the latter allowed to determine the rate constant
of bimolecular fluorescence quenching with oxalate k.4 to
comprise 2.5-10° M1-sec? (Fig. 10).

Based on these data, the following mechanism for the
photocatalytic activity of compound lla for reduction of oxygen
to hydrogen peroxide can be proposed (Fig. 11). Compound lla
is excited to a singlet electronically excited state upon
irradiation with 420 nm light. The electronically excited state
can undergo radiative relaxation to the ground state with
constant rate of 0.2-10° s'! or accept an electron from oxalate
ion via electron transfer process with rate constant of 2.5-10°
M-1-secl. The reduced species of lla is oxidized by molecular
oxygen recovering lla and leading to superoxide radical-anion,
which eventually gives hydrogen peroxide.

In a set of compounds llla-d, the rise of absorbance at 400
nm was also noticed during photocatalytic experiment, and it
was initially attributed to peroxotitanyl species. However, time
courses of the abovementioned reactions showed a constant
absorbance at 400 nm starting from t = 0 sec point. Further
analysis of the samples by iodometric technique did not detect
any H,0, contained. Finally, addition of titanyl solution to the
samples of compounds llla-d without irradiation caused an im-
mediate rise of absorbance at 400 nm. These facts lead us to
conclusion that the rise of absorbance at 400 nm observed in

cited state. Additional conformation is the absence of the
singlet oxygen fluorescence at 1270 nm for the studied system.
Unlike oxygen, oxalate ions demonstrate obvious
quenching effect on the fluorescence of lla. Both the fluore-
sence intensity (SI, Figs. SI15, SI16) and fluorescence lifetime
(Fig. 9) depend strongly on the concentration of oxalate ions,

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. Dependence of fluorescence lifetime of compound lla (aqueous solution, ¢
0.01 mM) on concentration of oxalate ions. Inset: kinetic trace for fluorescence at 465
nm (excitation at 390 nm).
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Figure 10. Stern-Volmer plot for fluorescence kinetics of compound lla (water, ¢ 0.01
mM) at variable concentrations of oxalate ions.

this case is caused by the formation of complexes of
compounds llla-d with the titanium reagent used.

Conclusions

In a series of novel pyridinium- and isoquinolinium-pyrrole
donor-acceptor dyads, isoquinolinium-pyrrole dyad lla was
shown to exhibit the photocatalytic activity in oxygen to
peroxide reduction with catalytic performance comparable to
the reference mesitylacridinium compound. While affording
H,0, concentration plateau similar to the reference compound
(0.58 mM and 0.38 mM, respectively), dyad lla shows better
stability under the catalysis conditions. Most probable mecha-
nism of the photocatalytic activity of dyad lla includes electron
transfer from oxalate ion to electronically excited molecule of
the photocatalyst. Unlike isoquinolinium-pyrrole dyad,
pyridinium-pyrrole dyads do not show photocatalytic activity.

C,0,%
Kred 2C02
1 *
Z 23-8& ph
N
‘ \
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Figure 11. Proposed mechanism for reduction of O, to H,0, with oxalate
photocatalyzed by compound lla.

6 | J. Name., 2012, 00, 1-3

Conflicts of interest

View Article Online
) ) DOI: 10.1039/C9PP0O0206E
There are no conflicts of interest to declare.

Acknowledgements

This work was supported by Saint Petersburg State University
(grant no. 12.40.1427.2017). Research was carried out with the
support of the Research park of St. Petersburg State University
Magnetic Resonance Research Center, Chemical Analysis and
Materials Research Center, Center for Optical and Laser Mate-
rials Research, Educational Resource Center of Chemistry and
Resource center "Computer center of Saint Petersburg State
University".

Notes and references

¥ UV-Vis spectra were recorded on Shimadzu UV-1700 and UV-
1800 spectrometers. Deionized water was obtained from Merck
Millipore Simplicity purification system. Argon gas of 99,998%
purity was used. Oxalate buffer with pH 4.5 was prepared by
dissolution of 2 g of H,C,0, and 6 g of Na,C,04 in 1 L of
deionized water. Solutions with pH of 2.5, 6.5, 8.5 and 10.5 were
prepared by acidification of the initial buffer with 1 M H,SO,4 or
basification with 10% (w/w) NaOH until the required pH was
reached. Inorganic chemicals were purchased from local
suppliers. Compounds 1,139 lla-d,31 llla-d32] were synthesized
according to previously reported methods.

Photocatalytic experiments were performed in the self-made
photoreactor. The irradiation source was made from HPL-
H44TU1BA-V2 LED mounted on an efficient radiator and fed by
LC-125/500-A AC/DC inverter. The reaction vessel was mounted
in the way so that all 60° light cone lies within the transparent
bottom of the vessel. The vessel was cooled by water jacket with
8° C water circulating inside and the mean temperature inside
the reaction vessel was monitored by thermometer. Air bubbling
was performed using an air pump connected through the syringe
needle.

The H,0, content was determined as follows: two aliquots (2
ml) of the reaction mixture were collected, 2.5 ml of H,SO,4 (1:17
v/v) was added to each sample (W and R), then saturated
TiO(KC,0,), solution (2 ml) was added to the W sample, and fi-
nally both samples were diluted to 15 ml by deionized water.
Then the UV spectra of R vs deionized water and W vs R were
recorded immediately in the range of 350-450 nm. The
absorbance at 400 nm was used to quantify the hydrogen
peroxide content using the calibration plot recorded in the 4-80
ug sample content range.

Photoluminescence spectra and luminescence kinetic curves
were measured on Horiba Fluorolog-3 spectrometer. The study
of luminescent properties was carried out at a concentration of
0.01 mM, at which the optical density did not exceed 0.1 at the
excitation wavelength for all samples. Luminescence kinetic
curves were excited by LEDs with pulse duration of about 1 ns
and measured with the Time-Correlated Single Photon Counting
technic.

Geometry optimization of lla was performed with the B3LYP
density functional method and 6-31+G(d,p) basis set with PCM
solvation model for water. Stationary point on the potential-
energy surface was characterized by evaluating the Hessian
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eigenvalues. Calculations of the excited states were performed
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using TD DFT method at the same level of theory.
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Novel pyrrolo-isoquinoline dyad was shown to be a promissing
photocatalyst for O, to H.O, reduction
using oxalate as a sacrificial electron donor
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