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1. Introduction

The production of clean and renewable energy is essential for addressing the challenges of
climate change and global energy demands. Photochemical water-splitting is one promising
approach for producing hydrogen as a sustainable solar energy fuel. This process involves the
use of light to drive the decomposition of water into oxygen and hydrogen gases. Ce(lll) ions
are effective catalysts for photochemical water-splitting, as they can facilitate the transfer of
electrons between water molecules and generate reactive intermediates that promote the
overall reaction. Homogeneous reactions catalyzed by Ce(lll) ions have been extensively
studied due to their unique redox properties and ability to participate in various chemical
transformations. These photocatalysts and photo-sensitive molecules play a crucial role in the
reaction by absorbing light and generating reactive intermediates that facilitate the overall
response. By carefully selecting and optimizing these materials, the efficiency and selectivity
of the reaction can be improved. Photochemistry provides a means of converting solar energy
into valuable chemical energy, which can be used for various applications such as fuel
production, pharmaceutical synthesis, and environmental remediation. A key advantage of
photochemical reactions is the ability to activate specific chemical bonds selectively and

generate reactive intermediates under mild conditions.

In recent years, significant progress has been made in developing new photochemical systems
that can efficiently convert solar energy into chemical energy. These include new
photocatalysts, photoelectrochemical cells, and photovoltaic devices. These advances have led
to a greater understanding of the fundamental principles underlying photochemistry and the
development of new technologies for harnessing solar energy.



2. Literature Background

Since the 1950s,! it has been recognized that aqueous cerium(lI1) and cerium(IV) complexes
exhibit light sensitivity, an exceptional property among lanthanide ions. Cerium is also
distinguished from other lanthanides by its oxidation state of +4, which remains relatively
stable in an aqueous environment. Researchers have investigated the photooxidation of water
by cerium(1V),23 and the impact of certain additives, such as thallium(l) ions.® Earlier, there
was interest in exploiting cerium(IV) photochemistry to facilitate organic transformations of
carboxylic acids,® alcohols,” and oxo compounds.® However, it is essential to note that despite
discussing the photoactivity of both oxidation states of cerium together, the origins of light
absorption in the two systems differ significantly. Cerium(lll) complexes exhibit f-f
transitions, whereas cerium(IV) complexes do not possess f electrons, they typically show

intense charge transfer bands.

In the 21st century, there has been a significant increase in interest in cerium photocatalysis.
This includes various inorganic processes, such as sulfur(IV) autoxidation,®
peroxomonosulfate ion'® and singlet oxygen!! reactions, and hydrogen production.
Additionally, several studies have reported using different cerium forms to enhance the
degradation of organic pollutants.’®'® Most of these applications focus on selective organic
reactions, such as aryl coupling reactions, functionalization of alkanes, dehydroxymethylation
of alcohols, decarboxylative hydrazination, selective C-C bond scission of ketones,
decarboxylative oxygenation, and lactonization. Furthermore, a general strategy has been
proposed to improve the overall efficiency of cerium photocatalysis. Recently, these
developments have been referred to as a "renaissance of ligand-to-metal charge transfer by
cerium photocatalysis."4

When measuring pure cerium(lV) solutions using spectrophotometry, interference from
cerium(111) contamination is reduced because the molar absorptivity values of cerium(1V) are

at least four times higher than those of cerium(l11) at every wavelength.
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Figure 1: UV-vis molar absorptivity values of aqueous Ce(l11) and Ce(1V) solutions in
¢(H2S04) = 0.5 mol dm. Data from the literture.#

A proposed scheme for the photochemical oxidation of water in photosynthesis agrees with
previously reported data. Weiss, Porret, and Baur? conducted early investigations into
photooxidation by ceric ions. Heidt and Smith! conducted a more detailed study, assuming the
formation of an active ceric dimer deactivated by cerous ions. Spectrophotometric
measurements suggest no dimer formation and that most ceric ions exist as the ion-pair
complex Ce* OH™ in ceric perchlorate solutions. Heidt and Smith's kinetic results® can be
explained using a reaction scheme that involves the ion-pair complex as the active species for
the primary electron-transfer excitation step. This scheme can also explain why the quantum
yield is much smaller for ferric ions, making it difficult to measure under standard laboratory

conditions.®
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Scheme 1: Describing different results obtained by a variety of scientists.

(1) Photochemical oxidation of water in understanding the process of photosynthesis;
(2) Weiss and Porret photo-oxidation by ceric ions; (3) Qualitative effect of the
previous photo-oxidation made by Baur (1908); (4) Detailed study done by Heidt and
Smith; (5) Photo-initiated polymerization, Obtained formulas from stationary-state
kinetics: (6) Photo-initiated polymerization; (7) Oxidation®®

For a while, it has been known that the photochemical reduction of ceric to cerous ions in
dilute aqueous perchloric acid is accompanied by oxygen evolution and inhibited by cerous
ions. The cerous ion's effect is attributed to the inner filter effect, photon deactivation of
excited ceric ions, and cerous ion light absorption leading to ceric ion oxidation. Research has
shown that the photochemical oxidation of cerous to ceric ions can produce hydrogen. In
contrast, irradiation of an aqueous solution of cerous and ceric perchlorates can produce
hydrogen and oxygen under certain conditions. By manipulating the concentration of acid and
cerous ions, an aqueous solution containing both ceric and cerous ions can alternately produce
pure oxygen in darkness and almost pure hydrogen in light or both gases simultaneously. An
article written about a study of the influence of acid and cerous ion concentration on the
photochemical oxidation of cerous ions at 25 °C by the light of 2537 A, evaluating the
maximum possible quantum yield of the reaction in this system and the reactions by which

light absorbed by cerous ions photochemically reduce water. Additional evidence shows that



hydrogen can be produced by the photochemical reduction of water by light absorbed by

cerous ions.1®

2.1. Experimental Evidence for the Production of Hydrogen in the Ce(l11)

Catalyzed Photochemical Reduction of Water?!®

An experiment done in 1954 discovered new evidence showing that hydrogen can be
produced by shining light on a mixture of cerous perchlorate and perchloric acid. The
experiment was conducted by making a solution containing perchloric acid and cerous
perchlorate and then exposing it to light. Then a small amount of gas was collected, produced
by the reaction, and found to contain hydrogen. The gas ignited, and it was found that it had
water vapour. Also, the reaction produced ceric ions.

Forward Reactions:

Ce HoO*® + fiy = *Ce-H,O? (1)
*Ce-HyO0F8 4 H;0T = Ce-OH-H, ™ 4+ H,O (2)
Ce-OH-Hy*™* 4 Ce:HoO*3 = 2CeQH ™ + H; + H* (3)

The sum of reactions 1, 2 and 3 is 2Ce - H,O? 4
hvy = 2CeOH™ + H,
Quenching Reactions:

*Ce-H013 = Ce 10 4 heat (1)
*Ce H,OF8 4+ ILOY = Ce HLO™3 + IO+ 4+ heat (27
Ce-OH-H, " + H,0 = Ce-H:0 %% 4 H,0F + heat (37

Scheme 2: The set of reactions for the photochemical reduction of water by cerous ions.®

Reaction (1) represents that light absorbed by cerous ions initiates the reaction. Reactions (2)
and (1) account for the observed dependence of 1/¢* and upon 1/[H*]. The terms containing
[H*] would be negligible if reaction (2) took place, but reaction (1”) and, consequently, ki’
were insignificant. Reactions (3) and (3”) account for the observed dependence of I/ ¢* upon
1/[Ce3*]. The terms containing [Ce®**] would be negligible if reaction (3) took place, but
reaction (3’) and consequently ks’ were insignificant. Reaction (2’) accounts for the fact that
I/ $* does not equal 1/2 by extrapolation when both 1/[H*] and I/[Ce®*"] are equal to zero. The

constant a would be equal to 1/2 if reaction (2”) and consequently k2’ was negligible.



The above reactions give the following mathematical relationships between ¢* and the
components of the system:

[ ¢® = d(CeV)/Idt = 2k,(Ce-OH-H;"#)(Ce*d)/1
where [ represents light absorbed by cerous ions
per unit time per unit volume.

IT. d{(*Ce™-H;0)/dt = I = k(*Ce™*H,O)(H*)
BI(*Ce™8.H,0) + A:(*Ce* H;0)H™*) = —d-
(*Ce . H.Q)/dt; hence (*Ce*3.H,0) = I/
(ky + (k2 -+ ko)(TI ™).

[ d(Ce-OH-H:*4)/dt = ko(*Ce"HO)(H*) = ks
(Ce-OH-H,*1)(Ce*3) -+ R/(Ce-OH-H;*) —
—d(Ce-OH-H,™)/dt; heunce (Ce-OH-H %) =
(*Ce ™ HOMeo(FT 1)/ [ky 4 k(Ce*3)s = Lk
(H/1 Il e

Scheme 3: Set of reactions accounts quantitatively for the influence of variations in the
concentrations of perchloric acid and cerous perchlorate upon the quantum vyield, (¢*).%6

Developing efficient and sustainable strategies for converting solar energy into chemical fuels
is a significant research challenge in renewable energy.!” One promising approach is the
photocatalytic splitting of water into hydrogen and oxygen,*® which requires suitable catalysts
to drive the necessary redox reactions. The initial phase of the catalytic cycle, which involves
water oxidation by cerium(IV), can be facilitated by light or different types of heterogeneous
catalysts, such as ruthenium dioxide. The formation of hydrogen gas, the other half of the
reaction, also requires an energy source such as light. According to the previous literature, this
step can also be catalyzed. When choosing a catalyst for these two steps, metal complexes with
non-easily oxidizable organic ligands should be preferred due to the strong oxidizing property
of cerium(lV). One example of such an agent is the ruthenium(l11) aqua ion, although it is
important to note that catalysts with organic ligands can still be used. For instance, the tris-
bipyridyl complex of ruthenium(Il) can be used since it is stable enough to protect bipyridyl
from rapid oxidation by cerium(IV). Other possible ligands for the catalyst include tetra-amido
macrocyclic ligands (TAML). Furthermore, several known cerium(111) complexes (including
functionalized macrocycles as ligands) exhibit photochemical activity in aqueous solutions.
The expectations are to modify the cerium(lll)/cerium(lV) redox potentials and prevent

cerium(l11) and cerium(1V) from hydrolysis under mildly acidic conditions by using these



ligands. This would allow less corrosive media for cerium(l11)-catalyzed water-splitting via

sunlight.

uv
O
|Ce]|Cat.]

2 H,0 2H,+ 0,

Figure 2: Catalytic cycle: first half-reaction is the oxidation of water by cerium(1V) which
can be catalyzed by light or various heterogenic catalysts (e.g., ruthenium dioxide). The
other half-reaction, the formation of hydrogen gas, requires light or other energy sources
to take place.

2.2. The Aqueous Electrochemistry of Cerium

In general, the Ce(I11)/Ce(1V) redox reaction is characterized by several factors. 1° First, there
is a charge transfer that occurs through multiple steps. Second, the anodic and cathodic charge
transfer coefficients have different values. Last, the behaviour of the reaction is highly
influenced by coordination with ligands. Although the reaction is relatively fast, the reduction
process is slower than the oxidation, and the voltammograms are irreversible in many acid
media. Additionally, oxygen evolution can make it difficult to define an oxidation peak in
some cases, such as in MSA and sulfuric acid. ?° The interaction with ligands significantly
affects the cerium redox reaction’s thermodynamic and kinetic parameters. Ligands can cause
a shift in the standard electrode potential of the reaction, and changes in the coordination
sphere at the electrode surface can lead to a more positive electrode potential. The larger size
of the coordination and solvation sphere reduces the diffusion coefficient of cerium ions,

making the reaction less reversible and more dependent on mass transport.
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Figure 3: Wide range of use of the pair Ce(111)/Ce(1V) in everyday life.?°

2.3. Redox Properties of Cerium lons

As the most abundant rare-earth metal on Earth, constituting approximately 0.0046 wt% of the
Earth's crust, cerium plays a crucial role in various industries. One of the most well-known
compounds of cerium is cerium dioxide, or ceria, which is renowned for its distinctive redox
properties and remarkable oxygen mobility. Due to these characteristics, ceria is a potent
oxidant extensively used in catalysis and medicine. However, the significance of ceria-based
materials is not limited to these fields alone. These materials also play a central role in energy
devices such as fuel cells, where their exceptional oxygen storage and release capabilities make
them highly valuable. Furthermore, the automotive industry relies heavily on ceria, a vital
component in three-way catalysts present in exhaust systems. In conclusion, cerium, and its
compounds, especially ceria, have far-reaching industrial applications, making them essential

in several fields.%
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The survey shows that the electronic environment provided by the coordination sphere around
a cerium ion can significantly affect its oxidizing or reducing ability. The range of cerium(IV)
reduction potential is extensive and can vary greatly depending on whether the solution is
aqueous or non-aqueous. Therefore, while cerium(1V) is often regarded as a strong oxidant,

cerium(111) can be a potent reductant due to the influence of its coordination environment.*°

Some unique aspects of cerium redox chemistry: cerium remains a complex cation in its +3
and +4 oxidation states. It is best stabilized by hard anions that stabilize cerium(IVV) complexes
most significantly. Additionally, the change from f1 to fO configuration upon oxidation from
the trivalent to tetravalent state results in a change in ionic radius, a distinctive feature of
cerium compared to transition metals. Covalent bonding plays a minor role in shaping the
coordination sphere of cerium complexes during oxidation reactions, and sizeable inner sphere
reorganization energies are expected. This implies that thermodynamic considerations alone

may not provide predictive power in cerium oxidation reactions.®

Using the cerium redox couple in solution has many practical applications.?’ Ce(1V) can fully
oxidize organic compounds to CO> in closed acidic systems as a potent oxidizing agent. This
has been tested successfully in a pilot plant for wastewater treatment. In organic chemistry,?2
it acts as a redox mediator for various reactions. It has industrial significance, such as in the
oxidation of naphthalene to naphthoquinone at a 100-ton-per-year scale and the synthesis of
vitamin K3 at a 400-ton-per-year scale. Additionally, it has proven helpful for gas scrubbing,
with removal efficiencies of 95%, 45%, and 100% demonstrated for harmful gases like H>S,
NOxy, and SOz, in order. Due to its many applications, recycling, and regenerating cerium (e.g.,
through electrochemical methods) has become increasingly important for economic and

ecological reasons.

2.4. Representation of the different photochemical and photophysical

processes on Jablonski diagrams

Scheme 4 illustrates that when photons with energy /v = hc/A are absorbed by the chromophore
C, they can be raised from their ground electronic state to an excited singlet state C*. This
occurs if the photon energy is greater than the threshold energy, which is the energy difference

12



between the first excited state of C and its ground state. The excited state C* has excess
vibrational energy or maybe in a higher electronic state and is considered "hot". At this stage,

the excited state is not in thermal equilibrium with the surrounding medium.?*

C+hv—C* [hot}

C" (hot) — C" (thermalized) or 5, (thermalized)

51 (thermalized) — Sp + heat (internal conversion) k1o

51 (thermalized) — So + hvi (fluorescence) ki

51 (thermalized) — T (thermalized) (intersystem crossing) kv

Sq (thermalized) — P (photochemicalstep) kphotochem

Scheme 4: 6 reactions where C(chromophore) is raised from the ground electronic
state(So) to an excited singlet state C* (one of the Si, Sy, ...singlet excited states); C*(hot)
thermalizes, in the sense that it loses its excess energy as the heat transferred to the
surrounding medium forming the Si(thermalized) state. The S; state can decay in one of
four ways (kIC, ks, KT, kphotochem)-24
Within a few femtoseconds (fs), C*(hot) loses its excess energy as heat to the surrounding
medium and becomes the Si(thermalized) state, which is in thermal equilibrium with the
environment. The Si(thermalized) state has four ways to decay: (1) Internal conversion (IC)
can convert the excess energy to heat and decay to the ground state with a rate constant kic. (2)
By fluorescence, it can emit a photon of energy hvs and decay to the ground state So with a rate
constant ks. (3) By intersystem crossing (ISC), it can change the electron spin and form a
thermalized triplet state T: (thermalized) with a rate constant kr. (4) It can react

photochemically to form the product P with a first-order rate constant Kpnotochem.

13
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Figure 4: Energy-level diagram of the ground and excited states [singlet (S) and triplet
(T)] of the chromophore C. The internal processes are internal conversion (IC) and
intersystem crossing (ISC). Light emission can occur as fluorescence (hvs) or
phosphorescence (hvp) [adapted from Bolton et al.?]

2.5. Actinometry

Actinometry uses a chemical reaction to measure the intensity of electromagnetic radiation,
particularly ultraviolet radiation from the sun. It involves using a substance that reacts in a
known way to radiation to determine the amount or intensity of radiation present.
Actinometers?* are tools used to measure the number of photons in each area. There are two
types of actinometers - physical and chemical. Chemical actinometers are photochemical
systems with a predetermined quantum yield, making them helpful in determining precise

photon fluxes for photochemical reactions.

Every chemical actinometer requires a photochemical reaction that must follow the principles
and laws of photochemistry and other applicable regulations. For an actinometer to be
trustworthy and precise, it's essential to know its quantum yield accurately. Once the quantum
yield is determined for a few standardized actinometers, it can serve as a secondary reference
for determining the quantum yield of other actinometers. This can be achieved by using the
same equipment and light sources to measure the chemical yield of the chosen actinometer and

comparing it against the chemical yield of one of the standardized actinometers.
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2.5.1. Ferrioxalate actinometry

One of the substances used in my measurements was potassium-[tris(oxalato)-ferrate(l11)]-
trihydrate, which | employed as an actinometer by using its photoreduction. This method, first
introduced by C.G. Hatchard and C.A. Parker in 19562° and approved by IUPAC, detailed
measurements in the range of 250-500 nm. The bright green octahedral complex contains iron
in the +3-oxidation state. As the complex is light-sensitive, it is necessary to store it in the dark
and to ensure that the reaction mixture is constantly mixed during the measurement to avoid

any inconsistency.

2[Fe(C204)3]* — 2[Fe(C204)2]* + (CO0)* + CO2

Figure 5: Structural formula of potassium-[tris(oxalato)-ferrate(111)] and the
stoichiometry of its photochemical reduction.

The complex anion decomposes in the solution phase under the influence of light in an acidic
medium. The complex’s central iron(IIl) ion is reduced to an iron(ll) ion during the
photocatalyzed process, while the oxalate ligand is oxidized to carbon dioxide. The quantum

efficiency of the reaction is well known.

Potassium tris-oxalato-ferrate(l11) trinydrate is an excellent chemical actinometer that can be
applied for various purposes due to its ability to operate across a broad spectrum of
wavelengths, making it more advantageous than uranyl oxalate, which was used previously.
This compound possesses several desirable features, including high sensitivity, nearly a
thousand times higher than uranyl oxalate, and high accuracy, especially under low light

15



conditions. Additionally, the photolyte and photolysis products exhibit outstanding stability,

and the actinometer can function over an extensive range of intensities.

The quantity of Fe(11) produced was measured by spectrophotometry,?® using o-phenanthroline
to create a red-coloured complex called ferroin ([Fe(phen)s]?*), whose concentration can be
measured by detecting absorbance at ~510 nm.

However, suppose actinometry is used to measure the light intensity of the spectrophotometer.
In that case, there is no need for a separate spectrophotometric measurement to determine the
amount of formed Fe(ll), as the amount of Fe(ll) produced can be calculated directly from the
changes in the sample's spectrum by monitoring the concentration of the decomposed Fe(l11)

complex.

In my research, | conducted actinometric measurements based on a published article?® by T.
Lehdczki, E. J6zsa, and K. Osz, which further developed a previously described method. The
original method involved measuring the amount of Fe(ll) formed using complex formation
with 2,2'-dipyridyl or phenanthroline, which was determined through spectrophotometry. In
this method, Fe(l1) ions react with phenanthroline to form the ferroin complex ([Fe(phen)s]?),
which has red colour, and its concentration can be determined by measuring the absorbance at
510 nm. Alternatively, the measurement can be performed with dipyridyl (bipy), where the
Fe(11) ions form a red complex with dipyridyl ([Fe(bipy)s]**), and the concentration of the
complex can be determined by measuring the absorbance at 512 nm. The literature reports
molar absorption coefficient values of 11000 dm*/mol/cm for the [Fe(phen)s]?>* complex and

7200 dm®/mol/cm for the [Fe(bipy)s]** complex.

3. Experimental methods

3.1. Reagents used.

Sigma Aldrich provided the solid compound cerium(lIl) chloride heptahydrate salt, with a
trace metal basis of 99.9% and a molecular weight of 372.58 g/mol. The salt is soluble in
alcohol, water, and acetone but only slightly soluble in tetrahydrofuran. It is hygroscopic and

16



air-sensitive, so it is stored under Argon. The salt was dissolved in different solvents, including
water, perchloric acid, and sulfuric acid, to measure the catalytic reaction. Separate vessels
containing only the solvents were also prepared. Initially, I used solutions with a concentration
of 1.0-10* mol/dm?®, which were later increased to 3.0-10* mol/dm® to make it easier to
monitor the photoreaction. Perchloric acid with a concentration of 1.0 mol/dm?, which Ms.
I1dik6 Rapp-Kindner previously (07.09.2022.) prepared, was used.

Table 1: Different masses and concentrations for Ce(l11) salt used on different

occasions with two parallel measurements

Date: Volume of Mass of Mass of Cce(lll)-less Cce(ll1)-more
solution Ce(lll)-less  Ce(lll)-more ~ (mol/dm®)  (mol/dm3)

(cm?®) amount (g) amount ()
24.11.2022. 500.0 0.06006 0.12317 3.22:10* 6.61-10*
23.02.2023. 45.0 0.00522 0.01544 3.11-10% 9.21-10*
24.03.2023. 200.0 0.02319 0.07419 3.11-10% 9.96-10*

Another compound that I've used from Sigma Aldrich is cerium(IV) sulfate. This substance
exists as a yellow powder and has a molecular weight of 332.24 g/mol. At a temperature of
25 °C, its density is 3.01 g/cm®. | mixed the Ce(IV) powder with perchloric acid that had a
concentration of 1.0 mol/dm?®. The amount of powder used was extremely small, specifically
0.00016612 g. The mass of the solid was measured with an analytical balance. The resulting
sample had a volume of 2.5 cm®, Its concentration was determined not only by the mass
measurement but also from the spectrum measurement since the molar absorbance of Ce(1V)

as a function of wavelength is known.

For actinometric measurements, the potassium-[tris(oxalato)-ferrate(l11)]-trihydrate complex
was prepared using a reaction between potassium oxalate and iron(l11) chloride, following the
methodology described in Dr. Béla Lengyel's book "General and Inorganic Chemical

17



Laboratory Practice.” The complex was dissolved in 0.050 mol/dm? sulfuric acid, and
solutions of 50.0 cm® were prepared by measuring 0.026-0.027 g of the complex. A 2.5 cm?®
solution was transferred into a 1.00 cm path-length quartz cuvette for measurement. Due to
their sensitivity, the prepared solutions and complex were stored in the dark to prevent light-

induced effects.

3.2. Measurement Methods

The analysis of the compounds is a pivotal component of this research. Therefore, the stock
solutions prepared must undergo rigorous scrutiny using the PhotoCube photoreactor and
Specord S 600 diode array spectrophotometer. The resulting data should be meticulously
filtered and examined numerically and graphically using Microsoft Excel. Before conducting
the measurements, actinometric analysis was performed using the previously described ferrate
complex on both instruments. The Kinetic curve, which is of paramount importance, must be

evaluated using the initial rate method.

It is recommended to assess the precision of the outcomes using the SciDAVis software for
scientific data analysis and visualization. The accuracy of the results can be determined by
examining various parameters, including the standard deviation of the slope and intercept, the
R? variance of the predicted values divided by the data variance as described by Gelman et
al?’, and the utilization of y2 to test the null hypothesis H(0), which assumes no notable
difference between the expected and observed data, according to J. Kwasiborski and M.
Sobol %8

3.2.1. Scanning Spectrophotometer

The SPECORD 210 Plus is a double-beam spectrophotometer designed for advanced analysis
in various applications. It offers high accuracy and reproducibility, a wide spectral range, and
a fast scan speed. It features a user-friendly interface, easy-to-use software, and a variety of
data export options. The instrument's compact and robust design makes it suitable for research
and quality control laboratories. The SPECORD 210 Plus double-beam spectrophotometer is
also used to accurately determine the concentrations of various dyes? in a solution, providing

precise and reliable data for the research study. Spectrophotometers work by projecting a beam
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of light onto a sample, then measuring the amount of transmitted light as a function of
wavelength. Diode array spectrophotometers use a deuterium and a halogen lamp as the light
source, and due to the relatively low sensitivity of the detector, the lamps have high intensity.
Polychromatic light passes through the sample, meaning the monochromator is placed after
the cuvette holder. Typically, the spectrum covers the range of 190-1100 nm. Direct
measurement of light intensity indicates that the highest number of photons is obtained at
shorter wavelengths, which can easily trigger photochemical reactions in light-sensitive and
reactive substances. Thus, diode array spectrophotometers offer an excellent opportunity for
studying photoinitiated reactions. To utilize diode array spectrophotometers as photoreactors,
the number of photons passing through the sample must be determined through direct
measurements or appropriate calibration methods. When spectrophotometers are used for
photochemical studies, the excitation of photoactive substances and monitoring of the course

of photochemical reactions coincide.
Some characteristics of the spectrophotometer:
1. Double beam optics for stable and accurate measurements
2. Wavelength range of 190-2500 nm for a wide range of applications
3. Fast scan speed of up to 2000 nm/min for quick data acquisition
4. High optical resolution for precise and detailed spectra
5. Built-in software with various data analysis tools and export options
6. User-friendly interface with a large colour touchscreen display
7. Compact and robust design for easy integration into laboratory workflows

3.2.2. Diode Array Spectrophotometer

Compared to a dispersive design, a diode array spectrophotometer uses a different type of

single-beam optical design optimized for rapid, simultaneous acquisition of a full UV/Vis

spectrum. The diffraction grating in a diode array instrument is located after the sample,
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directly dispersing the transmitted light from the sample onto a diode array detector. Unlike a
dispersive instrument, the grating in a diode array instrument does not move or scan. Instead,
the transmitted light continuously illuminates the array detector, allowing for fast collection
of spectral data. A unique feature of diode array instruments is using both source lamps
simultaneously to illuminate the sample with all light wavelengths from 190 nm to 1100 nm.*°
The diode array detector, also known as a photodiode array detector (PDA), is a linear array
of discrete photodiodes on a single integrated circuit (IC) chip. It is placed at the image plane
from the grating to simultaneously detect a range of wavelengths. This detector is like an
electronic version of a photographic digital camera detector array and is the key to fast spectral
data collection in a diode array instrument. These instruments can collect a full range of
UV/Vis spectrum in milliseconds to seconds, depending on the design, and are ideal for
collecting complete spectral data on rapidly changing samples in fields such as kinetics,
dissolution, liquid chromatography, and multicomponent analysis. Although subject to long-
term drift, diode array instruments rarely experience issues since background corrections and
sample data can be acquired in under a second. The diode array spectrophotometer used for
my measurements was Analytik Jena Specord S 600. The SPECORD S 600 UV/Vis
spectrophotometer offers laboratories the necessary precision and ease of use, speed,
reliability, and exceptional optical capabilities. This high-performance diode array

spectrophotometer operates with precision, speed, and simultaneity.

3.2.3. PhotoCube Photoreactor

The PhotoCube photoreactor manufactured by ThalesNano is a highly efficient and versatile
device that allows for precise control of reaction parameters, including temperature, stirring
rate, and light intensity. Its unique multi-wavelength LED configuration allows for up to 7
different wavelengths of light, making it ideal for a wide range of photochemical reactions.
The reactor is compact and comes with four panels, and it is compatible with both batch and
flow reaction setups, making it suitable for use in academic and industrial settings. Its high-
intensity LEDs generate light of various wavelengths, and the reaction vessel is made of high-

quality borosilicate glass, allowing for exemplary transparency and chemical resistance. The
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programmability of the reactor allows for precise control of reaction conditions such as
temperature and irradiation time. The PhotoCube reactor has been used for various
applications, including the synthesis of new organic compounds, degradation of environmental
pollutants, and photovoltaic devices research, among others. In my case, | used the 4-mL glass
vials because | was working with a small amount of reagent. (Available batch reactor volumes:

4-mL and 30-mL glass vials).

The cerium(l11) chloride salt is readily soluble and dissolves in several solvents, including
water, aqueous HCIO4, and aqueous H2SOs, resulting in transparent mixtures. With these
solutions, water-splitting experiments were performed. To improve removal of the gas formed
during water-splitting (as well as evaporation) in experiments, holes were introduced on the
vial caps, and constant conditions of UV-365 light, 1500 rpm stirring, and four panels were
maintained throughout the trials. A gradual increase in temperature was observed during the
experiment, reaching a maximum of 32 °C after 33 minutes, starting from 24 °C. | conducted
experiments using the PhotoCube photoreactor for one to two hours. During the experiments,
| measured the weight of the vials before and after illumination and the weight of the stirring

bars and salt added. These measurements were taken every ten minutes.
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4. Results and Discussion

4.1. Calibration of the PhotoCube photoreactor using actinometry

Ferrioxalate actinometry?® is a method for determining the photon flux in a photochemical

system. The Fe(Il) ion production rate is proportional to the photon flux in the system.

To measure the course of the actinometric reaction (see: Figure 5), a solution containing 650
microlitres of the 0.00106 mol/dm?3 solution of Ks[Fe(C204)s]-3H20 (crystals with a greenish
hue) is mixed with 750 microlitres of 0.50 mol/dm?® H.SO4 and 1150 microlitres of 1.0 mol/dm?
sodium acetate. The solution is also supplemented with 26 microlitres of 0.050 mol/dm?

phenanthroline to detect the complex, resulting in a light-yellow colour.
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Figure 6: Kinetic curve of potassium-tris(oxalato)-ferrate(l11) trihydrate solution after
illumination in the PhotoCube photoreactor at different times and detected at 512 nm in
the scanning spectrophotometer

The solution was placed in vials, which were illuminated for different times. The first vial was
left without illumination (O seconds), while the second, third, fourth, fifth, sixth, seventh, and
eighth vials were illuminated for 3, 6, 9, 12, 15, 18, and 21 seconds, in order. The colour of

the complex formed is reddish orange after illumination for a few seconds in the PhotoCube
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photoreactor. To detect the complex, absorbance readings at the wavelength of 512 nm were
used.

In the PhotoCube reactor, excitation light of several wavelengths (365, 395, 457, 500, 523,
595, 623 nm and white light) can be applied. However, since my purpose was to measure the
Ce(ll) catalyzed water decomposition, and since Ce(lll) absorbs light in the UV range, |
performed the calibration of the 365 nm LED. Monochromatic LED light sources have a

characteristic half-width of 10-75 nm (typically 20 nm).%!

The LED power of PhotoCube can be changed up to 128 W for each colour. For actinometric
calibration (as well as for the water-splitting experiments later, in Chapter 4.3.), 100% power

was used.

The equations given in Chapter 4.2. were used for the calibration of the PhotoCube

photoreactor.

Table 2: Values obtained from equations (1-9) of Chapter 4.2. The quantum yield of the
reaction at 365 nm is 1.24.?% For the photoreactor calibration measurements, the value for
g(epsilon) for the [Fe(phen)s]?* complex is 11000 dm3/mol/cm.?® The volume of the sample

was 2.5 cm3.
Total emitted photon energy: 6.95-103 J/s
Total number of emitted photons: 1.28-10% 1/s
Energy of one single photon with 365 nm (E = hc/4): 5.44.101° ]

Rate of the decomposition reaction (see: Eq. 6 but at 512 4.93-10° mol/dm?3/s
nm instead of 390 nm):
The slope of the kinetic curve at 512 nm (see: Figure 6): 0.0542 1/s

Fraction of absorbed photons (see: Eq. 2): 46.7 %

Initial absorbance of the actinometer solution at 365 nm: 0.2733
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4.2. Calibration of the diode array spectrophotometer

| used UV-visible spectroscopy to study the reaction between Ce(IV) and water, which is
known as a photochemical reaction. However, to study a photoreaction in a spectrophotometer,
the light intensity calibration of the photometer must be performed since this is not the

conventional use of a spectrophotometer.

For the calibration, actinometry was used, but instead of IUPAC actinometry, | used the
method specially developed for diode array spectrophotometers by T. Lehdczki.?® For the
measurements, a magnetic stirring was applied. The measurements were performed at room
temperature in a 1.00 cm quartz cuvette. | employed an Analytik Jena SPECORD S600 diode
array spectrophotometer, which has deuterium and halogen lamp light sources and is
controlled by WIinASPECT software. Although the spectrum was recorded between 180-1100

nm, | only used the 200-550 nm range for analysis in some cases.
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Figure 7: Relative energy spectrum of the Analytik Jena SPECORD S600 diode array
spectrophotometer.

The Analytik Jena SPECORD S600 diode array spectrophotometer can record Kinetic curves
in two ways: to enable the "shutter always open™ function, exposing the sample continuously
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to the light of the spectrophotometer lamps during both spectra recording and all other times.
The other option is to turn off the "shutter always open” function, exposing the sample only to
light during spectrum recording time (typically 51 ms/spectrum). The light shutter is closed

between two measurements to prevent sample illumination.

| calculated the relative emitted photon number (Nphoton, rer) as a ratio of the reciprocal of the
measured relative energy and its corresponding wavelength value (A, nm). The relative emitted
photon number is unitless.

Erel

1 — Erel - A
A )

Nphoton,rel —
Then | calculated the fraction of absorbed photons:

IL — 1 — 10 Veampte-Ao

’ @)
The sample volume was an important consideration because the UV lamp illuminated the
sample from above, meaning that the 1.00 cm path length of the cuvette would differ from the
thickness of the layer on which | wanted to determine the quantity of the transmitted light.
Since the bottom of the cuvette was 1.00 cm x 1.00 cm, the measured volume of the solution
was equal to the thickness of the liquid column, which is the actual path length. Therefore, the
"Vsample”' term in equation (2) represents the sample volume in cubic centimetres without any
units of measurement. By multiplying the two previously calculated values, | obtained the

relative absorbed photon number (Nphoton, absorbed) fOr each measured wavelength.

I
N photon,absorbed — T~ ° N photon,rel

0

©)

| was able to calculate the amount of relative formed product (Np, ret) using the relative

absorbed photon number and the quantum utilization factor (¢) value obtained at the
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corresponding wavelength mentioned earlier. The sum of the amount of the relative formed
product can be given in equation (5).

NP,rel = Nphoton,absorbed ' ¢

4
by NP,rel =X Nphoton,ab.sorbed : ¢
)
2
0.4 390
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Figure 8: Kinetic curve of potassium-tris(oxalato)-ferrate(111) trihydrate solution at a
wavelength of 390 nm, measured in an Analytik Jena SPECORD S600 spectrophotometer.
The volume used for each measurement was 2.5 cm3, and the concentration of the solution

was 1.06-10° M. The measurement lasted 40min with the spectrum recorded every 30 s.

To determine the absolute concentration of the product formed per second in units of
mol/dm®/s, divide the steepness of the kinetic curve at 390 nm (dA/dt, s) by the molar
absorptivity (£(390nm) = 312 dm3/mol cm) at that specific wavelength. Equation (6) uses £ =
1.00 cm.
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dA
de —dt

dt - €(390nm)
(6)
One can calculate the amount of product formed in the entire sample per unit time (3 Np, s%)
by taking the product of the absolute concentration of product formed per second (dc in
mol/dm3 s) with the sample volume expressed in dm® (Vsample = 2.5 cm?), and then multiplying
the result by Avogadro's constant (Na = 6.022-10% mol™?).

dc
2 Np= E “Ny - Vsampic
(7)
> Np
N, photon — m - N, photon,rel

(8)

To determine the actual emitted photon number per wavelength (Nphoton, ), I divided the
quantity of product formed in the entire sample per unit time (3 Np, s1) by the total amount of
product formed (relative) (3. Np, rel), and then multiplied the result by the relative emitted

photon number (Nphoton, ret).

To summarize, the actual number of emitted photons per wavelength (Nphoton, ) can be
obtained by dividing the quantity of product formed in the entire sample per unit of time (3
Np, s1) by the total amount of product formed (relative) (3 Np, rer), and multiplying by the
relative emitted photon number (Nphoton, rel). The energy of each emitted photon per wavelength
(E, J/s) can be calculated by multiplying the actual emitted photon number per wavelength
with Planck's constant (h = 6.626:107%* J s), the speed of light (c = 299792458 m/s), and
dividing by the wavelength (4, m). The total emitted photon number (3, Nphoton, total photons/s)
can be obtained by adding these values.

C
E = N;photon -h - X

9)
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Table 3: Using the equations above (1-9) the data in the table contains the calculated

results.
Total emitted photon energy: 2.45-10* J/s
Total number of emitted photons: 6.36-101* 1/s
Rate of the decomposition reaction: 1.022-10~" mol/dm?®/s
The slope of the kinetic curve at 390 nm (see: Figure 8): -3.19-10°° 1/s

From the actinometric measurement, not only the total emitted energy of the photons in the
200-1100 nm range, but also the energy distribution of the spectrophotometer lamps can be
calculated, and it is shown in Figure 9. We can see that, although the total emitted photon
energy of the diode array spectrophotometer is comparable with that of the PhotoCube reactor,
in the case of the spectrophotometer, the emitted photon number is quite high at A > 500 nm
which is "useless” for driving either the actinometric reaction or the Ce photoreactions. This

explains why the actinometric reaction rate is so fast in the PhotoCube.
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Figure 9: Energy spectrum of the Analytik Jena SPECORD S600 diode array
spectrophotometer.

Also, when two spectrophotometers are compared, similar photon flux values are found: the

overall photon flux for a spectrophotometer in the paper of T. Lehoczki?® was 1.7-10% s?,
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which agrees well with the value for our spectrophotometer, which has an overall photon flux
=6.36-10' 1/s.

4.3. Ce(l11) catalyzed water-splitting kinetics in PhotoCube

4.3.1. Reaction with mass measurements

H>0 evaporation has been checked first, as the water was one of the solvents used for this
experiment. A few trials have been done, and the following results occurred. For these
experiments, | used deionized water. 100% UV illumination and the stirring process were on

during the whole process. The volume of the samples was 2.5 cm?,

The first measurements indicated some experimental difficulties which needed to be solved.
First, the temperature of the samples changed substantially during illumination (6 °C increase
after 30 minutes). From these preliminary measurements, we concluded that the masses of the
samples practically did not change or even increased slightly.

Also, there were some reproducibility problems in the first few experiments. Namely, there
was a break point on the kinetic curves (see the orange dots of figure 10). We assumed that
this change of slope is coming from the fact that the gas phase of the vial becomes saturated

after 35-40 minutes to water vapour.
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Figure 10: Mass change of water samples during illumination in PhotoCube, with and
without a hole on the top of the cap of the glass vial (effect on the evaporation process).

Table 4: SciDAVis fitting results for the illumination of water in PhotoCube.

Initial slope Chi? R?
(g/min)
With a hole on (-1.32 £0.04)-10*  2.65-10° 0.99
top of vial
Without a holeon  (-2.28 +0.2)-10%  6.87-10* 0.88
top

Before recognizing the importance of placing a hole on the cap of the glass vial, we performed
several kinetic measurements with water, perchloric acid, and additional Ce(lll) in less and
more amounts (for the concentration values, see also Table 1).

In Figure 11, the mass reduction (Am) over time is depicted for three different solvents with
and without the addition of cerium(l1l). The measurements for water (m00), HCIO4 (m11-
m13), and H2SO4 (m21-m23) are shown. The compositions of the samples is collected in Table
5.
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Table 5: Sample preparation and concentration values for the kinetic measurements in
HCIO4 and H2S04 solutions. The volumes of the stock solution were 500 cm3,

Sample symbol Mass of Cce(lll)
Cerium(111) used (mol/dm?)
(9):
water mO0 0 0
m1l 0 0
0.9927 mol/dm?® 4
aqueous HCIO; m12 0.06006 3.22-10
m13 0.12317 6.61-10*
m21 0 0
3
0.50 mol/dm m22 0.06256 3.35.10
aqueous H2S04
m23 0.12437 6.67-10*

The most significant decrease in mass is observed in HCIO4 (m11), which is the acid solution
illuminated without any catalyst. It is also visible, that the break point of all curves is at about
35-40 minutes.
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Figure 11: A sum of three experiments-H>O (m00), H.SO4 (m21, m22, m23), and HCIO4
(m11, m12, m13) with/without adding cerium ions, illuminated under 100% UV light, and
stirred for 3 hours and 20 min (12000s).

The last important conclusion from the preliminary measurements was that instead of the mass
values, it is better to use the mass reduction (Am) values, where Am = m—mo. The Am values
can be compared for parallel measurements even when the initial masses are somewhat
different. So, for all presented experiments, | am showing the mass reduction values instead

of the measured mass values.
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Figure 12: A representation of the glass vials used for PhotoCube measurements with and
without a hole on the top of the vial.

For my experiment, | made the initial measured mass of the vial, solution, and Ce(lll)

subtracted from itself. This ensured that the first values in Table 6 to be always zero.

Additionally, | subtracted each subsequent value from the first measured mass (mo). By

performing this procedure, | was able to generate a kinetic curve starting from the zero value

on the graph. This representation provides a more enhanced and lucid visualization.

Table 6: An example of one measurement and calculation for mass reduction (Am) for
each vial. These are the first few data plotted on Figure 11.

1200
1800

2400
3000
3600

mO0

0
-0.00687
-0.01234
0.01719
-0.02062
-0.02155
-0.02178

m1ll
0
-0.00753
-0.0129
-0.0187
-0.02336
-0.02682
-0.02785

m12
0
-0.00556
-0.00998
-0.01459
-0.01914
-0.02279
-0.02386
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m13
0
-0.00379
-0.00718
-0.00934
-0.01023
-0.01055
-0.01099

m21
0
-0.00225
-0.00448
-0.00581
-0.00603
-0.00608
-0.0063

m22
0
-0.00237
-0.00472
-0.00676
-0.00751
-0.00775
-0.00787

m23
0
-0.00336
-0.00689
-0.00991
-0.01132
-0.01196
-0.01218



4.3.2. Effect of changing the Ce(l11) concentration

Minor variations can be observed in adding the Ce(lll) salt to the same amount of solvent
(HCIO4). I conducted three parallel measurements for three scenarios: illumination of HCIO4
only, adding a smaller amount of cerium(Ill) salt to HCIO4, and adding a more significant
amount of cerium(ll1) salt to HCIO4. The results of the parallel measurements are almost
perfectly aligned in Figure 13, indicating that the illumination of perchloric acid is

reproducible under UV illumination in the PhotoCube.

Table 7: SciDAVis fitting results for the illumination of HCIO4 and HCIO4 + Ce(l11) in
PhotoCube.

cceiny (mol/dm?3) — Slope (g/s)

0 (-1.05 0.01)-10'4 1.46-10° 0.997
3.11-10% (-1.25+ 0.02)-10'4 2.18:10°% 0.997
9.21-10* (-9.1+ 0.1)-10‘6 1.15-10% 0.997
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Figure 13: Mass reduction for HCIO4 solution in a vial with a hole illuminated for 1 hour
with UV light in a PhotoCube photoreactor (two parallel measurements).

34



0 500 1000 1500 2000 2500 3000 3500 4000
-0.001

-0.002

-0.003

-0.004

Am (g)

-0.005
-0.006
-0.007 ]

-0.008
Time (s)

Figure 14: Mass reduction after the addition of Cerium(l11) ions in a lower amount to the
perchloric acid and illuminating it for 1 hour under UV light in PhotoCube photoreactor
using a vial with a hole on the top (three parallel measurements).
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Figure 15: Addition Cerium salt in a higher amount to the perchloric acid solution with
illumination for 1 hour under 100% UV light in the PhotoCube photoreactor (three
parallel measurements).
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As | mentioned earlier, the other experimental problem with the PhotoCube measurements was
the increase of temperature during illumination. So, now a thermostat is also connected to the
photoreactor to keep the temperature of the sample constant. Although, the photoinitiation step
of a photoreaction is typically independent of temperature, there are further thermal steps
which can be accelerated by increasing the temperature. So, to achieve full reproducibility,
thermostatting is an important issue. Unfortunately, the thermostat was installed after the
measurements for my thesis were performed, so | cannot demonstrate the effect of constant

temperature here.

4.4. Kinetics of the Ce(1V)+H-O reaction in the diode array

spectrophotometer

To follow the water decomposition reaction, the light intensity of a diode array
spectrophotometer is not high enough. This was tested by I. Rapp-Kindner at several different
Ce(111) concentrations, and different media (nitric acid and perchloric acid). However, the
water oxidation by Ce(IV) is a faster reaction and, when using sulfuric acid as medium, it is

readily measurable.* So, perchloric acid was also tested in this reaction.

The Ce(IV) sulfate salt was dissolved in HCIO4 solution (1 mol/dm?). The powder dissolves
quickly and the solution is very light yellow (almost colourless). To measure its kinetics, | had
put the compound in a quartz cuvette and illuminated for 30 minutes in the diode array
spectrophotometer, selecting the whole spectrum. Also, we used the “shutter always opened”
setup to maximize the illumination intensity. This is the same setup as the one used for

actinometric calibration.
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Figure 16: Spectrum of Ce(IV) salt in HCIO4 measured in diode array spectrophotometer.

In order to follow the course of this reaction, i.e. to calculate the concentration of the Ce(IV)
reagent, | used the Lambert-Beer law. The Beer-Lambert law is widely used in
spectrophotometry to determine the concentration of a substance in a solution by measuring
its absorbance at a specific wavelength. It assumes a linear relationship between absorbance
and concentration if the solution obeys the law, and the concentration is within a certain range.

A = ecl
A Absorbance
& Molar absorption coefficient M'cm!
C Molar concentration M
l optical path length cm
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The initial concentration was set so that the initial absorbance is a well-measurable value at
350 nm. Then, the photochemical reaction between Ce(IV) and water (see: left-hand side half-
reaction of the cycle in Figure 2) was detected using multiwavelength detection in the same
diode array spectrophotometer which was also used to initiate the reaction. The kinetic curves

were evaluated at 350 nm.

From the spectral changes (Figure 16), we can see that after 30 min illumination 80 % of the
Ce(l1V) is already converted to Ce(lll). However, even in the first spectrum, the presence of
Ce(1l1) can be detected, based on the fine structure of the first spectrum in the 230-260 nm
range. This indicates that a few minutes of ambient light can cause measureable photoreaction

in this system.

The initial rate of the reaction can be calculated based on the initial absorbance change (inset
of Figure 16) and the Beer-Lambert law as follows:

_d[Ce(IV)] _dA 1

dt dt el

This equation is quite similar to Eq. 6. but the parameters are different here.

Table 8: Results from kinetic measurements: measurement conditions and rate of the
Ce(IV)+H20 reaction.

Cce(1v) 2-10"* mol/dm?®

I 1.000 cm

Slope of the kinetic curve measured at 350 nm -4.29-10° s

/ (wavelength) 350 nm

& 633 dm*/mol/cm

Vo 6.78-10® mol/dm®/s

Similar measurements were performed by I. Rapp-Kindner and her results are well comparable

with my results. In her experiments, the reaction rates scale between 1.9-10® mol/dm?/s and
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7.3-10 mol/dm®/s when changing the concentration of Ce(l1V) from 4.0-10* mol/dm?® to
1.4-10° mol/dm3.”*

“ Unpublished results of Ms. 1ldiké Rapp-Kindner.
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5. Summary

The production of renewable/solar energy is a key environmental issue nowadays.
Photochemical decomposition of water is one of the most promising approached here
producing hydrogen. The catalytic process can use cerium(l11) ions as catalyst in homogeneous
media. In my thesis, | studied the kinetics of the catalytic reaction as well as one of its half-

reactions, namely, the redox reaction between water and cerium(IV).

There were two separate experimental tools used to study these reactions. One is a PhotoCube
photoreactor with 365 nm monochromatic LED light source. The other one was a diode array
spectrophotometer, which also have a light intensity high enough to drive certain
photochemical processes. The lamps of this later one is polychromatic, emitting in the entire
UV-Vis range.

Before using these two experimental tools to study the water-splitting reaction, a light intensity
calibration was performed and the emitted photon flux was determined using potassium-
tris(oxalato)-ferrate(I11) actinometry. For the PhotoCube, the total emitted photon energy was
6.95-10 J/s and the total number of emitted photons was 1.28-10% 1/s. For the Analytik Jena
SPECORD S600 diode array spectrophotometer, the total emitted photon energy was 2.45-10
4 J/s and the total number of emitted photons was 6.36-10%* 1/s.

The water-splitting reaction catalyzed by Ce(l1l) was measured in aqueous perchloric acid
medium in the PhotoCube reactor. Several experimental techniques were tested and the

followings are the most important conclusions:

e The use of mass reduction values instead of mass values makes the measurements more
comparable.

e The mass reduction happens even without adding Ce(l11) or HCIO4 to the system. So,
evaporation of the solvent cannot be neglected.

e If we want to have reproducible kinetic curves, a hole should be placed on the vial to

avoid the formation of saturated gas phase.
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e Thermostatting is important for longer kinetic curves since the temperature of the

samples increases substantially.

The Ce(IV)+water photo-redox reaction was measured in aqueous perchloric acid medium
in the diode array spectrophotometer. This reaction is much faster than the photochemical
water-splitting, so, a lower light intensity is enough to drive the reaction. At Cncios = 0.9927
mol/dm3 and ccegv) = 2:10* mol/dm?3, the rate of the reaction is 6.78-10® mol/dm®/s. It
means that after 30 minutes of illumination, 80% conversion can be reached. For this light-

sensitive reaction, keeping the stock solutions in dark before use is quite important.
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