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Amphiphilic ruthenium complexes that catalyse the oxidation of water by light or cerium(IV) are non-covalently

immobilised on untreated, commercial silica gel. The heterogeneous catalysts are prepared easily in one step and require

www.rsc.org/

no additives. High affinity of the amphiphilic complexes to silica gel leads to their rapid absorption from chloroform

solution on silica gel. The complexes maintain immobilised in aqueous solution and their oxygen generation activity is

comparable to water-soluble analogues. Within the tested range, the catalytic activity of the immobilised complexes does

not depend on the surface loading. The simple technique facilitates the recovery and recycling of precious metals used in

catalytic water oxidation.

Introduction

The global energy consumption is constantly increasing and
renewable carbon-neutral alternatives to fossil fuels have to be
found. Naturally, sunlight is the most promising renewable
source of energy. It is available worldwide and its energy
supply greatly exceeds the needs of our society.""> However,
the major challenge is to develop an efficient method for
storage of the harvested energy, so it can be utilised also during
night and transported. One of the possible forms of storage are
chemical fuels, compounds with high energy density. From the
industrial point of view, water could be a cheap and abundant
source of oxygen, as well as electrons, which can be used to
produce e.g. hydrogen or methanol by a reduction of CO,. For
research purposes, this process of water splitting can be divided
into two parts that are studied separately, i.e. oxidative
production of dioxygen and reductive production of
dihydrogen.>*

Water oxidation is especially challenging, requiring four-
electron transfers accompanied by a formation of highly-
reactive oxygen species.’ Related heterogeneous photocatalytic
systems  use cells,®’

photoelectrochemical photoactive

semiconductors® ° or metal-oxide catalysts coupled with metal-

complex photosensitisers,'* !

while homogeneous systems
usually consist of two main components — a photoredox-active
photosensitiser (PS) and a water oxidation catalyst — together
with a sacrificial electron acceptor, which is most often the
peroxodisulfate anion.* These can be represented by two
separate A proposed

mechanism for this type of reaction can be seen in Figure 1.

water-soluble metal complexes.'?

This combination allows a rapid screening of different
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photosensitiser—catalyst couples. However, its activity is
strongly dependent on concentration, since the required electron
transfer between complexes is diffusion-controlled. To
this  obstacle, systems the
photosensitiser and the catalyst are covalently bound have been
developed leading to a more efficient electron transfer.'*'® On
the other hand, each combination of photosensitiser and catalyst
requires a specific synthetic preparation, which makes
screenings and complex variations notably difficult. We have
recently developed self-assembled systems both for water
oxidation and reduction based on amphiphilic metal complexes
embedded in a phospholipid vesicular membrane, which
increases the local concentration of photosensitiser and catalyst
maintaining the activity even at low concentrations. The non-

covalent interactions the facile wvariation of the
17,18

overcome several where

allow
system.
In recent years, immobilisation of metal complexes on the
surface of inert materials, mostly silica gel, is of particular
interest as a way of turning existing homogeneous catalytic
systems into heterogeneous ones.'” This can be achieved
covalently over Si—O bonds®® or non-covalently via hydrogen
bonds.?"** A different approach known as supported ionic
liquid phase (SILP) uses catalytic metal complexes dissolved in
a layer of ionic liquid immobilised on a solid supporting
material.**>* During our study focused on an application of
SILP in photocatalytic water oxidation, a strong affinity of
amphiphilic metal complexes to an untreated silica gel was
observed. This phenomenon where amphiphilic surfactants
bearing long alkyl chains are attracted to the polar surface of
bare silica was already described in studies focused on HPLC
separation.>>’ Gratifyingly, the immobilised complexes also
maintain their catalytic activity. Therefore, we present a
heterogeneous photocatalytic system for water oxidation based
on amphiphilic ruthenium complexes as the photosensitiser
(1b, Figure 1) and the catalyst (2b) immobilised on a surface of
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Figure 1: Structures of ruthenium photosensitiser (1) and catalyst (2), and a proposed
mechanism for photocatalytic water oxidation.

silica gel. This setup overcomes several drawbacks. It can be
prepared in one easy step, allows variations in complex types
and ratios, and the heterogeneous nature may allow a facile
recovery and recycling.

In a recently published study, a similar system utilising
amphiphilic photosensitiser and cobalt catalyst non-covalently
immobilised via hydrophobic interactions on a surface of silica
gel modified with long alkyl chains in a presence of anionic or
cationic surfactants was used for photocatalytic hydrogen
evolution from water.”® However, our approach works with an
unmodified silica gel and does not require additional additives.

Results and discussion
Immobilisation and stability

High affinity of the amphiphilic complexes 1b and 2b to silica

gel
immobilisation. Both complexes are well soluble in chloroform

can be already observed during the process of
forming a bright orange solution. After an addition of silica gel
and a few minutes of stirring, significant decolourisation of the
solution occurs, leaving the orange colour concentrated on the
silica gel grains.
quantified using UV-VIS spectroscopy.

During this experiment, different amounts of silica gel have

The amount of adsorbed dye has been

been added to a 0.1 mM solution of photosensitiser 1b and after
5 minutes of stirring, the liquid phase has been analysed.
Results are summarised in Table 1.

Using 50 mg of silica gel, corresponding to a loading of
10 umol of photosensitiser per gram of silica gel, or more,
results in almost quantitative adsorption leaving a colourless
solution and providing orange-coloured solid particles.

Table 1: Monitoring the amount of adsorption of photosensitiser 1b onto silica gel.

Journal Name

Table 2: Monitoring the stability of immobilised photosensitiser 1b in aqueous
suspensions at different pH.

pH Cps” % released®
7.0 0.94 uM 0.75 %
4.0 2.38 uM 1.9 %
1.0 4.15 uM 33%

 concentration of PS in the solution after 48 hours; ® amount of PS released into

solution

Stability in aqueous solutions, in which the amphiphilic
complexes are insoluble, was also investigated. Since a local
lowering of pH can occur during the water oxidation reaction,
neutral and acidic condition were chosen. Suspensions of silica
gel with the immobilised complex 1b (20 umol/g) in aqueous
buffers at pH 1, 4 and 7, respectively, were stirred for 48 hours.
Table 2 shows the results confirming the high stability of the
immobilised system in aqueous solutions. On the other hand,
experiments conducted in acetonitrile and DMSO showed that
in polar aprotic solvents, the complexes are washed off the
silica gel surface.

A similar set of experiments in acetonitrile was conducted for
water-soluble complexes la and 2a, which are insoluble in
chloroform. No significant absorption from acetonitrile solution
and a strong leakage into water was observed.

Performance in photocatalytic water oxidation

The immobilised metal complexes maintain their photocatalytic
water oxidation activity, which is comparable to experiments in
homogeneous solution both in terms of turnover numbers
(TON) and reaction rate (Figure 2). However, the fast
photochemical degradation of the sensitiser molecule, limiting
the photocatalysis to about 6 minutes, remains unchanged.’
Experiments using silica gel with different amounts of
immobilised complexes showed that the activity of the system,
in terms of oxygen evolution, is independent on the loading in a
tested range from 20 to 2 pmol of 1b and 2 to 0.2 pmol of 2b
per gram of support (in all cases, the photosensitiser to catalyst
ratio is 10:1) and also on the silica gel type.

Amount of SiO, Cps® % adsorbed®
25 mg 34.9 uM 65.1%
50 mg 1.4 uM 98.6 %
100 mg ~0 M ~100 %

* final concentration of PS solution (initial in all cases 0.1 mM); ®amount of PS
adsorbed onto silica gel
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Figure 2: Comparison of oxygen evolution using a homogeneous system with water-
soluble complexes 1a and 2a (red) and the heterogeneous system using silica-gel-
bound complexes 1b and 2b (blue) monitored in situ by an oxygen probe.
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Table 3: Turnover numbers for oxygen evolution using different types of silica gel with
varying amounts of complexes 1b and 2b. Oxygen evolution was determined by a head-
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Table 4: Turnover numbers for oxygen evolution measurements using silica gel with
different amounts of chemical water oxidation catalyst 3 measured by a head-space gas

space gas chromatography. chromatography.
Loading of b Loading of 2b  Particle size Amount of TON® Loading of 3 [pmol/g] Amount of SiO, [mg] TON
[pmol/g] [umol/g] [pm] Si0, [mg] homogeneous - 41 000
20 2 63-200 30 48 2 2 29 000
10 1 63-200 60 34 1 4 24 000
5 0.5 63-200 120 53 0.5 8 26 000
0.2 63-200 300 42 0.2 20 17 000
20 2 4-63 30 41 0.1 40 25000
10 1 4-63 60 30
* per catalyst This system was then fully functional for water oxidation

Results are summarised in Table 3. Loadings below this range
showed very low oxygen production due to an insufficient light
penetration of the sample, because of large amount of solids.
These observations also suggest that the silica gel surface is not
evenly covered. In a case of an even coverage at the lowest
functional loading, the calculated surface concentrations are
4-10" mol/cm? for the photosensitiser and 4:10™"* mol/cm? for
the catalyst, respectively, implying a monolayer distribution
with an average distance between the metal complexes around
20 nm. However, the required distance for an efficient electron
transfer between a photosensitiser and a catalyst is much
shorter.” This suggests that the complexes are forming specific
hot-spots with increased local concentration, which helps to
maintain the functionality even at lower loadings.

All experiments have been repeated three times with standard
deviations under 5 % confirming the reproducibility of the
results. The determined TON values based on the water
oxidation catalyst lie between 30 and 50, which corresponds to
previous homogeneous experiments utilising water-soluble
complexes.!”” The fluctuations are caused by different
experimental setups for each loading with varying ratios of
solid to liquid phase.

To prove that the system’s short lifetime is caused by a
degradation of the photosensitiser, a silica-gel-bound catalytic
system bearing 20 pmol of photosensitiser and 2 pumol of the
water oxidation catalyst per gram that has been previously used
in a water oxidation reaction was filtered off, washed, dried and
used to immobilise a batch of fresh photosensitiser.
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Figure 3: Structure of a ruthenium complex used for chemical water oxidation.
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reaching TON of 40, which corresponds to 84 % of the original
value.

Performance in chemical water oxidation

The use of this immobilisation method for chemical water
oxidation reaction with ruthenium complex 3 (Figure 3) as the
catalyst and cerium ammonium nitrate as the oxidising agent
was investigated. Since the complex is poorly soluble in water,
mixtures containing acetonitrile or trifluoroethanol had to be
used for published homogeneous experiments.>* ! The catalyst
immobilised on silica gel is functional in solely aqueous
solutions.

Complex 3 shows the same affinity to silica gel as previously
described for photosensitiser 1b — a complete decolourisation of
its chloroform solution by an addition of the support was
observed.

Table 4 shows that the activity of the system, in terms of
oxygen production, is independent on the loading at a tested
range from 2 to 0.1 pmol of catalyst per gram of support. All
the experiments have been conducted three times with standard
deviations mostly under 10 % (20 % for the loading of 0.1
pmol per gram), so they again show a good reproducibility. The
obtained TON values are around 25 000, which is lower
compared with the homogeneous experiment where values of
TON reached 40 000 for our experiments and 55000 as
published.”!

Conclusions

A novel heterogeneous catalytic system for photocatalytic
water oxidation is obtained by immobilising amphiphilic
ruthenium complexes non-covalently on the surface of silica
gel. The system is easy to prepare and the complexes maintain
their catalytic activity, which is comparable to their water-
stability of the
photosensitiser under the reaction conditions still remains.

soluble equivalents. However, the low
Likewise, the immobilisation of a catalyst for chemical water
oxidation is possible, showing good activity. This simple
immobilisation technique may facilitate the recovery and

regeneration of the catalysts.
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Experimental

Preparation of silica-gel-based system for photocatalytic water
oxidation

Stock solutions of photosensitiser 1b (2 mL, 1 mM) and
catalyst 2b (200 uL, 1 mM), both in chloroform, were pipetted
into a 10 mL round-bottom flask, diluted with chloroform to ca.
5 mL and silica gel (see Table 5 for amounts for different
loadings) was added to the solution under stirring. This
suspension was kept stirring for another 5 min, the solvent was
then slowly evaporated under a mild vacuum (500 mbar at
40 °C) and finally dried in high vacuum (<0.5 mbar, 1 hour).

Table 5: Amounts of silica gel needed for preparation of photocatalytic systems with
different complex loadings.

closed, fastened under an upside down magnetic stirrer, its
bottom was attached to a glass rod with a blue LED on the
other side and the optical fibre of the oxygen detector was
connected to the fluorescent spot. The reaction mixture was
stirred and irradiated until the oxygen evolution ceased.

Table 6: Concentrations of particular components for both homogeneous and
heterogeneous water oxidation in aqueous buffer.

Loading of PS [umol/g] Amount of SiO; [mg]

20 100
10 200
5 400
2 1000

Adsorption studies

Stock solution of photosensitiser 1b (500 pL, 1 mM) in
chloroform was diluted to 5 mL, transferred into a 10 mL
round-bottom flask and silica gel (25, 50 or 100 mg, pore size
60 A, particle size 63—200 pm) was added to the solution under
stirring. After five minutes, the suspension was filtered and
UV-VIS spectra of the filtrate were measured. Concentration of
the PS complex was determined by a comparison with a 5 uM
standard solution and its peak absorbance at 287 nm.

Stability studies

Silica gel (13 mg) bearing 20 umol of photosensitiser 1b per
gram was added to 2 mL of aqueous buffer (pH 1.0, 4.0 or 7.0)
in a small vial with a stirrer. The vial was closed, covered in an
aluminium foil and the suspension was kept stirring for 48
hours. Then, it was filtered and UV-VIS spectra of the filtrate
were measured. Concentration of the PS complex was
determined by a comparison with a 5 uM standard solution and
its peak absorbance at 287 nm.

The same process was used for stability measurements in
DMSO and acetonitrile.

Photocatalytic water oxidation — Homogeneous kinetic studies

Stock solutions of photosensitiser 1la (260 pL, 1 mM) and
catalyst 2a (26 pL, 1 mM), both in chloroform, were pipetted
into a small vial, evaporated on a shaker with a heating block
and dried in high vacuum. Then, phosphate buffer (2.1 mL,
50 mM, pH 7.0) and sodium persulfate stock solution (5.25 pL,
1 M) were added. The mixture was degassed by bubbling with
nitrogen for ca. 10 minutes and it was transferred under a
nitrogen atmosphere to a 2 mL vial equipped with a fluorescent
spot for oxygen-probe measurements. The vial was filled to the
top, so no air bubble was left inside to influence the results,

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

Component Concentration
Photosensitiser (1) 125 uM
Catalyst (2) 12.5 uM
Na,$,05 2.5mM
Phosphate buffer 50 mM

Photocatalytic water oxidation — Heterogeneous kinetic studies

The previously prepared silica-gel-based catalyst (13 mg) was
weighed into a small vial. Then, phosphate buffer (2.1 mL,
50 mM, pH 7.0) and sodium persulfate stock solution (5.25 pL,
1 M) were added. The suspension was degassed by bubbling
with nitrogen for ca. 10 minutes and it was transferred under
nitrogen atmosphere to a 2 mL vial equipped with a fluorescent
spot for oxygen-probe measurements, which was carried out in
a same way as described in the previous paragraph.

Photocatalytic water oxidation — Heterogeneous quantitative
studies

The previously prepared silica-gel-based catalyst (different
amounts for different loadings, see Table 3) was weighed into a
small crimp-top vial. Then, phosphate buffer (4.5 mL, 50 mM,
pH 7.0) and sodium persulfate stock solution (11.3 pL, 1 M)
were added. The vial was sealed and the suspension was
degassed by bubbling with argon for ca. 15 minutes. Then, it
was irradiated for 20 minutes using an array of six blue LEDs
and cooled by a tap water in an aluminium block. The samples
were left for an hour to equilibrate back to laboratory
temperature and the produced oxygen was quantified using
head-space GC.

Reactivation

Collected suspensions containing silica gel with the highest
loading of complexes used previously in water oxidation
reaction were filtered, washed with distilled water until the
filtrate was colourless and the solid residue was dried in high
vacuum. Stock solution of photosensitiser 1b (1 mL, 1 mM) in
chloroform was pipetted into a round 10 mL flask, diluted with
chloroform to ca. 5 mL and the reused silica gel (50 mg) was
added to the solution under stirring. This suspension was kept
stirring for another 5 min, the solvent was then slowly
evaporated under mild vacuum (500 mbar at 40 °C) and finally
dried in high vacuum (<0.5 mbar, 1 hour).

This treated silica gel (30 mg) was weighed into a small crimp-
top vial and phosphate buffer (4.5 mL, 50 mM, pH 7.0) and
sodium persulfate stock solution (11.3 uL, 1 M) were added.
The vial was sealed; the suspension was degassed by bubbling
with argon for ca. 15 minutes and then, an oxygen evolution

This journal is © The Royal Society of Chemistry 20xx
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reaction was carried out in the same way as described in the
previous paragraph.

Table 7: Amounts of silica gel needed for preparation of catalytic systems for chemical
water oxidation with different complex loadings.

Loading of catalyst [umol/g] Amount of SiO, [mg]

2.0 50
1.0 100
0.5 200
0.2 500
0.1 1000

Preparation of silica-gel-based system for chemical water
oxidation

Chloroform stock solution of catalyst 3 (10 pL, 1 mM) was
pipetted into a 10 mL round-bottom flask, diluted with
chloroform to ca. 5 mL and silica gel (see Table 7 for amounts
for different loadings) was added to the solution under stirring.
This suspension was kept stirring for another 5 min, the solvent
was then slowly evaporated under mild vacuum (500 mbar at
40 °C) and finally dried in high vacuum (<0.5 mbar, 1 hour).

Homogeneous chemical water oxidation

Degassed stock solution of catalyst 3 (4 pL, 1 mM) in
trifluoroethanol was added via syringe into a small crimp-top
vial previously purged with argon, then degassed stock solution
of cerium ammonium nitrate in pH 1 triflic acid (2 mL,
500 mM) was added. The mixture was stirred for 1 hour and the
produced oxygen was quantified using head-space GC.

Heterogeneous chemical water oxidation

The previously prepared silica-gel-based catalyst (different
amounts for different loadings, see Table 4) was weighed into a
20 mL crimp-top vial filled with argon, which was sealed and
purged with argon again for 5 minutes. Then, a degassed stock
solution of cerium ammonium nitrate in pH 1 triflic acid (2 mL,
500 mM) was added. The mixture was stirred for 1 hour and the
produced oxygen was quantified using head-space GC.
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Amphiphilic ruthenium complexes immobilised on bare silica
gel are an easily prepared heterogeneous system for photo-
catalytic and chemical water oxidation.
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