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The photogeneration of electricity and solar fuels by solar
irradiation in photoelectrochemical cells is one of the sectors
with the highest growth potential in the decarbonised society.
However, the use of different components, in particular photo-
sensitizers and catalysts, can present problems of charge
transfer efficiency at the interface, leading to lower final
efficiencies. In this work we present novel integrated photo-
sensitizer-catalyst dyads based on robust and, at the same time,
flexible host-guest non-covalent interactions through the use of
calix[4]arene cavities. Current photogeneration in photoelectro-

chemical cells showed twice greater efficiency in the integrated
calixarene-based host-guest dyads compared to the traditional
architecture based on the separate photosensitizer-catalyst pair.
Molecular dynamics studies have shown that the enhanced
performance originates from an optimization of the distances
between the centres of the photosensitizer, catalyst and semi-
conductor involved in the charge transfer processes, thus
allowing a higher final efficiency of the charge photogeneration
process.

Introduction

The definitive affirmation of an energy policy not dependent on
fossil fuels is one of the most important goals of the next

decades.[1] The impact of human activities on the environment
and the social disparity generated by the distribution of such
resources are direct consequences of the exploitation of non-
renewable sources.[2] Moreover, the need for hydrocarbons as a
feedstock for carbon-based chemicals claims a reduction of the
consumption of these precious resources in energy production
to keep their price acceptable.[3] In this scenario, direct light-
driven production of electricity and fuels represents an
important alternative. Photovoltaics and photoelectrochemical
water splitting are emerging technologies able to reduce the
share of fossil fuels in primary energy consumption.[2c,4] Dye-
sensitized solar technologies (Dye-Sensitized Solar Cells, DSSCs,
and Dye-Sensitized Photoelectrochemical Cells, DS-PECs) hold a
great potential and flexibility for solar-induced generation of
electricity and fuels thanks to their multi-component
architecture.[5] The possibility to tune up single properties, and
thus the final device response, just varying the nature and the
structure of the single components, for example the photo-
sensitizers, keeping their main device structure, opens a wide
range of choices and performances in terms of final
application.[6]

A DS-PEC is a photoelectrocatalytic device where water
splitting could take place performing the water oxidation at the
(photo)anode and the proton reduction at the (photo)cathode
(Figure 1). Compared to a PEC, where the water splitting
process at each electrode is covered by one component, e.g. a
semiconductor such as TiO2,

[7] in a DS-PEC, light-harvesting and
catalysed water splitting are separated and accomplished by
different components, which gives the chance to separately
optimize their activity. In such devices, light-harvesting and
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charge injection at the photoactive electrode is performed by a
photosensitizer.[5e] The generated charges (electrons in a photo-
anode or holes in a photocathode) are then transferred from
the dye to a n- or p-type semiconductor, respectively.[8]

Consequently, a radical cation or anion of the dye is obtained.
The neutral state of the sensitiser is then regenerated by the
extraction of electrons from a water oxidation catalyst (WOC)
for the photoanode and holes from a hydrogen evolution
catalyst (HEC) for the photocathode, affording water oxidation
and reduction at the water-catalyst interface. A careful control
and optimization of all the charge transfer processes at the
water-catalyst-dye interfaces, namely from water to the catalyst
and from the catalyst to the dye, is thus of principal importance
to optimize the efficiency of the whole process.
The use of organic sensitizers in DSSCs is well documented

in the literature of the last two decades and a plethora of
molecules have been reported with successful results.[9] In the
case of DS-PECs, the almost new-born research field is still
relatively at its infancy, with particular reference to the use of
metal-free dyes. In fact, most of the sensitizers used in DS-PECs
are Ru-based organometallic compounds and metal-free mole-
cules represent just a minority.[5e,10] Furthermore, the use of
supramolecular assemblies in this field is almost absent,
especially for water oxidation application.
Two methods are commonly used in DS-PEC to organize the

multicomponent device structure. The first one is the covalent
grafting of both the dye and the catalyst, separately, onto the
surface of the semiconductor.[11] The second approach is the
deposition of an integrated dye-catalyst dyad, where the
catalyst is directly linked through covalent bonds to the
sensitizer, in turn grafted onto the semiconductor surface.[12] In
the former case, the main drawback is related to the
competitive effect of the back-electron transfer from the
semiconductor to the sensitizer with the hole scavenging by
catalyst. Moreover, the poor intermolecular charge transport
between the dyes and the catalysts adsorbed onto the semi-
conductor hinders the multiple oxidative process required for
water oxidation. In contrast, in the case of a dye-catalyst dyad,
the electron transfer process is favoured since the catalyst is
directly bonded to the dye. This aspect is also associated to
faster electron injection from the dyad to the semiconductor,
thus limiting detrimental back-electron transfer from the semi-
conductor to the oxidized sensitizer. A serous drawback of this

approach, however, is the need to previously build the dye-
catalyst dyad and, only subsequently, anchor the dyad to the
semiconductor. This step may represent important issues due
to the poor stability of the dyad. Therefore, a supramolecular
approach where the dye-catalyst interaction is promoted by
non-covalent bonds may represent an attractive route to
circumvent this problem.
Recently, Sun and co-workers have described the use of

flexible host-guest supramolecular assembly formed by inser-
tion of a water oxidation catalyst (WOC) into the cavity of a β-
cyclodextrin (β-CD)-modified ruthenium based sensitizers.[13] β-
Cyclodextrin possesses a molecular cavity capable of hosting
different small guests, with a selectivity regulated by the cavity
size and, together with calixarenes and cucurbiturils, is one of
the most investigated host structures in chemistry.
Calix[4]arenes are synthetic phenol-formaldehyde macro-

cycles widely exploited not only as hosts[14] but also as scaffolds
for the construction of functional molecular[15] or
supramolecular complex structures.[16] Both their rims can be
easily functionalized and their conformation can be locked in
the cone structure by the introduction of alkyl chains bulkier
than ethyl. The macrocyclic cavity of calix[4]arenes is aromatic
and is therefore capable of hosting guest molecules via π-π and
CH-π interactions,[17] with high efficiency also in water.[18] The
use of calix[4]arene for photovoltaics and water splitting is still
scantly reported in the literature, and only few studies have
been published.[19]

In this work, we report the first example of calixarene-based
dye-catalyst supramolecular dyads for water splitting in DS-
PECs.[20] In particular, we combine the valuable host-guest
properties of calix[4]arenes with easy-to-synthesize metal-free
organic dye-sensitizers to prepare supramolecular assemblies
with commonly used WOC (Figure 2).
We show that the ability of the calix[4]arene scaffold to

properly host the WOC results in a more efficient interaction
(charge transfer) between the catalyst WOC and the photo-
sensitizer, in turn affording more efficient photoinduced water
splitting. Moreover, our study also highlights different mobility
of the anchored dyes on the TiO2 surface that could affect the
electron-transfer process to the surface.

Results and Discussion

Design and Synthesis

p-tert-Butylcalix[4]arene was chosen as a host moiety because
of its efficient binding properties towards aromatic units. In
particular, p-tert-butylcalix[4]arene is well known to form an
inclusion complex with toluene both at the solid state[21] and
when grafted on a solid support, in the latter case adsorbing
toluene from a water solution.[22] The guest unit enters the
calixarene cavity by its methyl group and the complex is
stabilized by multiple CH-π interactions.[23]

The supramolecular calixarene-based dye-catalyst dyad has
therefore been designed upon this favourable interaction: we
assumed that the 4-picoline ligand of [Ru(bda)(pic)2], (bda=

Figure 1. Schematic representation of a DS-PEC.
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2,2’-bipyridine-6,6’-dicarboxylate, pic=4-picoline), a commonly
used Ru-based WOC for water splitting,[24] might be easily
complexed by the cavity of a p-tert-butylcalix[4]arene derivative
functionalized at the lower rim with a phenothiazine-based dye
(PTZ-Th), a photosensitizer previously investigated by us in
photoelectrochemical water splitting.[25] Two calixarene-dye
precursors have been investigated for the host-guest
supramolecular interaction with WOC: Calix-PTZ, where the
calix[4]arene moiety has been linked to one molecule of the
dye, and Calix-PTZ2, where two PTZ-Th units have been
covalently linked (Figure 2). In both cases, the dyes have been
connected to the calixarene through a n-butyl spacer, to
provide the system with a good degree of flexibility, and the
remaining positions of the lower rim have been functionalized
with n-propyl chains to fix the calixarene scaffold in the cone
structure.
Our aim was to investigate the efficacy of supramolecular

host-guest interactions in water splitting as a function of the
number of units of sensitizer. The water splitting analysis will
then be compared to that of a DS-PEC where the interaction of
the simple dye PTZ-Th and the catalyst [Ru(bda)(pic)2] is not
mediated by the calixarene host.
The calix[4]arene derivatives, the simple sensitizer PTZ-Th,

and the ruthenium catalyst [Ru(bda)(pic)2] were synthesized
according to literature.[24a,25a] The synthetic procedure for the
preparation of the calix[4]arene precursors 2 and 4 is depicted
in Scheme 1. 5,11,17,23-Tetra-tert-butyl-25,26,27-
tripropoxycalix[4]arene (1) and 5,11,17,23-tetra-tert-butyl-25,27-
dipropoxycalix[4]arene (3) were synthesized according to liter-
ature procedures.[26] The alkylation reactions to precursors 2 and
4 were performed under inert atmosphere in DMF using 1,4-
diiodobutane in presence of NaH as a base. The reactions gave

the products in good yield after neutralization with 0.1 N HCl
and column chromatography.
The synthesis of the calix[4]arene-based supramolecular

dye-host precursors, Calix-PTZ and Calix-PTZ2, is depicted in
Scheme 2. A Suzuki cross-coupling reaction, in presence of
Pd(dppf)Cl2 and K2CO3 in DME/MeOH, under microwave irradi-
ation, was carried out between 3,7-dibromo-10H-

Figure 2. Structures investigated and aim of this work.

Scheme 1. Synthesis of calix[4]arene intermediates 2 and 4. Reagents and
conditions: (i) 1,4-diiodobutane, NaH, anhydrous DMF, rt, 5 h; (ii) 1,4-
diiodobutane, NaH, anhydrous DMF, rt, 3 h.
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phenothiazine[25b] and 5-formylthienyl-2-boronic acid, protected
as pinacol acetal to avoid possible side-reactions during the
calixarene derivatization step.[27] The cross-coupling afforded
the intermediate 5 in good yield after proper work-up and
column chromatography. Subsequent nucleophilic substitution
under inert atmosphere in DMF for 3 days, in presence of NaH
as a base, with the proper iodobutyl calix[4]arene derivative (2
for the Calix-PTZ precursor, and 4 for the Calix-PTZ2 precursor)
afforded intermediates 6 and 7. The two products were purified
and submitted to deprotection with 10% HClaq/THF 1 :2 v/v at
50 °C to regenerate the free formyl functionalities in 8 and 9.
Final Knoevenagel-type condensation with cyanoacetic acid in
chloroform at reflux afforded the desired calixarene-dye
precursors Calix-PTZ and Calix-PTZ2.
The calixarene-based dyes Calix-PTZ and Calix-PTZ2 have

been optically and electrochemically characterised both in
solution and chemisorbed on a TiO2 film. The UV-Vis spectra of
the sensitizers compared with the reference dye PTZ-Th are
depicted in Figure 3 and the main relevant parameters are
collected in Table 1. The optical response of the calixarene-dyes
Calix-PTZ and Calix-PTZ2 is similar to that of the reference dye
PTZ-Th, as expected on the basis of the fact that the calixarene
moiety does not perturb the π-conjugated framework of the
donor-acceptor fragment, being linked to the chromophore
units by saturated alkyl chains. The three dyes exhibited, in the
visible region, the same 2-band structure, ascribed to local π-π*
absorption in the 350–400 nm range and to the ICT transition in

the 400–600 nm range, respectively. The absorption spectra in
the UV region were not investigated since they are not relevant
of the specific application. In fact, when sensitizers are used in a
DS-PEC, the portion of the UV spectrum overlaps with that of
the semiconductor (and, accordingly, irradiation light is filtered
in the UV region). The intensity of the absorption mainly follows
the trend given by the number of chromophore units per mole

Scheme 2. Synthesis of Calix-PTZ and Calix-PTZ2. Reagents and conditions: i) 4,4,5,5-Tetramethyl-2-[5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)- thiophen-2-yl]-
1,3,2-dioxaborolane, Pd(dppf)Cl2, K2CO3, DME-MeOH 1 :1 v/v, μw 75 W, 90 min, 90 °C; ii) 2, NaH, DMF, rt, 1 days; iii) 4, NaH, anhydrous DMF, rt, 3 days; iv) THF-
10% HClaq 1 : 2 v/v, 50 °C, 3 days; v) cyanoacetic acid, piperidine, CHCl3, reflux, 4 days.

Figure 3. Absorption spectra of the sensitizers Calix-PTZ and Calix-PTZ2 in
DMSO solution (10� 5 M) compared to the reference dye PTZ-Th.
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of compound. Accordingly, PTZ-Th and Calix-PTZ have similar
molar absorptivities whereas that of Calix-PTZ2 is almost twice.
The absolute value is in agreement with previous analogous

systems reported in the literature.[28] The absorption spectra on
1-μm-thick TiO2 films presented a shape similar to those in
solution (Figure S1, see Supporting Information). The absorption
maxima are blue-shifted by ca. 30 nm, in agreement with the
formation of covalent bonds involving the carboxylic acid
groups and the titanium dioxide, thus reducing the electron-
withdrawing strength of the acceptor groups in the dye. Optical
bandgaps have been calculated by means of the Tauc plots.[29]

Unfortunately, it was not possible to estimate the amount of
sensitizer chemisorbed on the films by typical desorption in
basic media (hydrolysis of the bond between the dye and TiO2)
due to the high stability of the dye anchoring under these
conditions, which, on the other hand, is encouraging for long-
term stability applications.
The oxidation potentials of Calix-PTZ and Calix-PTZ2 were

determined using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) when dissolved in 0.1 M TBABF4 in DMF
solution and when chemisorbed onto TiO2 films using an
aqueous buffer. The corresponding results are depicted in
Figure S2-S4 (see Supporting Information) and listed in Table 1.
The oxidation potential of PTZ-Th has been previously
determined and collected in Table 1 as a reference. All of the
compounds showed irreversible oxidation peaks in the CV
profile in solution. For this reason, DPV was preferred. The first
oxidation peak was attributed to the oxidation of the dye. The
oxidation potentials, which dictate the HOMO energy, are
positive enough to drive water oxidation, whereas the LUMO
level, estimated from the HOMO energy and the optical
bandgap, is high enough to inject excited electrons in the
conduction band (CB) of TiO2 (� 4 eV).

[30]

To further investigate the behavior of the new sensitizers in
the operative environment, CV and DPV measurements of the
dye-sensitized photoanodes were also performed using a 3-
electrode electrochemical cell in phosphate buffered saline
(PBS) solution+KNO3 0.5 M at pH=6.5 (Figure S4 and Figure S5,
see Supporting Information). The sensitized TiO2 photoanode
acted as the working electrode, a Pt wire as the counter
electrode, and Ag/AgCl (KCl 3 M) as a reference electrode. All
the measurements showed an irreversible oxidation peak
between +0.9 and +1.1 V vs NHE. The recorded oxidation

potential was in the order Calix-PTZ2>Calix-PTZ>PTZ-Th.
PTZ-Th presented the highest current density, while Calix-PTZ2
produced a current density higher than Calix-PTZ.
The electrochemical characterization of the photoanodes

was also performed with the investigated WOC dissolved in the
electrolyte medium (Figure 4). In this case, the WOC was
dissolved in CF3CH2OH and then added to the PBS solution in
the electrochemical cell (1×10� 3 M).[13] In all CV profiles, the
current density in presence of the WOC increased with respect
to the measurement without the catalyst, especially for the
peak at +1.2 V vs NHE, which corresponds to the beginning of
the catalytic wave for water oxidation.[32] A reversible oxidation
peak attributed to [Ru(bda)(pic)2] was clearly present in all CV
profiles. However, in the Calix-PTZ voltammogram, this peak
was broader and shifted (+0.81 V and +0.44 V vs NHE for
oxidation and reduction potentials, respectively) compared to
the other investigated dyes (+0.71 V and +0.63 V vs NHE for
oxidation and reduction potentials, respectively). Indeed, the
oxidation peak at +0.81 V vs NHE indicated the presence of the
RuIII/RuIV couple, that is mandatory to perform water

Table 1. Optical and electrochemical parameters of investigated sensitizers in solution and on transparent TiO2 film (in brackets).

Sample λmax
[b,c]

[nm]
λonset

[b,c]

[nm]
ɛ
[M� 1 cm� 1]

Vox
[d,e]

[V vs NHE]
�10 mV

HOMO[d,e,f]

[eV]
�0.05 eV

Egap
opt[b,e]

[eV]
LUMO[d,e,g]

[eV]
�0.05 eV

PTZ-Th[a] 470
(463)

592
(657)

34000
�1000

0.88
(0.84)

� 5.48
(� 5.44)

1.90
(1.70)

� 3.58
(� 3.74)

Calix-PTZ 481
(457)

594
(618)

28000
�1000

1.06
(0.93)

� 5.66
(� 5.53)

1.89
(1.84)

� 3.77
(� 3.69)

Calix-PTZ2 478
(462)

624
(628)

64000
�1000

1.02
(0.93)

� 5.62
(� 5.53)

1.83
(1.74)

� 3.79
(� 3.79)

[a] Value from ref. 6. [b] Dye solution 10� 5 M in DMSO. [c] 1-μm-thick transparent TiO2 photoanode films in brackets. [d] 10
� 4 M dye solution in TBABF4 0.1 M

DMF. [e] 3.5-μm transparent TiO2 photoanode films in 0.5 M KNO3 PBS pH 6.5 in brackets. [f] Molecular orbital energy vs vacuum= � 4.60 eV – NHE.[31] [g]
LUMO energy=HOMO energy+Egap.

Figure 4. CV of the dye-sensitized photoanodes in presence or in absence of
[Ru(bda)(pic)2]. Conditions: spectra without the catalysts were recorded in
PBS solution+KNO3 0.5 M at pH 6.5; spectra with the WOC were recorded in
PBS solution+KNO3 0.5 M at pH 6.5+5% CF3CH2OH (v/v). Counter electro-
de=Pt wire, reference electrode=Ag/AgCl KCl 3 M, scan rate 50 mVs� 1.
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oxidation.[32] Interestingly, Figure 4 shows a peculiar feature of
Calix-PTZ in presence of WOC, compared to the other two
investigated species. Indeed, Calix-PTZ shows a single broad
oxidation wave centred at ~ +0.8 V vs NHE, which can be
attributed to a new species where the WOC interacts with the
calix[4]arene cavity forming a single integrated photoactive
species. In contrast, Calix-PTZ2 and PTZ-Th CV profiles show
distinct oxidation peaks attributed, in the former case, to the
two distinct original species (that is, the sensitizer and the
catalyst), and in the latter one to the two original components
as well as the new interactive species (for a total of 3 oxidation
waves).
In all cases, the onset of the catalytic current was less

positive than the oxidation potential of the dye on film, thus
indicating that the photocatalytic water oxidation is thermody-
namically favoured in these systems.[13]

The photosystems were studied in DS-PECs with the same
set-up used for the electrochemical investigations. Linear sweep
voltammetry (LSV) measurements were performed, both under
illumination (200 W Xe lamp, 400<λ<800 nm) and in the dark,
in presence of the WOC (Figure S6, see Supporting Information).
The different response of each photosystem in the dark and
under illumination confirmed their photoactive behavior. In
particular, photocurrents generated by Calix-PTZ and PTZ-Th
were higher under irradiation and similar to each other, at
oxidative potentials higher than +0.3 V vs NHE (~20 vs
25 μAcm� 2). In contrast, the current density of illuminated
Calix-PTZ2 was almost comparable to that generated in the
dark. A bias of +0.4 V vs NHE was thus adopted to maximize
the photocurrents in the subsequent chronoamperometric (CA)
characterization.
CA experiments were performed with the same set-up as

for LSV, with 1 one-minute-chopped illumination cycles fol-
lowed by 5 min of continuous irradiation (Figure 5). At every
light-shutter opening, a photocurrent spike was observed. This
is consistent with the initial fast charge separation due to the

efficient electron injection from the excited dye to the CB of
TiO2, followed by extensive hole-electron recombination.

[13] The
surface recombination is likely the result of the slow catalytic
kinetics of the catalyst, which is unable to completely consume
the photogenerated holes.[13,33]

CA measurements revealed the following order in the
photocurrent density generation: Calix-PTZ (~40 μAcm� 2) >
PTZ-Th (~20 μAcm� 2) > Calix-PTZ2 (~0 μA cm� 2). The latter
showed an almost negligible photoresponse. Notably, Calix-
PTZ showed excellent stability with time and no decrease in the
photocurrent along all the experiment. A similar result was
observed for PTZ-Th, where only a small photocurrent decrease
(from 17 to 14 μAcm� 2) was recorded.
Remarkably, the presence of the calix[4]arene moiety in

Calix-PTZ allowed a photocurrent response approximately
twice as larger as that of the reference PTZ-Th. The optical
investigation (Figure 3), where the absorption intensity of Calix-
PTZ and PTZ-Th was similar, excluded that this result may arise
from enhanced light harvesting. To further confirm this, the
photoresponse of Calix-PTZ2, for which the molar absorptivity
was twice larger thanks to the presence of two chromophore
units, was almost absent. Thus, we can conclude that clearly,
the presence of the calix[4]arene host cavity is responsible for
the enhanced photoactivity of Calix-PTZ, although the same
beneficial role was not observed for Calix-PTZ2, an aspect that
will be rationalized in the Molecular Dynamics simulation
section. As far as the catalyst-calixarene interaction is con-
cerned, we argue that, as expected, some sort of beneficial
host-guest interaction takes place between the dye and the
catalyst WOC, most likely due to the 4-picoline ligand of
[Ru(bda)(pic)2] entering the calixarene cavity. Indeed, the p-t-
butylcalix[4]arene could easily host small guest molecules.
According to the literature, the four t-butyl groups interact with
aromatic groups through a CHhost-πguest interaction.

[34] Small
groups on the guest aromatic cycle could more easily enter the
macrocycle and favour a better orientation of the phenyl ring in
order to more fruitfully exploit the CHhost-πguest interaction.

[34–35]

Accordingly, the methyl group of the 4-picoline ligand in
[Ru(bda)(pic)2] might better interact with the host cavity
favouring the interaction with the macrocycle.

Molecular dynamics simulations

Molecular Dynamics (MD) studies were performed in order to
gain deeper insights on the beneficial TiO2-dye-catalyst inter-
molecular interactions occurring in Calix-PTZ, which in turn are
responsible for the enhanced performance. At the same time,
simulations can help in rationalizing the fact that Calix-PTZ2
generated a very low photocurrent, despite the presence of the
calix[4]arene moiety and encouraging optical properties.
MD simulations involved the PTZ-Th, Calix-PTZ, and Calix-

PTZ2 dyes anchored to the [101] anatase surface. For each dye,
the simulation box included the dye, the TiO2 slab (9.2×7.9×
1.1 nm) and about 12000 water molecules (final dimensions:
9.2×7.9×6.0 nm). In the case of Calix-PTZ and Calix-PTZ2,
simulations have been performed including also the [Ru-

Figure 5. CA measurements of the investigated dyes with [Ru(bda)(pic)2] in
PBS electrolyte solution and 0.5 M KNO3 +5% CF3CH2OH (v/v) at pH 6.5
under illumination (200 W Xe lamp; 400<λ<800 nm). CE=Pt wire, RE=Ag/
AgCl KCl 3 M, applied bias +0.4 V vs NHE.
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(bda)(pic)2] catalyst, initially docked into the calix[4]arene
cavity. In the case of PTZ-Th, the catalyst is believed to freely
diffuse in solution and, for this reason, it was not included in
the simulations.
Analysis of MD simulations shows that the catalyst persis-

tently stays inside the calix[4]arene cavities of both Calix-PTZ
and Calix-PTZ2 due to the intermolecular interactions between
the 4-picoline moiety and the host (see movies in Supporting
Information).
With the aim of identifying key reference points for the

investigation of dyes mobility as one of the main determinants
of the charge transfer processes, we calculated the HOMO and
LUMO of a model of PTZ-Th where the alkyl chain has been
replaced by a methyl group (PTZ-Th-Me) at the DFT level
(Figure S7, see Supporting Information). The centre of the
phenothiazine ring has been selected as representative of the
HOMO position, while the centre of the thiophene rings has
been selected as representative of the LUMO position.
T. J. Meyer et al. have thoroughly studied the influence of

intra-assembly distance effects on intra-assembly and interfacial
electron transfer dynamics in DS-PEC photoanode
applications.[36] Accordingly, along the MD trajectories we
sampled a series of geometrical parameters able to affect the
efficiency of the electron transfer processes: a) the distances
between the centre of the thiophene rings (Figure S7d, see
Supporting Information) and the TiO2 surface; b) the angles
between the planes defined by the thiophene rings and the
TiO2 surface, assumed as representative of the orientation of
the LUMO with respect to the TiO2 surface; and c) the distance
between the centre of the phenothiazine ring, (Figure S7d, see
Supporting Information), and the ruthenium atom of the
catalyst. Parameters a) and b) modulate the interfacial electron
transfer from the photoexcited dye (that is, from the LUMO of
the dye) to the semiconductor surface, whereas distance c)
modulates the interfacial electron transfer from the catalyst to
the HOMO of the dye.
The percentage frequency and the cumulative percentage

frequency of the distances between the centre of the thiophene
rings of the three dyes and the TiO2 surface are shown in
Figure 6. These data clearly show that Calix-PTZ, and to a lesser
extent PTZ-Th, present distances shifted toward lower values
than Calix-PTZ2, suggesting a closer contact between the
LUMO and the semiconductor surface.
Figure 7 shows, for the three dyes, the percentage fre-

quency, and the cumulative percentage frequency, of the
angles between the planes defined by the thiophene rings and
the TiO2 surface (angles reported within the 0–90° window). It
can be noted that Calix-PTZ and PTZ-Th present the thiophene
rings more tilted towards the TiO2 surface than Calix-PTZ2
(almost 50% of the conformations of Calix-PTZ and PTZ-Th
present angle values �60°, to be compared with around one
quarter for Calix-PTZ2).
Regarding the catalyst-dye interaction, Figure 8 depicts the

percentage frequency and the cumulative percentage fre-
quency of the distances between the centre of the phenothia-
zine ring and the ruthenium atom of the catalyst. No significant

differences were observed between the dyads Calix-PTZ/[Ru-
(bda)(pic)2] and Calix-PTZ2/[Ru(bda)(pic)2].
These results suggest that the higher photocurrent density

observed for Calix-PTZ with respect to Calix-PTZ2 could be the
result of the different mobility of the dye coordinated to the
surface. Calix-PTZ, coordinated with two carboxylates to the

Figure 6. Distances between the center of the thiophene rings and the TiO2
surface along MD trajectories of Calix-PTZ/[Ru(bda)(pic)2], Calix-PTZ2/[Ru-
(bda)(pic)2] and PTZ-Th: (top) percentage frequency and (bottom) cumu-
lative percentage frequency.

Figure 7. Angles between the thiophene rings and the TiO2 surface along
MD trajectories of Calix-PTZ/[Ru(bda)(pic)2], Calix-PTZ2/[Ru(bda)(pic)2] and
PTZ-Th: (top) percentage frequency and (bottom) cumulative percentage
frequency.
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surface, presents greater mobility than Calix-PTZ2. Indeed, it
adopts conformations that present a presumably more favour-
able spatial disposition of the dye LUMO involved in the
electron injection into the semiconductor.[36] On the contrary,
the rigid constraints imposed by the four carboxylates coordi-
nation reduce the Calix-PTZ2 mobility, negatively affecting the
possibility to adopt relative orientations favourable to an
efficient electron transfer process.
In contrast, no significant differences were observed in the

distances involving the ruthenium atom of the catalyst and the
HOMO of the dyes, thus indicating that the higher photocurrent
density observed for Calix-PTZ could mainly be due to the
more favourable interaction LUMO-TiO2.
Finally, comparison between Calix-PTZ and PTZ-Th shows

that these two compounds present similar mobility with respect
to the surface. Accordingly, the higher current density observed
in Calix-PTZ might be attributed to the catalyst proximity to the
chromophore which is favoured by the docking of the former
into the calix[4]arene cavity.[13]

Conclusion

In this work, we have introduced a novel concept consisting in
integrated photosensitizer-catalyst dyads based on host-guest
non-covalent interactions through the use of calix[4]arene
cavities for solar energy conversion in photoelectrochemical
cells. By using such supramolecular approach we were able to
achieve enhanced photocurrent photogeneration (twice great-
er) in the integrated calixarene-based host-guest dyads com-

pared to the conventional arrangement based on two separate
photosensitizer and catalyst components. In particular, we have
measured that the calix[4]arene derivative carrying only one
chromophore unit (Calix-PTZ) is much more efficient than the
counterpart with two dye units (Calix-PTZ2). Molecular dynam-
ics simulations suggest that the superior performance of Calix-
PTZ could originate from a closer contact of the LUMO of the
dye with the surface of the semiconductor compared to Calix-
PTZ2, thus allowing a more efficient electron transfer from the
photoexcited dye to the CB of TiO2. At the same time, the
presence of the calix[4]arene host cavity facilitates a more
persistent interaction between the catalyst and the dye,
compared to the reference system without the host moiety
(PTZ-Th).
In conclusion, we believe that these results represent a

novel concept for designing efficient integrated supramolecular
dye-catalyst components for photoelectrochemical charge gen-
eration and subsequent production of solar fuels and chemicals,
which can be extended to other families of sensitizers and
catalysts for a variety of applications in the field of solar energy
conversion and artificial photosynthesis.

Experimental Section

General information

The following materials were purchased from commercial suppliers:
FTO-coated glass plates (2.2-mm thick; sheet resistance ~7 ohm per
square; Solaronix); Dyesol 18NR� T transparent TiO2 blend of active
20 nm anatase particles. UV-O3 treatment was performed using
Novascan PSD Pro Series – Digital UV Ozone System. The thickness
of the layers was measured by means of a VEECO Dektak 8 Stylus
Profiler.

Electrochemical investigation of dyes

Cyclic Voltammetry (CV) was carried out at a scan rate of 50 mVs� 1,
using a Bio-logic SP-240 potentiostat in a three-electrode electro-
chemical cell under Ar. The working, counter, and the pseudo-
reference electrodes were a glassy carbon pin (surface area=

0.02 cm2), an Ag/Ag+ TBAP in CH3CN (0.1 M tetrabutylammonium
perchlorate and 0.01 M AgNO3 in acetonitrile) and a Pt wire for the
dyes in solution or a sensitized 3.5-μm-thick TiO2 film, a Pt wire and
an Ag/AgCl electrode (3 M KCl) for the measurements on film. The
working electrodes discs were well polished with alumina 0.1 μm
suspension. The preparation and sensitization of the 3.5-μm-thick
TiO2 film is described below. The Pt wire was sonicated for 15 min
in deionized water, washed with 2-propanol, and cycled for 50
times in 0.5 M H2SO4 before use. The Ag/Ag

+ pseudo-reference
electrode was calibrated, by adding ferrocene (10� 3 M, Fc) to the
test solution after each measurement.[37] The Ag/AgCl (KCl 3 M)
pseudo-reference electrode was calibrated, by adding potassium
hexacyanoferrate(II) trihydrate (10� 3 M) to the test solution after
each measurement.[38] Electrochemistry in solution was performed
in TBABF4 0.1 M DMF, while the one on film in 0.01 M aqueous
buffer phosphate saline solution and 0.5 M KNO3 at pH 6.5. 5%
CF3CH2OH (v/v) was added to solubilize the WOC in the experi-
ments with the WOC (1×10� 3 M – final concentration). The
potentials were recorded respect to Fc/Fc+ and [Fe(CN)6]

3� /[Fe-
(CN)6]

2� and converted to NHE adding 0.72 V or +0.408 V
respectively.[37–38]

Figure 8. Distances between the centre of the phenothiazine ring and the
ruthenium atom of the catalyst along MD trajectories of Calix-PTZ/[Ru-
(bda)(pic)2] and Calix-PTZ2/[Ru(bda)(pic)2]: (top) percentage frequency and
(bottom) cumulative percentage frequency.
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Preparation of photoanodes

The photoanodes have been prepared adapting a procedure
reported in the literature.[39] In order to exclude metal contami-
nation all the containers were in glass or Teflon and were treated
with EtOH and 10% HCl prior to use. Plastic spatulas and tweezers
have been used. FTO glass plates were cleaned in a detergent
solution for 15 min using an ultrasonic bath, rinsed with pure water
and EtOH. After treatment in a UV-O3 system for 18 min, a
transparent active layer of 0.8 cm2 was screen-printed using Dyesol
18NR-T active transparent TiO2 paste. The coated films were
thermally treated at 125 °C for 6 min, 325 °C for 10 min, 450 °C for
15 min, and 500 °C for 15 min. The heating ramp rate was 5–10 °C
min� 1.

These films were then treated in a UV-O3 system for 20 min at room
temperature, then soaked into a 2×10� 4 M solution in EtOH/DMSO
(15 :1) of the photosensitizer overnight at room temperature in the
dark. The stained substrates were rinsed with EtOH and dried with
a stream of dry nitrogen. The UV-Vis spectra were recorded in
comparison with a bare 1 μm transparent TiO2 film, while CV and
LSV with a bare 3.5 μm transparent TiO2 film.

Photoelectrochemical measurements

Photoelectrochemical measurements of DS-PEC were carried out
with black metal mask on top of the photoanode of 0.50 cm2

surface area under a 200 W Xenon lamp (using a LOT-Oriel xenon
white light source, equipped with a 400 nm cut-off filter to
minimize TiO2 contribution and an IR filter to avoid cell warming).
The LSV (scan rate 20 mVs� 1) and CA measurements on the DS-PEC
were performed using a Biologic SP-240 potentiostat in a three-
electrode purposely designed photoelectrochemical cell filled with
pH 6.5 PBS (Sigma Aldrich, product number P4417), KNO3 0.5 M
under Ar, and the data collected with EC-Lab.

Molecular modelling

Starting from the crystallographic structure of anatase [101],[40] a
TiO2 slab (dimensions: 9.2×7.9×1.1 nm) was built with Maestro
2021 suite.[41] The slab was inserted in a simulation box large
enough to contain the dyes and the catalyst (final dimensions 9.2×
7.9×6.0 nm). The structures of the three dyes and the catalyst were
built in Maestro and optimized with all atom force field OPLS-
2005[42] before approaching them to the surface. The systems were
solvated with water molecules described by SPC model (approx.
number of water molecules: 12000). Carboxylic groups of the dyes
were considered in their anionic form to guarantee the anchoring
to the surface. Neutralization of the total charge of the systems was
reached by adding Na+ ions. For titanium dioxide, a force field
described only by non-bonded electrostatic and van der Waals
interactions was used.[43] This force fields were developed in order
to adequately describe both the bulk and the water surface
interactions of TiO2. The all-atom force field OPLS-2005 was used
for the photosensitizers and the catalyst.[42] Molecular Dynamics
simulations were performed with Gromacs (release 2019.1),[44]

applying Periodic Boundary Conditions. For non-bonded interac-
tions a 1.2 nm cut-off was used, beyond which long-range electro-
static interactions were treated by Particle Mesh Ewald algorithm.[45]

Systems were minimized with steepest descent algorithm. Initial
velocities were generated from a Maxwell distribution at 300 K with
a random seed. MD simulations were performed at constant
temperature (T=300 K) and pressure (P=1 bar) with a 2 fs time-
step. TiO2 surface, dyes, catalyst and aqueous solutions were
coupled to V-rescale thermostats[46] every 0.1 ps and to a Parrinello-
Rahman barostat[47] every 2 ps. Bonds involving hydrogen atoms

were constrained with LINCS algorithm.[48] For each system two
50 ns simulations were run and analysed every 100 ps.

As far as quantomechanical calculations are concerned, we
considered a model of the PTZ dye (Figure S6), where the alkyl
chain of PTZ-Th has been replaced by a methyl group. Ground
state geometry optimization of this model dye was performed by a
density functional theory (DFT) calculation in vacuo, with PBE0
functional[49] and 6-31G* basis set by using the Gaussian 16
program (revision A.03).[50] The calculated HOMO and LUMO at the
PBE0/6-31G* level are shown in Figure S7.

General information for synthesis

NMR spectra were recorded with a Bruker Advance-Neo spectrom-
eter operating at 400 MHz (1H) and 100 MHz (13C). Coupling
constants are given in Hz. Absorption spectra were recorded with a
V-570 Jasco spectrophotometer. ATR FT-IR spectra were recorded
with a PerkinElmer Spectrum 100. High resolution mass spectra
have been recorded with an Agilent 6230B Time of Flight (TOF)
equipped with an electrospray (dual ESI) source. Compounds were
purified using flash chromatography with Merck grade 9385 silica
gel 230–400 mesh (60 Å). The glassware for water-free reactions
was dried in a 130 °C oven for 4 h before use and then attached to
the vacuum pump. Inert atmosphere was generated by Schlenk
technique using nitrogen flow. Conversion was monitored by thin-
layer chromatography (Silica gel on TLC Al foils with fluorescent
indicator 254 nm) by using UV light (254 and 365 nm) as a
visualizing agent. All reagents were obtained from commercial
suppliers at the highest purity grade and used without further
purification. Anhydrous solvents were purchased from Acros
Organics and used without further purification. Organic phases
obtained after extraction were dried with Na2SO4 and filtered
before removal of the solvent by evaporation. The PTZ-Th,[25a]

4,4,5,5-tetramethyl-2-(5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-
yl)thiophen-2-yl)-1,3,2-dioxaborolane,[27] 5,11,17,23-tetra-tert-butyl-
25,26,27-tripropoxycalix[4]arene (1),[26] 5,11,17,23-tetra-tert-butyl-
25,27-dipropoxycalix[4]arene (3),[26] and [Ru(bda)(pic)2],[24a] have
been synthesized according to literature procedures. The synthetic
procedures for all the new synthesized compounds are described in
the Supporting Information.
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