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Abstract: Molecular and supramolecular-based systems and
materials that can perform predetermined functions in re-
sponse to light stimulation have been extensively studied in
the past three decades. Their investigation continues to be a
highly stimulating topic of chemical research, not only because
of the inherent scientific value related to a bottom-up approach
to functional nanostructures, but also for the prospective appli-
cations in diverse fields of technology and medicine. Light is an
important tool in this context, as it can be conveniently used

1. Introduction
The interaction between light and matter is at the basis of life
on our planet.[1] Photosynthesis converts large amounts of sun-
light energy to power the natural world, while the information
content of photons is exploited in vision-related processes. A
variety of functions can also be obtained when light interacts
with artificial systems; research in the past decades has shown
that the nature and utility of such functions are largely deter-
mined by the chemical complexity and organization of the mat-
ter that receives and processes the photons.[2–4]

In this regard, with the development of supramolecular
chemistry, it was proposed that the concept of macroscopic
device and machine could be applied to the molecular level.[5–

7] Briefly, a molecular device can be defined[8] as an assembly
of a discrete number of molecular components designed to
perform a function under appropriate external stimulation. Par-
ticularly interesting types of molecular devices are molecular
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both for supplying energy to the system and for probing its
states and transformations. In this microreview we recall some
basic aspects of light-induced processes in (supra)molecular
assemblies, and discuss their exploitation to implement novel
functionalities with nanostructured devices, machines and ma-
terials. To this aim we illustrate a few examples from our own
recent work, which are meant to illustrate the trends of current
research in the field.

machines and motors,[8–11] whose operation involves controlled
mechanical movements of their components against random
thermal (Brownian) motion, activated by an energy supply.[12]

The high scientific value of these ideas and their huge – and,
at present, largely unexpressed,[13,14] – potential for applications
led to the award of the Nobel Prize in Chemistry in 2016 to
Sauvage, Stoddart and Feringa “for the design and synthesis of
molecular machines”.[15–17]

Biomolecular devices and machines carry out crucial tasks in
living organisms. They constitute compelling examples of the
feasibility and utility of nanotechnology,[18] and provide a solid
motivation for attempting the realization of artificial versions.
The bottom-up synthesis of systems as sophisticated as those
present in Nature is, however, a prohibitive task. Therefore,
chemists have focused on the construction of much simpler
species (that do not attempt to mimic the complexity of biolog-
ical structures), on the investigation and rationalization of the
phenomena at the basis of their operation, and on the study of
their connection with the macroscopic world, particularly with
regard to energy supply and information exchange.[19] In the
past two decades the application of a device-driven approach
to chemical research, enabled by the continuous progress in
synthetic and characterization techniques and methodologies,
has led to remarkable accomplishments.[20–24]

Molecular devices and machines, like their macroscopic
counterparts, need an energy supply and a control system.
Light provides an answer to this dual requirement: on the one
hand, photons can trigger reactions that bring about structural
and/or electronic modifications, which are reflected in the
change of properties. Light can also be used to control and
monitor the operation of the device, because the interactions
between the components often affect the photonic response
of the system.
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It should be recalled that a key paradigm for the develop-
ment of molecular-scale devices and machines is molecular
switching. This phenomenon – which involves the reversible
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transformation of a molecular species, induced by an external
stimulus, between (at least) two forms with different properties
– has been widely investigated in solution and can also take
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place at interfaces, on surfaces and in the solid state. It is there-
fore not surprising that the growth of the field of stimuli-re-
sponsive molecular systems and materials is strictly related to
the progress of research on molecular switches.[25]

This short review is aimed at illustrating recent research pro-
gresses on the design, synthesis and investigation of artificial
molecular-scale devices, machines and materials that respond
to light stimuli. After a short tutorial-style discussion of the pho-
toinduced processes that can be exploited to implement light-
triggered functionalities in molecular and supramolecular sys-
tems, we will describe a few selected examples taken from our
work of the past five years. Potential applications, limitations
and future directions are also discussed.

2. Photoinduced Processes in Molecular and
Supramolecular Systems
Before describing specific examples it is worthwhile recalling a
few basic aspects of the interaction between molecular and
supramolecular systems, and light. For a more detailed discus-
sion, the book referred here[26] can be consulted.

2.1 Molecular Photophysics and Photochemistry

The schematic electronic energy-level diagram for a generic
molecule, that could also be a component of a supramolecular
species, is shown in Figure 1. In most cases the molecule
ground state is a singlet state (S0), and the excited states have
either singlet (S1, S2,···) or triplet (T1, T2,···) nature. In principle,
transitions between states having the same spin label are al-
lowed, and those between states of different spin are forbidden.
Hence, the absorption bands observed in the UV-Visible spec-
trum of molecules usually correspond to S0 → Sn transitions.

Figure 1. Schematic diagram of the electronic energy levels of a molecule
and of the transitions between them: full line, absorption; dashed lines, radia-
tive decays; dotted lines, non-radiative decays. See the text for details.

Generally speaking, the excited state obtained upon absorp-
tion of a photon is an unstable species that quickly disappears
by intramolecular processes characterized by first-order kinetics.
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These processes include radiative and non-radiative deactiva-
tions to lower-lying electronic states, and chemical reactions
(e.g., dissociation, isomerization). When a molecule is excited
to upper singlet excited states (e.g., S2 in Figure 1), it usually
undergoes a fast and unit-efficient non-radiative decay to the
lowest excited singlet, S1 (internal conversion, ic). The excited
molecule then evolves from the S1 state via four competing
processes: non-radiative decay to the ground state (internal
conversion, rate constant kic), radiative decay to the ground
state (fluorescence, kfl), conversion to the lowest triplet excited
state T1 (intersystem crossing, kisc), and transformation into an-
other species (chemical reaction, kcr). The case of the photore-
action, which is particularly relevant for the examples illustrated
in the following, will be discussed in Section 2.3.

In its turn, T1 can eventually decay via non-radiative (intersys-
tem crossing, k′isc) or radiative (phosphorescence, kph) processes
to the ground state S0; alternatively, it can also undergo a
chemical transformation (k′cr). When the molecule contains
heavy atoms, the formally spin-forbidden intersystem crossing
and phosphorescence processes become faster. The lifetime τ
of the excited state, that is, the time needed to reduce its
concentration by 2.718, corresponds to the reciprocal of the
summation of the decay rate constants [Equation (1) and Equa-
tion (2)]:

Typical lifetime values are comprised between 10–10–10–7 s
(0.1–100 ns) for τ(S1) and 10–4–100 s (0.1 ms–1 s) for τ(T1). The
quantum yield of fluorescence Φfl is the number of photons
emitted by S1 in a given period of time divided by the number
of absorbed photons in the same period; it can be calculated
with Equation (3). Similarly, the phosphorescence quantum
yield Φph (ratio between the number of photons emitted by T1

and the number of absorbed photons) and the photoreaction
quantum yields Φcr and Φ′cr (ratio between the number of
transformed molecules and the number of absorbed photons)
are given by Equation (4), Equation (5) and Equation (6). Quan-
tum yield values can range between 0 and 1. Excited state life-
times, and fluorescence, phosphorescence and photoreaction
quantum yields are known for a large number of molecules.[27]

When the intramolecular deactivation processes are not too
fast (i.e., when the lifetime of the excited state is not too short),
an excited molecule *X in fluid solution may have a chance to
encounter a molecule of another solute, Y (Figure 2). In such a
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case, specific interactions can trigger the disappearance of the
excited state by second-order processes. The most important
kinds of interactions in an encounter are those leading to en-
ergy transfer, electron transfer, and chemical reaction. Due to
the occurrence of these processes, the intrinsic properties of *X
are quenched; energy transfer also causes the sensitization of
the excited state properties of Y. Simple kinetic arguments show
that only the excited states with a lifetime longer than ca. 1 ns
can have a reasonable chance to run into other solute mol-
ecules.

Figure 2. Bimolecular processes that could take place following an encounter
between an excited molecule *X and another chemical species Y.

An in-depth discussion of the thermodynamic and ki-
netic aspects of energy- and electron-transfer processes is be-
yond the scope of this article and can be found in the litera-
ture.[28–30] Here, it is sufficient to emphasize that a molecule in
an electronically excited state has quite distinct properties with
respect to the same molecule in the ground state. The most
significant difference is that an electronic excited state has a
much higher energy content (>100 kJ mol–1) compared to the
corresponding ground state, which translates into an enhanced
reactivity. The fact that a molecule in an excited state is both a
stronger reductant and a stronger oxidant than in the ground
state is a clear evidence of this fact.[31]

2.2 Supramolecular Photochemistry

Molecular components can be arranged in a supramolecular
system so as to favour the occurrence of bimolecular processes,
such as energy- and electron-transfer processes, and chemical
reactions. Indeed, the component to be excited, X, can be
placed in the vicinity of a suitable molecule, Y, in the supra-
molecular assembly.

Let us consider the simple case of an X···Y supramolecular
system, where X is the light-absorbing molecular unit [Equa-
tion (7)], and Y is the other molecular component involved with
X in the photoinduced process. The symbol···denotes the chem-
ical bond that keeps X and Y together, which can vary from
weak Van der Waals interactions to the limit of strong covalent
bonds (provided that they do not radically perturb the nature
of the X and Y components in the complex). In such a system,
after light excitation of X there is no need to wait for a diffusion
controlled encounter between *X and Y, as in molecular photo-
chemistry, because the two reaction partners can already be at
an interaction distance suitable for energy transfer [Equa-
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tion (8)], electron transfer [Equation (9) and Equation (10)] or
chemical reaction [Equation (11)]:

Photoinduced energy transfer [Equation (7) and Equation (8)]
is followed by radiative and/or non-radiative deactivation of the
excited acceptor [Equation (12)]. Another possibility, which
however requires special conditions – primarily, that the excited
levels of the donor and acceptor units are very close in energy
– is reverse energy transfer from the sensitized *Y to X [Equa-
tion (13)]. In such a case, delayed luminescence of the X compo-
nent can be observed if *X undergoes radiative decay.[32] In the
absence of rapid chemical transformations of the oxidized and/
or reduced species, after photoinduced electron transfer [Equa-
tion (7), Equation (9) and Equation (10)] the starting ground
state is regenerated by spontaneous back electron-transfer
processes [Equation (14) and Equation (15)]:

In supramolecular complexes, energy- and electron-transfer
processes follow first-order kinetics and do not rely on diffusion
of the partners. Hence, in suitably designed supramolecular sys-
tems even very short lived excited states can become involved
in such processes.

2.3 Photochemical Reactions

As discussed in Section 2.1, electronically excited states can de-
cay by undergoing a chemical transformation, either intramo-
lecularly (i.e., with first-order kinetics, Figure 1) or via a bimolec-
ular encounter with another ground-state reactant (Figure 2).
Here, we will briefly recall only a few classes of photoreactions
that are relevant for the examples presented in the next Sec-
tions. Readers interested in a more thorough discussion of or-
ganic and inorganic photoreactions should consult these refer-
ences.[33,34]

A most common and widely investigated class of unimolec-
ular light-induced reactions is photoisomerization. It refers to
the transformation of a compound from one isomeric form to
another as a consequence of light irradiation. As the different
forms usually have different absorption spectra, this phenome-
non is also known as photochromism.[35] In most instances, the
interconvertible forms are configurational stereoisomers (e.g.,
E-Z) or open- and closed-ring isomers. Azobenzene, stilbene,
hydrazone and chalcone derivatives provide examples of con-
figurational photoisomerization, while diarylethenes, fulgides,
spiropyrans and dihydroazulenes undergo ring closing and
opening phototransformations. The light-generated isomer can
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either revert thermally to the initial form (thermally reversible
photochromes, or T-type), or be inert even at high temperature;
in the latter case the back reaction must be promoted by light
(photochemically reversible photochromes, or P-type). Spiro-
pyrans and diarylethenes are examples of T-type and P-type
photochromes, respectively.

A prototypical case of T-type photoisomerization is the
E-Z interconversion of the –N=N– double bond in azobenzene
(Figure 3). The E isomer is thermodynamically stable and can
be transformed into the Z form by light irradiation; back conver-
sion to the E isomer can be achieved by either light irradiation
or heating. The two forms show significantly different structure
and physicochemical properties, and their reversible intercon-
version is efficient, clean and fast. The E-Z photoisomerization
of azobenzene is therefore an ideal reaction to implement light-
driven functions within (supra)molecular systems and materi-
als.[36] Indeed, the first examples of molecular machines, re-
ported in the early 80s, exploited the photoisomerization of
azobenzene to operate molecular tweezers;[37] in more recent
years the evolution of this idea has led to the realization of
highly sophisticated devices.[38] It should be recalled that, be-
cause the absorption spectra of E- and Z-azobenzene are exten-
sively overlapped, the irradiation of either isomer leads to pho-
tostationary states in which the degree of isomerization is often
far from 100 %. Although such a behaviour prevents the clean
and complete photoswitching between the two isomeric forms,
it can lead to interesting light-induced features, as it will be
discussed in Section 3.4.

Figure 3. The E and Z configurational isomers of azobenzene, and their photo-
chemically and thermally induced interconversion.

Photoinduced decomposition of coordination compounds is
another class of unimolecular photoreactions, in which one or
more ligands are detached from a metal centre as a result of
light excitation.[34] A prototypical case is represented by octa-
hedrally distorted RuII complexes such as [Ru(tpy)(bpy)L]2+

(bpy = 2,2′-bipyridine; tpy = 2,2′:6′,2′′-terpyridine, L = mono-
dentate ligand) (Figure 4).[39] In general, RuII polypyridine com-
plexes show an intense metal-to-ligand charge-transfer (MLCT)
absorption band in the visible region (λmax at around 450 nm);
the lowest excited state, 3MLCT, is reached with unitary effi-
ciency from the upper lying excited states. Another metal-
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centred (d-d) triplet excited state (3MC) lies at higher energies
but it cannot be directly populated by light absorption. In
[Ru(tpy)(bpy)L]2+-type complexes, however, the ligand field is
weak because of the structural distortion, and the 3MC is low-
ered in energy such that it can be thermally populated from
the 3MLCT state which, as discussed above, is efficiently ob-
tained by excitation with visible light. As the 3MC state is
strongly dissociative, light irradiation in these complexes can
lead to the decoordination of the non-chelating ligand (Fig-
ure 4).

Figure 4. Potential energy diagram for a distorted octahedral complex
[Ru(tpy)(bpy)L]2+, showing the photoinduced expulsion of the monodentate
ligand L as a result of the thermal population of the dissociative 3MC level
from the 3MLCT state. Reproduced by permission from ref.[40].

Important classes of bimolecular photoreactions are photo-
oxigenations and photocycloadditions. In the first case, molec-
ular oxygen is covalently incorporated in the product as a result
of light excitation. In most instances, excited singlet oxygen
(1O2) – generated by energy transfer from the T1 excited state
of the reactant to ground state oxygen (3O2) – attacks the reac-
tant itself in the ground state. The direct reaction of the photo-
excited species with ground state oxygen is also possible. A
well known example of photooxygenation is the UV irradiation
of an air equilibrated solution of anthracene (An), with forma-
tion of anthracene-9,10-endoperoxide. UV Excitation of anthra-
cene affords the S1 state, which in its turn produces the T1 state
by intersystem crossing [Equation (16)]; quenching of T1 by dis-
solved molecular oxygen generates 1O2 [Equation (17)], which
subsequently attacks anthracene to yield the endoperoxide
[Equation (18)].

In photocycloaddition reactions, two unsaturated molecules
are joined together with the aid of light, forming a cyclic prod-
uct. Anthracene provides again a common and widely investi-
gated reaction of this kind; that is, the [4π + 4π] photocyclo-
addition, which leads to dimerization [Equation (19)].[41] The re-
action occurs in deoxygenated solution (to avoid photooxygen-
ation, see above), and experimental evidence indicates that the
reaction proceeds via the excited singlet state.
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3. Examples

3.1 Photochemical Trapping and Release of Singlet
Oxygen

Excited singlet oxygen is a strongly oxidizing species, and its
controlled trapping and release is of interest for many applica-
tions in materials science, wastewater treatment, optical imag-
ing, and medical therapy.[42] As discussed in Section 2.3, 1O2

can be trapped by reaction with aromatic compounds and, in
some cases, it can be thermally released. An elegant strategy to
regulate the concentration of 1O2 involves the use of molecular
switches.[25]

The dimethyldihydropyrene-cyclophanediene (DHP-CPD)
photochromic couple shown in Figure 5 (compounds 1 and 2)
belongs to the family of diarylethenes.[43] In deoxygenated
acetonitrile, visible-light irradiation of the colored form 1 af-
fords the colorless CPD isomer 2; the reverse conversion (2→1)
is accomplished either by UV irradiation or thermally. When the
irradiation is performed on an air-equilibrated solution, the col-
orless endoperoxide 2-O2 – formally obtained by addition of
one dioxygen molecule to the open form 2 – is quantitatively
obtained (Figure 5).

Figure 5. The photochemical and thermal interconversion processes between
dihydropropene 1, cyclophanediene 2, and endoperoxide 2-O2.

These results can be rationalized as follows. Visible irradiation
of the starting isomer 1 in the ground state (S0) produces its
singlet excited state (S1) which isomerizes to 2. The S1 level of
1 can also decay to the triplet state T1 by intersystem crossing.
As T1 is efficiently quenched by O2, 1 can play the role of oxy-
gen sensitizer. The photogenerated singlet oxygen then reacts
with 2 to afford the endoperoxide 2-O2. It should be pointed
out that 2 does not absorb the irradiation light and does not
react with ground-state oxygen 3O2 under dark conditions.
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The endoperoxide 2-O2 first releases the trapped dioxygen
molecule to form the cyclophanediene species 2, which then
thermally reverts to the initial DHP isomer 1 without degrada-
tion or formation of rearrangement products (Figure 5). O2 is
released in its singlet excited state, as evidenced by EPR and
NMR trapping experiments, with nearly quantitative efficiency.
The thermal release of 1O2 can be directly monitored by follow-
ing the time-dependent decay of its phosphorescence emission
in the near infrared (1270 nm), which is observed in the ab-
sence of photoexcitation (Figure 6).

Figure 6. Time-dependent luminescence intensity changes at 1270 nm ob-
served for 2-O2 (0.19 mM), obtained in situ upon exhaustive irradiation of 1
with visible light. The emission spectrum of the same solution (inset) shows
the characteristic phosphorescence band of 1O2. All these measurements
were performed without photoexcitation. Conditions: CD3CN, 0.19 mM, 60 °C.
Reproduced by permission from ref.[43]

Considering that the generation of endoperoxide from plain
dimethyldihydropyrene proceeds with low yields, the high effi-
ciency of the photooxygenation from 1 highlights the impor-
tance of the electron withdrawing pyridinium substituents on
the oxygen trapping/releasing process. This system combines
together several important practical features: (i) it does not re-
quire an external 1O2 photosensitiser, (ii) it uses low energy
(red) light, (iii) it exhibits excellent reversibility, and (iv) its prop-
erties can be tuned by modification of its substitution pattern.
For example, the peripheral methyl groups could be replaced
by functional moieties such as reactive groups or polyether
chains, thus enabling the preparation of advanced materials or
the adjustment of the solubility of the compounds.

3.2 Photochemically Driven Change of Molecular Topology

Rotaxanes and catenanes are two major classes of mechanically
interlocked molecules (MIMs),[44,45] which are interesting not
only because of their topology, but also because they are ap-
pealing for the realization of nanoscale devices and ma-
chines.[8–15,45] Examples of topology interconversion from one
class of MIM (e.g. from rotaxane to catenane) to another are
rare.

Recently, we described the synthesis and characterisation of
the [2]rotaxane 3 (Figure 7), and studied its photochemical con-
version to a well-defined catenane product, concomitant fluo-
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rescence switching, and thermal and photochemical return to
the original rotaxane structure.[46]

Figure 7. Structure formula of the [2]rotaxane 3 and the two catenated regio-
isomers (antiparallel, HT, and parallel, HH) that can be formed by the [4π +
4π] photocycloaddition of the anthracene-based stoppers. The experimental
data suggest that only the HT isomer is obtained.

The rotaxane consists of an axle component that comprises
a central dibenzylammonium unit and 9-alkoxyanthracene
stoppers, threaded through a dibenzo[24]crown-8 (DB24C8)
macrocycle. The intramolecular photodimerization of the termi-
nal anthracene units of 3 would cause the rotaxane-to-
catenane transformation. Anthracene moieties functionalized at
the 9-position are employed as the photoactive unit in order
to limit the number of photoproduct regioisomers to a stable
antiparallel head-to-tail isomer (HT), and an unstable head-to-
head isomer (HH).

Irradiation of 3 at 365 nm in degassed acetonitrile affords
the virtually complete conversion into the photodimerized
catenane product, with a quantum yield of 0.14. The high effi-
ciency of the photoreaction in dilute solution and its independ-
ence on concentration (up to mM values) confirms its intra-
molecular character. The relatively high thermal stability of the
photodimer suggests the formation of the HT isomer. The origi-
nal rotaxane could be quantitatively restored either upon heat-
ing the catenane to 120 °C, or by irradiation at 280 nm, where
the photodimer exhibits its absorption maximum. The reversi-
ble rotaxane-catenane photoconversion is accompanied by the
quenching and revival of the anthracene-type fluorescence in
the 400–530 nm region.

3.3 A Molecular Scale Transporter

The directed transport of substrates within cells is a key func-
tion of biomolecular machines. The construction of synthetic
molecular machines that can transport molecular or ionic spe-

Eur. J. Inorg. Chem. 2018, 4589–4603 www.eurjic.org © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4595

cies in a controlled manner is a challenging goal in nanosci-
ence, and can form the basis for novel approaches in catalysis,
materials science, energy conversion and medical therapy.[8–15]

The recently reported multicomponent rotaxane 4 (Figure 8)
possesses all the structural and functional elements required to
perform controlled and directed transport of a molecular
cargo.[47] The rotaxane consists of a DB24C8-type ring inter-
locked with an axle component that comprises two recognition
sites, namely a dibenzylammonium and a 4,4-bipyridinium
units. The macrocycle is endowed with a short tether termi-
nated with a nitrile group that serves as an anchor for the
cargo.

1H NMR Spectra and electrochemical studies indicate that in
acetone solution the ring of 4 encircles the ammonium site,
in line with earlier investigations on similar systems,[8,48] Upon
addition of one equivalent of phosphazene base, the ammon-
ium unit of the rotaxane is quantitatively deprotonated and the
ring shifts on the bipyridinium site. The successive addition of
a stoichiometric amount of acid regenerates the ammonium
site of 4 and the ring returns to the original position. Hence,
rotaxane 4 behaves as a reversible molecular shuttle driven by
pH changes.[49]

The cargo loading-unloading process is based on the photo-
chemical ligand decoordination and thermal recoordination in
suitable RuII polypyridine complexes. As anticipated in Section
2.3, in distorted octahedral complexes such as [Ru(tpy)(bpy)L]2+,
irradiation with visible light causes the selective detachment of
the monodentate ligand and its replacement by solvent mol-
ecules or other ligands (Figure 4).[39] The thermally driven reco-
ordination of the expelled ligand may successively take place
in the dark.

The cargo-loaded molecular transporter 4·5 (Figure 8) was
obtained by reacting [Ru(bpy)(tpy)(CH3CN)]2+, 5·CH3CN, with
rotaxane 4 in acetone. 1H NMR and voltammetric measure-
ments confirm that in the loaded transporter 4·5 the macro-
cycle encircles the ammonium site, and the Ru-based cargo is
bound to the ring via the nitrile-terminated tether. The addition
of one equivalent of base triggers the quantitative displace-
ment of the crown ether onto the bipyridinium station, with no
effect on the attached cargo. At this point, upon irradiation with
visible light the cargo 5 is fully detached and released in the
solution. The successive addition of acid regenerates the
ammonium site and the (unloaded) ring returns on its starting
position (Figure 8). While the thermal recoordination of 5 to 4
in a 1:1 ratio can be achieved with 30 % yield, the thermally
driven reloading in situ after the full transporting cycle is not
observed. It is likely that the coordination position on the RuII

ion available after photodissociation is filled by adventitious
water molecules or anions, and thus 5 is no longer available for
recoordination to 4.

In spite of the lack of reversibility in situ and the close prox-
imity of the two stations on the axle, which limits the distance
travelled by the cargo, the molecular transporter fulfils several
non-trivial requirements. First, the ring displacement-return and
the cargo loading-unloading reactions are reversible, independ-
ent from one another, and controlled by orthogonal stimuli (pH
changes and light, respectively). Another significant feature is
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Figure 8. Structure formula of the molecular shuttle 4 loaded with cargo 5 and schematic representation of its operation as a nanoscale transporter. The grey
spheres represent solvent molecules or other adventitious ligands.

that, because of the kinetically inert coordination bond, the
cargo remains attached to the machine during the shuttling.
Clearly, to take full advantage of the directional control of the
transport the molecular “track” would need to be immobilized
in some way, e.g., deposited on a surface, embedded in a poly-
mer or inserted in a membrane.

3.4 Light-Activated Supramolecular Pumps

Investigations on stimuli-controlled threading and dethreading
of ring and axle molecular components to yield and disassem-
ble pseudorotaxanes (Figure 9a) have been instrumental for the
development of molecular machines based on MIMs.[8–15,45]

While these studies are nowadays well established, gaining con-
trol on the threading-dethreading direction of an oriented axle
with respect to the ring (Figure 9b) remains an intriguing chal-
lenge.[50,51] The design and construction of pseudorotaxanes
exhibiting stimuli-controlled relative unidirectional threading
and dethreading movements is indeed a first key step forward
towards the realization of artificial molecular pumps, as well as
of linear motors based on rotaxanes and rotary motors based
on catenanes (Figure 9c,d).[52]
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Figure 9. Schematic representation of the threading/dethreading of a
pseudorotaxane (a) and of the relative unidirectional transit of a macrocycle
along a nonsymmetric molecular axle (b). By incorporating the system shown
in (b) in a rotaxane or a catenane, linear or rotary motors may be obtained,
respectively (c). Adapted by permission from ref.[52]

A few years ago we discovered that the assembly between
dibenzylammonium-type ions and DB24C8 can be controlled
thermodynamically and kinetically by changing the configura-
tion of azobenzene units appended to the extremities of the
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Figure 10. Representation of the self-assembly equilibria (horizontal processes) and photoisomerization (vertical processes) involving an azobenzene-containing
secondary ammonium axle and the DB24C8 ring (acetonitrile, 298 K).

secondary ammonium axle (Figure 10).[53,54] In particular, the
E→Z photoisomerization of the terminal azobenzenes causes (i)
a destabilization of the pseudorotaxane complex, and (ii) a
huge decrease in the threading-dethreading rate constants. In
summary, azobenzene behaves as a photoswitchable destabiliz-
ing agent and blocking group for the assembly of the ring with
the axle; these effects are fully reversible on account of the
reversibility of the E-Z isomerization.

With these pieces of information in hand, the oriented axle
component 6 (Figure 11) was designed and synthesized to
achieve the light powered directionally controlled transit of a
crown ether macrocycle.[55] Compound 6 comprises a central
secondary ammonium recognition site (Amm), functionalized
with an azobenzene unit (Azo) on one side and a non-photo-
active cyclopentyl moiety (Cp) on the other side. The macrocy-
cle is the crown ether ring 7, obtained by replacing the benzene
moieties of DB24C8 with naphthalene units. It should be noted
that the ring can slip over the Cp unit, but with a rate that is
nearly two orders of magnitude smaller than that for the Azo
unit at room temp.

In CH2Cl2 solution at room temperature, the efficient self-
assembly of a pseudorotaxane is obtained, with 7 encircling
the ammonium site of E-6 on account of hydrogen bonding
interactions. The experiments show that, as anticipated in the
previous paragraph, the E-Azo extremity of the axle exhibits a
significantly smaller hindrance than the Cp end for the passage
of the macrocycle; such a marked kinetic preference thus dic-
tates the direction of the first threading step.

The absorption of a UV or blue photon triggers the isomeri-
zation of the Azo-end to the Z isomer. As pointed out earlier,
such a transformation has two crucial consequences: (i) the
pseudorotaxane is destabilized, and (ii) the threading barrier at
the Z-Azo end is substantially increased, making the Cp end the
kinetically preferred extremity for the passage of the ring. As a
result, a fraction of the complexes in a population must de-
thread, with the rings escaping from the Cp end (Figure 11b).
Because both isomers of azobenzene are photoreactive and ab-
sorb in the same spectral region, another photon, identical to
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Figure 11. (a) Structure formula of the axle 6 and ring 7, the components of
a photochemical autonomous supramolecular pump. (b) Operation mecha-
nism of the relative unidirectional transit of the ring along the axle, driven
by light. (c) Simplified potential energy profiles as a function of the ring-axle
relative position for each structure shown in (b). Dashed lines denote proc-
esses that are too slow to take place. Adapted by permission from ref.[20]
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the first one, can trigger the transformation of Z-6 back to E-6,
thereby completing the operation cycle (Figure 11b). Direc-
tional threading of E-6 and 7 can occur again, and the process
can be repeated by absorption of another two photons.[56]

The ability of the machine to repeat its working cycle under
constant conditions as long as the energy source (in this case,
photons) is on – i.e., autonomous operation – is common for
biomolecular machines,[18] but it is a rare and valuable feature
for synthetic ones.[8–11,57] Therefore, what makes azobenzene a
poor switch, because it prevents a complete conversion be-
tween the isomers (see Section 2.3), becomes an important ad-
vantage, as it enables autonomous cycling.

As shown in Figure 11c, the system uses photons to achieve
a periodic modulation of the ring-axle energy profile (i.e.,
ratcheting),[11] and is thus able to convert Brownian fluctuations
into directed motion. It can operate continuously under photo-
stationary conditions, that is, under the effect of a single optical
stimulus with constant wavelength and intensity. Remarkably,
our experiments clearly show that the self-assembly reactions
are shifted away from equilibrium under photoirradiation, a sit-
uation that persists as long as the light is on. Hence, this device
is a unique example of a dissipative self-assembling system,
and the first and sole autonomous artificial molecular pump
reported to date.[58] Further valuable points are the minimalistic
design, structural simplicity, stability and reversibility. A new
version of the system that comprises a cyanoazobenzene unit
in the axle has been recently described.[59]

3.5 Photoswitchable Molecular Materials Based on
Azobenzene Tetramers

In recent years, owing to the various applications of photochro-
mic compounds in science and technology, photoisomerization
in the crystalline solid state has been attracting much inter-
est.[60,61] Diarylethenes, for instance, undergo highly efficient
and reversible single crystal-to-single crystal photoisomeriza-
tion, which has been exploited to obtain intriguing photome-
chanical effects.[60,62] Conversely, the E-Z photoisomerization of

Figure 12. (a) Structure formula of the shape-persistent azobenzene tetramers 8–10 in their all-E configuration. (b) Molecular model of compound EEEE-9.
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azobenzenes, because of the relatively large structural change
of the molecule, is difficult to achieve in the densely packed
crystalline state.

Recently we reported the synthesis, structural determination,
and reversible photoisomerization in solution and in the solid
state of three shape-persistent tetra(azobenzene)methane de-
rivatives.[63] These species (compounds EEEE-8–10, Figure 12a)
consist of four E-azobenzene units covalently linked to a tetra-
hedral carbon atom, and bear different peripheral substituents
– H, Me or tBu – in the para position of each azobenzene moi-
ety. Because of the rigid tetrahedral shape of the molecule and
its stiff, extended branches (Figure 12b) that hamper a tightly
packed arrangement, it could be hypothesized that a porous
crystal structure may be obtained, and that the photoinduced
isomerization of the azobenzene units could be obsedved in
the solid state, owing to the available free volume and weak
intermolecular interactions. Porous molecular crystals can in-
deed outperform metal-organic and covalent frameworks in
terms of preparation, processing, structural modulation and
functional flexibility.[64]

In solution, compounds 8–10 show similar spectroscopic and
photochemical properties, and the behaviour of 10 (R = tBu)
will be discussed as a representative case. Irradiation of the
EEEE-10 at 365 nm causes the E→Z isomerization, as indicated
by the absorption spectral changes. The facts that isosbestic
points are not maintained, and the photoisomerization quan-
tum yield decreases throughout the irradiation, suggests that
the four azobenzene units are not electronically independent.
Exhaustive irradiation of 10 in C6D6 at 365 nm affords a photo-
stationary state with an overall E→Z conversion of 97 %, that
consists of 89 % ZZZZ, 6 % EZZZ, 3 % EEZZ, <1 % EEEZ and <1 %
EEEE.

The all-E isomers of 8–10 yield tetragonal crystals wherein
an efficient molecular packing is frustrated because of the rigid
tetrahedral arrangement of the E-azobenzene units. The pack-
ing is rendered even more difficult by the presence of bulky
peripheral substituents, as in the case of 10. The crystals of
EEEE-10 (Figure 13a) and EEEE-9 exhibit empty channels and a
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free volume of 10.4 % and 8.1 %, respectively. In the case of
EEEE-8 the empty space (6.7 %) corresponds to discrete and
unconnected regions (Figure 13b). It is important to remark that
the extrinsic porosity exhibited by these molecular crystals –
that is, the pores arise solely from the solid-state molecular
packing and not from a concave molecular shape – is uncom-
mon and of challenging design.[64]

Figure 13. Stick representation of the crystal structure of the all-E isomers of
10 (a) and 8 (b) and space filling view of the inner voids. The side view of
the pores (channels for 10, non-communicating cavities for 8) is displayed in
the right part of each panel. Hydrogen atoms are omitted for clarity.

Crystalline powders of 8–10 in the all-E form deposited on
quartz slides, were irradiated at 365 nm and investigated by X-
ray powder diffraction, polarizing optical microscopy, UV-Visible
absorption spectroscopy, and 1H NMR spectroscopy (after disso-
lution in C6D6). The results show that (i) light irradiation causes
an efficient E→Z isomerization (32 % E→Z conversion at the
photostationary state for 10), and (ii) the material becomes
amorphous. Upon either visible irradiation or by heating of the
thin solid films, the Z→E back reaction takes place. When the
all-E form is thermally regenerated, the crystallinity is fully re-
stored. Alternated E→Z and Z→E photoreactions can be per-
formed many times without appreciable degradation of the
films.

Remarkably, the melting point of all-E 10 is around 400 °C,
while the amorphous material afforded by photoirradiation at

Figure 14. (a) CO2 (circles) and N2 (diamonds) adsorption isotherms of EEEE-10 at 273 K. (b) CO2 adsorption isotherms of the all-E (filled circles) and all-Z
(empty circles) isomers of 10 at 195 K.
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room temperature has the consistency of a viscous liquid. A
similar behaviour is observed for derivatives 8 and 9. Thus, azo-
benzene tetramers 8–10 undergo a photoinduced isothermal
phase transition[65] that can be of interest for the development
of light-responsive adhesives and coatings. The changes in the
optical properties caused by photoisomerization of the thin
films can have implications for information storage.[66] These
compounds, because of their tetrapod structure which resem-
bles that of a caltrop, are promising for probe microscopy stud-
ies upon adsorption on surfaces. Indeed, high-resolution STM
experiments performed on 9 deposited on an Ag(111) surface
brought about highly interesting results.[67]

Gas adsorption measurements were employed to study the
porosity of the molecular crystals. While the gas uptake of EEEE-
8 is negligible, the all-E forms of both 9 and 10 show N2 and
CO2 adsorption isotherms with Langmuir type-I profiles (Fig-
ure 14a). The remarkably large CO2/N2 selectivity exhibited by
these compounds (as high as 80 for EEEE-9) can be of interest
for the selective capture of carbon dioxide in a mixture with N2

(e.g. in flue gases). The maximum CO2 uptake (52 cm3 g–1 for
EEEE-10 at 195 K and 1 bar), corresponding to the presence of
two carbon dioxide molecules per cavity, is in agreement with
the void as estimated from the crystallographic structure, and
indicates that gas diffusion through the permeable crystal af-
fords the complete filling of the cavities.

Conversely, solid 9 and 10 in the all-Z forms (prepared by
precipitation from solution after exhaustive UV irradiation), ex-
hibit a negligible gas uptake, as shown by their CO2 adsorption
isotherms (Figure 14b). The original Langmuir adsorption be-
haviour is restored by heating up the solid sample. Thus, the
photoisomerization and thermal relaxation of the azobenzene
moieties of 9 and 10 in the solid state enables the reversible
switching between porous and non-porous materials.

At present, compounds 9–10 provide a unique example of
molecular crystals whose nanoscale porosity can be switched
off by light and restored by heating.[63] They represent a first
step forward towards the development of solids in which the
microporous structure provides the space required for the light-
induced structural changes of embedded photoreactive units.
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Investigations of this kind are also aimed at gaining a better
understanding of photochemical reactions in the solid state
and phase transitions induced by light.

3.6 Delayed Luminescence in Quantum Dot-Pyrene
Nanohybrids

Quantum Dots (QDs) are inorganic semiconductor nanocrystals
endowed with unique size-dependent physico-chemical prop-
erties.[68] CdSe QDs, in particular, exhibit an intense absorption
all across the UV-Visible region, and an intense luminescence
with narrow spectral dispersion whose maximum wavelength
can be accurately tuned by adjusting the diameter of the nano-
crystal in the nm domain.[69] By modifying the surface-capping
monolayer of organic ligands, photoactive QDs can be com-
bined with molecular chromophores,[70,71] in order to obtain
QD-molecule hybrids with novel photophysical properties
which can be of interest for applications in sensing, lighting
and photovoltaic devices.[70,72]

We reported earlier that CdSe QDs overcoated with a ZnS
shell and surface-functionalized with pyrene ligands retain the
photophysical properties of the CdSe and pyrene components.
Such a behaviour was exploited to develop a ratiometric lumi-
nescent sensor for O2 concentration in organic solvents.[73,74]

More recently it was observed that CdSe QDs lacking the ZnS
shell undergo interfacial unidirectional triplet-triplet energy
transfer towards surface-anchored polyaromatic carboxylic acid
energy acceptors, thereby acting as photosensitizers to popu-
late long-lived molecular triplets.[75] Energy transfer in the re-
verse direction, that is, from photogenerated organic triplets to
interfaced PbSe and PbS QDs, was also observed.[76,77]

We hypothesized that nanoconjugates with novel photo-
physical properties could be obtained by fine-tuning the QD
emissive level (through adjusting the nanocrystal diameter)
such that it is quasi-isoenergetic with long-lived triplet states
of surface-anchored organic chromophores. In such hybrids, if
the intercomponent energy transfer is fast with respect to other
decay pathways, reversible electronic energy transfer (REET) be-
tween chromophores may take place (Section 2.2). In analogy
with molecular bichromophoric species,[32,78] this phenomenon
would dramatically modify the properties of the excited QD,
particularly with regard to the luminescence lifetime.

Specifically, if the triplet excited state of the surface-bound
molecule is longer lived with respect to the QD exciton level, it
can act as a reservoir for the excitation energy. Hence, the ex-
pected consequence of REET in the nanohybrid is an increase
in the lifetime of the QD-based emission. Such an approach is
extremely interesting because it would enable the preparation
of QDs with the same emission maximum and bandshape but
different lifetime.[79]

To show the validity of the principle,[80] we prepared a set of
four CdSe QDs with different diameters (and thus different exci-
ton energy levels) and we surface-functionalized them with 1-
pyrenecarboxylic acid (1-PCA) (Figure 15).[79] Pyrene is an ideal
chromophore in the present context because of its long-lived
triplet state (τT ≈ 10 ms, ET = 2.1 eV), and carboxylate groups
have proven to be effective anchoring moieties to the surface
of semiconductor nanoparticles.[75]
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Figure 15. (a) Schematic representation of the light-induced intercomponent
energy transfer processes in QD-pyrene nanohybrids. (b) Energy-level dia-
gram for CdSe QDs decorated with 1-PCA. Samples 12 and 13 can exhibit
reversible electronic energy transfer (REET) involving their exciton level and
the energy-matched triplet excited state of 1-PCA. The QD exciton levels of
hybrids 11 and 14 are too high and too low, respectively, for REET to occur
at room temperature. Adapted by permission from ref.[79]

Four batches of hydrophobic CdSe QDs, with diameters ran-
ging from 2.6 to 5.7 nm, were prepared and subsequently deco-
rated with 1-PCA to afford nanohybrids 11–14 (Figure 15). The
average number of pyrene units per nanocrystal depends on
the size of the latter, and varies from 68 for 11 to 300 for 14.
While the presence of the pyrene chromophore does not affect
the energy and profile of the QD emission in all cases, signifi-
cant changes in the luminescence lifetime are seen for samples
12 and 13.

Indeed, a component in the 100-μs domain appears in their
emission decay detected at room temperature in deoxygenated
heptane (Figure 16ab). Such a long-lived component is not ob-
served both in air-equilibrated solution (Figure 16c), in which
molecular oxygen can efficiently quench the pyrene triplet
state, and on the same nanocrystals of samples 12 and 13 not
subjected to functionalization with 1-PCA. Remarkably, the
presence of 1-PCA in nanohybrids 11 and 14, characterized by
an energy mismatch between the QD exciton and the pyrene
triplet levels (Figure 15), does not cause changes in the emis-
sion behaviour in the absence or in the presence of O2, and a
long-lived luminescence component is not observed (Fig-
ure 16d). All these results are consistent with the occurrence
of REET between the nanocrystal and molecular chromophore
components in hybrids 12 and 13.
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Figure 16. Luminescence decay of 13 monitored at 600 nm (green trace) in deoxygenated solution, as measured by (a) time-correlated single-photon counting
(log plot, λexc = 405 nm) and (b) gated streak camera (log-log plot, λexc = 465 nm). (c) Luminescence decay of 13 (λexc = 405 nm, green trace) in air equilibrated
solution. (d) Luminescence decay of 11 monitored at 540 nm (λexc = 405 nm, purple trace) in deoxygenated solution. The grey traces in all panels refer to
the same experiment performed on the same QD sample lacking the 1-PCA functionalization. Conditions: heptane, room temperature. Adapted by permission
from ref.[79]

This strategy enables the rational engineering of energy
shuttling in QD-molecule conjugates, based on the knowledge
of energy levels and decay kinetics of the constituent chromo-
phores, on allowing their close proximity. Considering that the
energy of the QD exciton can be accurately tuned by control-
ling its chemical composition and size, and that there is an
ample choice of organic chromophores, the approach is flexible
and generally applicable.

As a result, nanohybrids with long lived luminescence desira-
ble for gated emission detection can be obtained, and QDs
exhibiting the same luminescence band but different lifetimes
can be designed and prepared, potentially adding a new di-
mension to multiplexed analyses.[71] Finally, luminescent sens-
ing for O2 can be performed with nanocrystals that are inher-
ently insensitive to oxygen.

4. Conclusions
In the past three decades the marriage of photochemistry with
supramolecular chemistry, materials science and nanoscience
has triggered outstanding achievements. This research has a
high scientific value because it stimulates the ingenuity of
chemists and promotes cross-disciplinary interactions. More-
over, it has the potential to provide ground-breaking solutions
to current pressing problems of our society: energy, environ-
ment, sustainability, and health. In this minireview we have
tried to represent the progress in the field by presenting some
examples taken from our most recent work.
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Appropriately designed multicomponent systems endowed
with photoreactive units can exhibit sophisticated functionali-
ties under control of light, such as topology change and molec-
ular transport. Coupling photoisomerization and self-assembly
processes can lead to the realization of artificial chemical sys-
tems that can use the energy of light to operate far from chemi-
cal equilibrium, which can be extremely interesting for solar
energy conversion.

While most of the systems described here operate in
solution, we have shown that photoreactions can be taken
advantage of also in the solid state and on single molecules
adsorbed on surfaces. The photocontrol of the properties of
surfaces – such as roughness and hydrophobicity – and of ma-
terials – such as density, viscosity, stiffness and porosity – may
be obtained with high spatial and temporal resolution.

The studies presented here are still at an earlier stage and,
despite a growing interest and an increasing effort in photo-
sciences, the research in the area continues to have a huge
potential for development. Indeed, in view of the complexity of
the chemical systems that can be designed and synthesized
nowadays, the future of light-matter interaction promises to be
extremely bright.
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