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15 Oligo(phenylenevinylene)s (OPVs) are extensively investigated m-conjugated molecules that exhibit 15
absorption and fluorescence in the UV-Vis spectral region, and which can be widely tuned by chemical
functionalisation and external control (e.g. solvent, temperature, pH). Further modulation of the
optoelectronic properties of OPVs is possible by supramolecular aggregation, primarily driven by
hydrogen bonding or m-stacking interactions. In recent years, extensive research work has been

20 accomplished in exploiting the unique combination of the structural and electronic properties of OPVs, 20
most of which has been targeted at the preparation of molecules and materials featuring photoinduced
energy transfer. This review intends to offer an overview of the multicomponent arrays and self-
assembled materials based on OPV which have been designed to undergo energy transfer by means of
a thorough choice of excitation donor—acceptor partners. We present a few selected examples of

25 photoactive dyads and triads containing organic moieties (e.g. fullerene, phenanthroline) as well as co- 25
ordination compounds (Cu() complexes). We then focus more extensively on self-assembled materials

Received 9th November 2013 containing suitably functionalised OPVs that lead to hydrogen bonded aggregates, helical structures,

DOI: 10.1039/c3cs60406¢ gels, nanoparticles, vesicles, mesostructured organic—inorganic hybrid films, functionalised nanoparticles

and quantum dots. In most cases, these materials exhibit luminescence whose colour and intensity is

30 www.rsc.org/cst related to the efficiency and direction of the energy transfer processes. 30

used as donor and/or acceptor molecules. Among a plethora of
n-conjugated systems synthesized in the last two decades,'*"?
oligo(phenylenevinylene)s (OPVs) have received enormous 35
attention, mainly due to their well-defined molecular structure
and tunable optical properties in the UV-Vis spectral region. A

1. Introduction

35 Light absorption followed by excitation energy transfer within
or between molecular units is a key process in both biological
and synthetic systems. ™! Such a process requires the strictest

control of the direction and efficiency of the energy trans- key approach towards the modulation of the optoelectronic

duction in order to guarantee a reliable high-quality output,

properties of OPVs is that based on self-assembly, which takes

40  typically light emission or excitation harvesting at a given point. advantage of the peculiar properties of OPVs that are very 40
Such a complex goal can be achieved by integrating energy sensitive to intermolecular interactions and molecular organi-
transfer donor-acceptor systems in a single molecular structure  sation.’*"” Indeed, excitation energy transfer from OPVs to
or by self-assembling them through highly selective and direc- various acceptors have sparked wide interest, owing to possible
tional supramolecular interactions such as hydrogen bonding applications in molecular and supramolecular electronics.*®*°

45 or m-stacking interactions.” ™ In this context, m-conjugated Through the illustration of selected examples, we provide 45
molecules with different optical band gaps have been widely herein an overview and perspective on photoactive multicompo-

nent systems and self-assembled materials containing OPVs,
— o ) o o ) which have been designed to feature excitation energy transfer.
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of the direction and extent of the energy transfer. This concerted
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effort may provide luminescent materials with exceptional
structural and morphological properties both as gels and
solids, which may open up wide possibilities for exploitation
in the area of organic electronics and smart materials.'®°

2. Non radiative excitation energy
transfer

The non-radiative transfer of electronic energy from an initi-
ally excited donor molecule (D) to an acceptor (A) in the
ground state is a phenomenon of great fundamental and
practical importance.?** The key requirements for such a
process are: (i) the energy of the donor excited state must be
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higher than that of the acceptor excited state and (ii) the rate
of energy transfer must be faster than the intrinsic decay rate
of the excited donor. Electronic energy transfer, which typi-
cally occurs upon photoexcitation of an energy donor by UV-
Vis light, can take place either by electron exchange between D
and A (Dexter mechanism) or through a coulombic dipole-
dipole interaction (Forster mechanism).”® The former needs
an overlap of the wavefunctions between the two partners in
order to allow the electron exchange, hence it may take place
over short distances, typically within 10 A; in the latter one the
interaction occurs through space via electromagnetic inter-
actions and can therefore occur over longer D-A distances.
The Dexter mechanism can be described schematically as
depicted in Fig. 1a, with two electron exchange processes
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Fig. 1 Schematic representation of non-radiative energy transfer pro-
cesses. (a) Dexter electron exchange mechanism and (b) Forster coulom-

bic mechanism. ‘D" is the energy donor, ‘A" is the energy acceptor and *
denotes an excited state.

occurring simultaneously.”® One involves the transfer of the
excited electron of D to the lowest unoccupied molecular
orbital (LUMO) of A, the other one occurs between the highest
occupied molecular orbital (HOMO) of A to the corresponding
orbital of D. The exchange interaction requires that D and A
are close enough to allow the overlapping of the orbitals
involved and the rate of this process decreases exponentially
with distance (eqn (1)),

ker = KJ exp(—2d/L) (1

—

where K is related to the specific orbital interactions, d is the
donor-acceptor separation, L is the sum of the van der Waals
radii, and J is the normalized spectral overlap integral, which is
related to the degree of overlap between the emission spectrum
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of the donor and the absorption spectrum of the acceptor
(eqn (2)),

J= JOOFD(T/)EA(D)dT/ (2)
0

where Fp(?) is the corrected luminescence spectrum of the
donor and g () is the absorption spectrum of the acceptor,
each normalized to unity and on a wavenumber scale.

The Forster mechanism can be represented as a through-
space interaction, where the excited D unit (D*) and its related
A partner ““feel”” each other’s presence via long range coulombic
forces. The basic mechanism involves the interaction of the D*
dipole (i.e. the excited electron in the LUMO) with the A dipole
(i.e. an unexcited electron in the HOMO) that ultimately leads
to the process schematicized in Fig. 1b.>° The rate of energy
transfer in this case is given by eqn (3):

ket = %(%)6 ()

where 1y, is the excited state lifetime of D in the absence A, and
d is the donor-acceptor distance. R, is the so called critical
radius, namely the distance at which the energy transfer rate
ker is equal to the intrinsic decay rate of the donor and is
described by eqn (4). R. is typically in the range of 20 to 60 A
and it can be as large as 100 A for efficient acceptors; it is
described by eqn (4):

¢ _ 9000(In10)K?dp 4)
¢ 128n°Nnt
where K is the orientation factor (related to the relative
orientation of the donor and acceptor dipoles),*® &y, is the
emission quantum yield of D in the absence of A, n is the
refractive index of the solvent, N is the Avogadro’s number and
J is the spectral overlap integral (eqn (2)). As derived from
eqn (3), the rate of energy transfer according to the Forster
mechanism is inversely proportional to the sixth power of the
D-A separation, which is a substantial difference with respect
to the Dexter mechanism.>

The efficiency of energy transfer depends upon the distance
and relative orientation between the donor-acceptor chromo-
phores. In natural light harvesting assemblies, these crucial
parameters are satisfied by organizing key pigment molecules
in a fixed spatial relationship by the surrounding medium with
the help of non-covalent interactions, which ultimately results
in an efficient and directional energy transfer processes.>"**

Energy transfer mechanisms strongly depend on the spin of
the initial and final species.”® In the case of OPV chromo-
phores, the lowest excited state is a singlet and typically
sensitises a singlet level of the acceptor. Such “singlet-singlet”
energy transfer is permitted for both Forster and Dexter
mechanisms,”® which renders OPVs excellent energy transfer
donors in the presence of suitably selected singlet acceptors, as
extensively described herein.
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3. OPVs as excitation energy donors

OPVs are known to be efficient excitation energy donors and
several dyads, in which they are coupled with suitable acceptors,
have been reported in the literature. Among them, OPV-fullerene
(Ceo) systems have been extensively studied®*** due to their
possible application in photovoltaic devices.*>*® A characteristic
feature of all of these dyads is an ultrafast singlet-singlet energy
transfer from the OPV unit (placed at around 3 eV, in the case of
OPV trimers) to populate the lowest singlet state of fullerene
(21.7 eV).”” Once the latter electronic state is populated, an
OPV — fullerene electron transfer may occur, provided that the
polarity of the solvent is sufficiently high (e.g. in benzonitrile).>*>°
A more sophisticated example of a photoactive OPV-fullerene
system is 1 (Fig. 2). In this case, Cg is equipped with both an
energy (OPV) and an electron donor (pyrazoline) unit. Selective UV
excitation of the OPV unit promotes an OPV — fullerene energy
transfer, whereas excitation of the carbon sphere in the visible
spectral region triggers a pyrazoline — fullerene electron transfer.
The latter process can be switched on/off by protonation/depro-
tonation of the pyrazoline nitrogen, temperature increase/
decrease, and solvent polarity.>®*°

Though the energy transfer process in various molecular
dyads has been studied extensively, a more challenging task is
the control of the direction of energy transfer in such a type of
system. This was achieved with an OPV-phenanthroline mole-
cular dyad that was designed to function as a proton-triggered
molecular switch (Fig. 3).*"*> The electronic level of OPV is
intermediate in energy relative to that of phenanthroline (Phen)
and protonated phenanthroline, (Phen®*H"). Thus, in the OPV-
Phen dyad 2a, upon selective light excitation of the phenanthro-
line unit, a Phen — OPV photoinduced energy transfer occurs;
on the other hand, upon acidification of the solution, 2a is
converted into 2b, and OPV becomes the energy donor for the
Phen*H" unit. Therefore, the direction of energy transfer is
controlled by means of the reversible protonation/deprotona-
tion of the phenanthroline unit, which is signalled by the on/off
switching of the intense blue fluorescence of the OPV moiety.

The energy transfer from OPVs to doped or covalently linked
organic dyes has been investigated in detail with the aim of
tuning the optical and electronic properties of light emitting

365 nm Electron transfer unit

hvyy ‘

CraHas0 N@ Controlled by:
CyaHasO * Acidity
< ) €~ | eTemperature
« Solvent polarity

Energy transfer unit
(Antenna)

E F
hVV!S 430 nm

Fig. 2 OPV-Cgp—pyrazoline triad (1) where the fullerene unit acts as the
energy or electron acceptor for the OPV and the pyrazoline moiety,
respectively. (Adapted with permission from ref. 30. Copyright 2003
European Society for Photobiology, the European Photochemistry Asso-
ciation, and The Royal Society of Chemistry.)
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Fig. 3 Schematic representations showing the functioning of an OPV-
phenanthroline molecular switch. (Adapted with permission from ref. 32.
Copyright 2009 The Royal Society of Chemistry.)

- — Organic dye

Fig. 4 A schematic representation of the energy transfer process in an
amphiphilic OPV dendrimer (3) encapsulated with a water-soluble organic
dye (sulfornodamine B, rhodamine B, rhodamine 6G, and sulforhodamine
101). (Adapted with permission from ref. 33. Copyright 2000 American
Chemical Society.)

devices (LEDs) or photovoltaic systems.>*™*' For example, a
poly(propylene imine) dendrimer functionalised with OPVs (3)
was reported to transfer excitation energy to different encap-
sulated organic dyes (Fig. 4).** Owing to its amphiphilic
nature, the OPV functionalised dendrimer served as a host
capable of extracting water-soluble organic dyes (sulforhod-
amine B, rhodamine B, rhodamine 6G, and sulforhod-
amine 101) into the organic phase. The resulting host-guest
system facilitates energy transfer from the peripheral OPV
units to the encapsulated dye molecules with 40% efficiency.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) Molecular structures of OPVs and energy transfer acceptors
Alg3 and rubrene. (b) Image of 4a under UV light (365 nm). (c) Image of
commercially available UV-LED (375 nm) after coating with white light
emitting liquid composite. (Adapted with permission from ref. 40. Copy-
right 2012 Wiley-VCH.)
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Notably, these systems also show excellent film forming
properties without phase separation of the encapsulated
organic dyes. Enhanced efficiency in energy transfer from
the OPV (90%) is observed, which is attributed to a more
favourable orientation and improved spectral overlap between
the donor and acceptor molecules in the thin films.

Nakanishi and co-workers recently reported an interesting
work on liquids that emit white-light at room temperature and
are based on blue OPV luminophores (Fig. 5).*> OPV deriva-
tives are equipped with branched aliphatic hydrocarbons that
perturb the intermolecular n-n interactions of the OPV core by
steric hindrance and behave as low-viscosity room tempera-
ture liquids. The inhibition of the n-n interactions between
OPV chromophores is evidenced through absorption and
emission studies. The white-light emitting composites were
prepared by mixing 4a or 4b with green emitting tris(8-
hydroxyquinolinato)aluminium (Alq3) and orange-emitting
rubrene in the molar ratio of 1:1.65:0.23. The reduced inter-
face resistance between the components apparently facilitates
partial energy transfer between the matrix host and the guest
molecules, affording white-light emission with chromaticity
diagram coordinate values of 0.33, 0.34 (CIE - Commission
Internationale de I’Eclairage, 1931). As a practical application,
white-light emitting liquid composites were used as an ink to
write on solid surfaces and as coating materials for UV LEDs
(Fig. 5¢).

OCgHys3

Fig. 6 OPV-Cgo (5 and 7) and OPV-PBI (6) hydrogen bonded assemblies.

This journal is © The Royal Society of Chemistry 2014
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4. Energy transfer in hydrogen bonded
assemblies of OPVs

Among the various noncovalent interactions, hydrogen bond-
ing has emerged as a powerful tool to organise donor-acceptor
chromophores undergoing photoinduced energy transfer.*>™**
Due to its tunable strength as a function of the residues
involved (4-120 kJ mol "), directionality and specificity, hydro-
gen bonding enables highly versatile approaches for the pre-
paration of supramolecular architectures.

Over the years, Meijer, Janssen and coworkers have exten-
sively investigated energy transfer processes in hydrogen
bonded OPV self-assemblies. An interesting case is the quad-
ruple hydrogen bonded donor-acceptor dyad, 5 (Fig. 6a), which
is constructed by attaching the self-complementary 2-ureido-
4[1H]-pyrimidinone (UP) unit to an OPV donor and Cg, accep-
146 Steady-state emission studies revealed that 90%
quenching of the donor emission is due to singlet energy
transfer to the Cq, moiety; such a strong quenching is a
consequence of the high association constant of the quadruple
hydrogen bonded hetero-dimers. Later, the same approach was
applied to a perylene bisimide energy acceptor (OPV-PBI, 6,
Fig. 6b).*” In 5 and 6, self-complementary hydrogen bonding
leads to a statistical mixture of homo- and hetero-dimers. By
contrast dyad 7 (Fig. 6¢), in which one of the two components is
equipped with two UP units, shows preferential formation of
hetero-dimers as evidenced by 'H NMR.*® Photoluminescence
studies of 7 show excitation energy transfer from the OPV to the
Ceo moiety. Electron transfer is thermodynamically allowed but
does not occur due to the weak electronic coupling between the
donor and the acceptor, as a result of the long interchromo-
phoric distance.*®

Schenning, Meijer and co-workers have demonstrated

tor

energy transfer in hydrogen bonded helical co-assemblies of
OPVs 8a and 8b, which are characterized by different conjuga-
tion lengths and bear an identical ureido-s-triazine (UT) hydro-
gen bonding motif (Fig. 7). Fast and efficient energy
transfer from shorter to longer oligomers is observed by
increasing the concentration of the acceptor molecules, as
monitored by the decrease in photoluminescence (PL) intensity
of the donor (Fig. 7b). Up to about a concentration of 2% with
respect to the donor, the acceptor molecules exist only as
isolated energy traps. At higher concentrations they undergo
clustering, as evidenced by a decrease in the characteristic
fluorescence band in diluted solution, accompanied by the
onset of a red-shifted feature typical of aggregates.

A theoretical study by Jang et al., suggests that the rate of
energy transfer in multi-chromophoric systems can be con-
trolled by chromophore arrangement.’” This has been experi-
mentally proved by Schenning, Meijer and co-workers using
ordered and disordered assemblies of OPVs.”*">> When com-
pared to the well ordered assembly of 8a, the dimeric analogue
9 forms disordered polymeric aggregates due to the presence of
a spacer between the hydrogen bonding units (Fig. 8). Fluores-
cence titration studies with 8c as an energy acceptor show that
the quenching efficiency at similar amounts of acceptor is

6 | Chem. Soc. Rev, 2014, 00, 1-21
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Fig. 7 (a) Molecular structures of ureido-s-triazine functionalised OPVs.

(b) Photoluminescence spectra for mixtures of 8a and 8b in n-dodecane
solution (lex = 412 nm). The concentration of 8a is fixed at 1.9 x 1075 M: (i)
0-30 mol% 8b at 80 °C (ii) 0-30 mol% 8b at 10 °C (iii) 0-1.2 mol% 8b at
10 °C. (Adapted with permission from ref. 49. Copyright 2004 Wiley-VCH.)
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Fig. 8 (a) Molecular structure of bifunctional ureido-s-triazine function-
alised OPV. (b) Schematic representation of the energy transfer processes
in helically ordered and disordered assemblies of 8a and 9, respectively.
(Adapted with permission from ref. 53. Copyright 2005 Wiley-VCH.)
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Fig. 9 Hydrogen bonded assembly of a OPV-PBI dyad functionalised with ureido-s-triazine.

significantly higher for the well-ordered stacks of 8a when
compared to those of the disordered aggregates of 9.>*7°
Time-resolved fluorescence studies suggest that the ordered
helical assembly of 8a undergoes a fast initial fluorescence
depolarization and excitation transfer to the dopant, which is in
agreement with semi-coherent exciton diffusion along the chiral
stacks of 8a.>* For the disordered polymeric assemblies of 9,
both depolarization and energy transfer dynamics take place on
a much longer time scale, which is attributed to a weak electro-
nic coupling of the chromophoric units that leads to slow
incoherent motion of the excitations along the stacks of 9.>*

Energy transfer was also reported to occur in the ureido-s-
triazine functionalised OPV-PBI dyad 10, in which the PBI unit
is covalently attached to the ureido unit of the OPV-UT moiety
through a flexible linker (Fig. 9).® Photoluminescence studies
of mixed assemblies formed by the OPV-PBI dyad (10) and
OPV-UTs (8a or 8b) in chloroform or n-dodecane show strong
quenching of the OPV-UT emission with a concomitant rise in
the PBI luminescence. This indicates the occurrence of energy
transfer in the hetero-dimers formed by 10 with 8a or 8b.
Moreover, in n-dodecane, incorporation of 10 into the colum-
nar aggregates of pure OPV-UTs (8a or 8b) results in more
effective energy transfer from the OPVs to the PBI unit.

The strength and directionality of the triple hydrogen bond-
ing array of melamine and cyanuric acid has been utilised for
the self-assembly of OPV-porphyrin donor-acceptor systems.””
The porphyrin unit was functionalised with the cyanuric acid
motif affording two sites for hydrogen bonding with the OPVs,
which in turn are equipped with s-triazine units (OPVnTs).
Addition of the porphyrin derivative to OPVnTs yields the
hydrogen bonded complex 11 (Fig. 10) in which quenching of
the OPV photoluminescence is observed due to aggregation as
well as energy transfer. Detailed optical and chiro-optical

This journal is © The Royal Society of Chemistry 2014

Fig. 10 Hydrogen bonded assembly of OPVs functionalised with s-
triazine and a porphyrin equipped with cyanuric acid.

studies provide ample evidence for the formation of chiral
co-assemblies, which is facilitated by an additional n-n inter-
action provided by the porphyrin unit.

5. OPV-based light harvesting gels

Supramolecular gel formation is known to facilitate the
alignment of donor-acceptor chromophores, thus favouring
efficient light harvesting and energy transfer.”**®® One of
the most useful features obtained upon gelation of OPV deri-
vatives is the tuning of their photophysical properties.®’
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Fig. 11 Schematic representation of FRET from OPVs to rhodamine B within the self-assembled gel nanostructure (Adapted with permission from

ref. 69. Copyright 2006 American Chemical Society.)

For instance, efficient exciton migration within aggregates of
OPVs®>®” may occur, prompting their use as excitation energy
donors in combination with suitable acceptor molecules.

Excitation energy transfer from OPV gel nanostructures to
an entrapped rhodamine B dye (Fig. 11) has been demonstrated
by some of us.®®®® Energy transfer is found to occur exclusively
from the self-assembled OPVs and not from the individual
molecule to the rhodamine B dye. Detailed studies show that
the efficiency of energy transfer depends on the ability of the
OPVs to form self-assemblies, which is strongly influenced by
the structure of the gelator as well as the choice of the solvent.
Moreover, the thermally reversible self-assembly of OPV deri-
vatives enable control of the efficiency of energy transfer as a
function of temperature. On the basis of photophysical and
morphological studies, a plausible arrangement of the rhoda-
mine dye entrapped in the OPV gel nanostructure was proposed
(Fig. 11).

In another report, OPVs substituted with various end func-
tional groups having tunable electron withdrawing characters
have been utilised as excitation energy donors and acceptors.®*
The optical properties of the gel forming molecule 16a (donor,

16a: R = C gHa4;
16b: R = C,H5

OR

18: R = Cy,H,s

Fig. 12 Molecular structures of OPV-based energy transfer donors (16 and

8 | Chem. Soc. Rev, 2014, 00, 1-21

Fig. 12) and the non-gelating molecule 17 (acceptor, Fig. 12)
have been found to be optimal for carrying out energy transfer
studies. Addition of 17 (2.6 mol%) to the n-decane gel of 16a
shows 90% quenching of the emission of the latter (Fig. 13a).

Control over the supramolecular assemblies of donors and
acceptors in the nanoscale that facilitate efficient energy trans-
fer and tunable emission has been demonstrated with 18 and
19 (Fig. 12).”° Excitation of the donor gel 18 in n-decane at
380 nm in the presence of 2 mol% of 19 results in quenching of
the emission band of the former (Amax = 509 nm) with con-
comitant formation of the monomer and emission of the latter
at 555 nm (Fig. 13b). Upon further addition of 19 (2-20 mol%),
the emission is continuously red-shifted to 610 nm, which
corresponds to the aggregate emission of this species
(Fig. 13b). Fluorescence microscopy studies of the coassembled
gels of 18 and 19 at different compositions provide visual
evidence of the emission colour tuning by energy transfer
(Fig. 13b). Thus, efficient trapping of excitons by acceptors as
“isolated” or ‘“‘aggregated” species allows a continuous shifting
of the emission colour (Fig. 13c). In another report, the struc-
ture-property relationship of the energy transfer properties of

17: R=CjsHss
. [
N =\ ]
L/\\ /'}'\_\ /:{\ /
OR i N /N /N

19: R = C,gHy,

18) and acceptors (17 and 19).

This journal is © The Royal Society of Chemistry 2014
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Fig. 13

(a) The energy transfer between 16a and 17 (2.6 mol%) in an n-decane gel, lex = 380 nm. (b) Emission spectra (lex = 380 nm) and corresponding

fluorescence microscopy images of 18 in the presence of 0.2 and 20 mol% of 19. ((a) Adapted with permission from ref. 64. Copyright 2007 Wiley-VCH.
(b and c) Adapted with permission from ref. 70. Copyright 2006 American Chemical Society.)

1.53 mol%

—

N

Molecular Wire

Self-Assembled Donor

Fig. 14

Acceptor Encapsulated
Self-Assembled Donor

(a) Molecular structure of the energy transfer acceptor phenylenevinylene-co-pyrrolylenevinylene oligomer (20). (b) A schematic representation

of the energy transfer process between the gel forming OPV 12 and the molecular wire 20. (Adapted with permission from ref. 65. Copyright 2007 Wiley-

VCH.)

the OPV gelators were studied using steady-state and time-
resolved fluorescence spectroscopy.®” These studies show that
the OPV donor 16b, having small functional end groups
(Fig. 12), exhibits better energy migration properties than 18,
which is equipped with bulkier terminal units. The energy
transfer efficiency of 16b is 82% whereas that of 18 is 42%,
even at a low concentration of the acceptor 19 (3.1 mol%).
The use of the polymeric molecular wire 20, for trapping the
excitation energy of the OPV donor 12 (Fig. 11) led to the
development of a light harvesting antenna within a supra-
molecular gel (Fig. 14).°> Highly efficient energy migration

This journal is © The Royal Society of Chemistry 2014

was observed in the presence of a very small amount of the
acceptor (<1.6 mol%). Time-resolved luminescence studies
show a fast energy migration along the OPV donor scaf-
fold (kgym = 1.28 x 10" s7'), which ultimately facilitates the
funnelling of the excitation energy to the encapsulated
molecular wires.

Interestingly, the temperature dependent self-assembly of
the donor gel 12 leads to a reversible change in energy transfer
efficiency and emission colour (Fig. 15).°>”" By increasing the
temperature, the red-light emitting gel forms a blue-light
emitting solution (70 °C) via the formation of an intermediate
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Fig. 15 Temperature dependence of the energy transfer between 12
(4 x 107> M) and 20 (1.53 mol%) in cyclohexane (lex = 380 nm). The inset
shows the corresponding emission colour under illumination at 365 nm.
(Adapted with permission from ref. 65. Copyright 2007 Wiley-VCH.)

white-light emitting solution at 54 °C. The self-assembly
partially dissociates into smaller aggregates and monomers
at temperatures between 50 and 60 °C. White-light emission is
generated by the combination of (i) blue luminescence of the
monomers, (ii) residual green emission from the aggregates,
and (iii) red emission from the acceptor upon partial energy
transfer.®>”*

The aforementioned report suggests that tunable emission
colours can be achieved by controlling the self-organisation of
the donor in combination with the energy transfer process to a
suitable acceptor.”" This has been further demonstrated by
studies in organogels derived from cholesterol appended OPV
derivatives (Fig. 16) in the presence of acceptor 20.°® The mono-
cholesterol-OPV (21) forms a strong gel made of coiled helical
tapes in which the chromophores are packed as pseudo J-type
aggregates, whereas the bis-cholesterol-OPV (22) forms a weak

OCqzHzs

OCqzHzs
21

Chem Soc Rev

gel through the hierarchical self-assembly of pseudo H-type
aggregates leading to twisted helical tapes. This difference in
molecular packing results in distinct photophysical behaviours,
particularly excitation energy migration. In the case of 21,
strong gelation and fast exciton diffusion afford an efficient
energy transfer (90%) to the encapsulated acceptor (2 mol%)
with bright red emission typical of 20 (Fig. 15). On the other
hand, weak gelation and slow energy migration bring about
partial energy transfer (63%) from 22 to 20, leading to white
emission (Fig. 16).°%""

Samanta and Bhattacharya have reported light harvesting in
mixtures of OPV-based gels (Fig. 17) made through the combi-
nation of intermolecular hydrogen bonding, n-stacking and van
der Waals interactions.”? A cascade of energy transfer processes
is observed for chromophore combinations containing four
different luminescent compounds, i.e. anthracene, 23, 24 and
rhodamine 6G (Fig. 17). Photoluminescence studies indicate
that the energy transfer process is prevented when one of the
chromophores is removed from the assembly.

The co-assembled gel of the peptide amphiphile 25 and the
related fluorescent peptide amphiphile 26 (Fig. 18) enables
control of the luminescence of chromophores at the periphery
of nanofibers.”® The fluorescence intensity of the co-assembled
gels can be tuned through energy transfer to acceptors such as
fluorescein, which is tagged to bioactive polysaccharide
heparin and incorporated into the gel nanofibers. Evidence
for energy transfer was obtained by confocal microscopy from
photobleaching of the acceptor (Fig. 18). When a small area of
the fibers is saturated with light, photobleaching of the accep-
tor occurs, which is accompanied by immediate recovery of the
donor fluorescence. This strategy could be useful for investigat-
ing the interaction of soft materials with proteins.

Xue, Lu et al. reported the amplification of emission enhance-
ment in a gel formed by mixing 27 and 28 (Fig. 19), which have
similar structures and are characterized by fluorescence quan-
tum efficiencies of 0.02 and 0.15, respectively, in DMSO.”*
Molecule 27 alone shows a weak enhancement of emission upon

OCypHys O
e

Fig. 16 Molecular structures of cholesterol appended OPV gelators. Insets show the red-light and white-light emission of the related gels under
illumination at 365 nm, in the presence of acceptor 20. (Adapted with permission from ref. 66. Copyright 2009 Wiley-VCH.)
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CH HN NHC,H
OOO Rhodamine 6G (R) o, O Q o

Anthracene (N) OR

23: R=CygHa4 o
Donor (D) _0 OR

CH;

C,Hs00C ]

24: R = CygHg;
Acceptor (A)

Fig. 17 Molecular structures of the four components of a gel mixture affording a cascade of photoinduced energy transfer processes. (Adapted with

permission from ref. 72. Copyright 2012 Wiley-VCH.)
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NH, NH,
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(b)

Tt

T

Y\\r\

Fig. 18 (a) Molecular structures of peptide amphiphiles 25 and 26. (b) Confocal microscopy images of bundles of 25/26 co-assemblies before (left) and
after photobleaching (right). When the area in the white circle is bleached, a recovery of the donor emission is observed. The blue areas correspond to
emission from 26 (donor) whereas green areas are due to emission of fluorescein (acceptor) attached to heparin. (Adapted with permission from ref. 73.

Copyright 2007 American Chemical Society.)

gelation in a 4:1 DMSO-H,0 solution due to H-aggregation. A
two-component gel prepared by the addition of 28 (1.6 mol%) to
27 in DMSO-H,0 shows a 23-fold fluorescence intensity
enhancement in comparison to the corresponding solution.
The emission intensity enhancement promoted by excitation

This journal is © The Royal Society of Chemistry 2014

energy transfer is facilitated by the strong spectral overlap
between the donor emission and acceptor absorption, as well
as the ability of the components to cooperatively aggregate and
induce co-assembly. As the fluorescence of 28 is sensitive to
protons, the proton response of the two-component gels was also
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Fig. 19 Molecular structures of an energy transfer donor (27) and accep-
tor (28).

successfully tested in order to explore the possibility that wet gels
may serve as fluorescent sensory materials for volatile acids.
Rao, George and coworkers demonstrated a supramolecular
co-facial assembly of the OPV donor 29 and the PBI acceptor 30
in water, which form hydrogels with remarkable elastic and
conducting properties (Fig. 20).”>’® In water, the T-shaped OPV
29 forms noncovalent amphiphilic pairs with 30 through
synergistic n-n stacking, charge-transfer (CT) and electrostatic
interactions, which cooperatively contribute to form one-
dimensional self-assembled nanostructures (Fig. 20b). Detailed
studies show the formation of CT nanotubes by the co-facial
organisation of OPV and PBI chromophores with high conduc-
tivity properties. Interestingly, titration of 29 with increasing
amounts of 30 leads to non-linear fluorescence quenching by
exciting at 380 nm. This is attributed to energy transfer from 29
to the non-fluorescent mixed CT-pairs incorporated in the self-
assembled nanostructures, which act as energy traps (Fig. 20c).
Recently, Yagai et al, reported the photoresponsive self-
aggregation behavior of a diarylethene (DAE) derivative containing
OPVs, which undergoes reversible ring-closing and ring-opening
reactions by irradiation with UV and visible light, respectively

(b)

(29) OPV-PBI (30)

Chem Soc Rev

OCi2Hzs

=..D

OCizHzs
OC;2Hzs

Fig. 21 Molecular structure of the OPV-equipped diarylethene 31 in its
open and closed form.

(Fig. 21).”” The aggregation properties of the open and closed forms
are studied in detail and a higher aggregation ability is observed in
the flexible open form when compared to the rigid closed form. This
observation suggests that the two methyl groups of the DAE core
can regulate the aggregation of the open form 31, by a strong n-n
stacking interaction between the two n-conjugated wings. Further-
more, the closed isomer 31,54, undergoes fluorescence quenching
of the m—conjugated wings in nonpolar media, owing to energy
transfer within the aggregates and intramolecular energy transfer
from the m-conjugated moieties to the DAE core.

6. Energy transfer in self-assembled
di- and triblock systems

Rod-coil type block copolymers containing electronically active
n-conjugated molecules as a rigid motif can self-organise and
form architectures of different sizes and shapes.”®”® The incor-
poration of suitable donor-acceptor molecules to such systems
may provide functional supramolecular architectures that undergo
energy transfer processes taking advantage of the characteristic
microphase segregating properties of the diblock polymers.

(o) o} /
N
L OO e,
N
oS 30

ET

Noncovalent Mixed D-A
(charge transfer) supramolecular
amphiphile coassembly

Fig. 20

(@) Molecular structures of the amphiphilic OPV 29 and of PBI 30. Schematic representation of (b) a noncovalent 29/30 charge-transfer

amphiphile and its self-assembly into 1-D supramolecular structures and (c) energy transfer from 29 to the non-fluorescent mixed CT-pairs incorporated
into the self-assembled nanostructures. (Adapted with permission from ref. 75. Copyright 2012 Wiley-VCH.)
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Fig. 22 (a) Molecular structures of rod—rod diblock polymers containing
thiophene and OPV. Transmission electron microscopy (TEM) images of
the films of the copolymers show different morphologies depending on
the composition of the OPV block; (b) 32a, interwoven network, (c) 32b,
layered stripes and (d) 32c, lamellae. (Adapted with permission from
ref. 80. Copyright 2002 Wiley-VCH.)

Extensive studies on rod-coil type diblock systems have
been reported, but rod-rod conjugated diblock systems are
much less explored. An interesting example in this category
was reported by Yu and co-workers.*® They synthesized a few
rod-rod type co-oligomers consisting of liquid crystalline
phenylenevinylene and thiophene blocks, 32a-c¢ (Fig. 22).
Morphological studies show that the composition of the
diblock copolymers significantly affects the structure of the
resulting self-assembly (Fig. 22). Steady-state luminescence
studies demonstrate that excitation of the OPV segments
results in strong emission from the thiophene units. Excitation
and time-resolved spectroscopy unambiguously prove the

Random coil
conformation

Folded (helical)
conformation

Fig. 23 Top: molecular structure of foldable donor-bridge—acceptor
system 33. Bottom: schematic representation of the different conforma-
tional states of 33. (Adapted with permission from ref. 81. Copyright 2004
American Chemical Society.)

This journal is © The Royal Society of Chemistry 2014

Review Article

occurrence of intramolecular OPV — oligo(thiophene) energy
transfer.

The donor-bridge-acceptor system 33 reported by
Janssen and coworkers, provides an excellent example of
supramolecularly controlled photoinduced energy and electron
transfer (Fig. 23).%" For this purpose, an OPV donor and a PBI
acceptor are attached to opposite ends of a long foldable
m-phenyleneethynylene oligomer. In good solvents the oligo-
mer bridge adopts a random coil conformation in which the
interaction between the donor and acceptor chromophores is
small. Upon photoexcitation, only long-range intramolecular
energy transfer occurs. After the addition of a poor solvent, the
m-phenyleneethynylene bridge adopts a folded conformation in
which the donor and acceptor are closer and undergo electron
transfer under light irradiation.

/. Energy transfer in self-assembled
OPV nanoparticles

Energy transfer studies in OPV nanoparticles doped with oli-
gomers having relatively long conjugation lengths were success-
fully demonstrated by Oelkrug, Hanack and co-workers
(Fig. 24).5>% The doped OPV nanoparticles were prepared by
co-precipitation of 34 (host) and 35 (guest) in mixed methanol-
water solutions and were characterized by dynamic light scat-
tering (diameter 20-200 nm). The close intermolecular contacts
and parallel orientation of 34 in the nanoparticles make them
suitable for excitation energy transfer to partners emitting at

doped

3

s

2

2 14 undoped 7
£ /

c

-

o

T T
20000 30000
Wavenumber (cm-')

Fig. 24 (a) Molecular structures of the energy transfer donor 34 and
acceptors 35 and 36. (b) Emission and excitation spectra of nanoparticle
suspensions of 34: undoped (dashed lines, excitation spectrum recorded
for fluorescence at 22 000 cm™) and doped with 35 (solid lines, excitation
spectrum recorded for fluorescence at 17500 cm™). (Adapted with
permission from ref. 82. Copyright 1998 American Chemical Society.)
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lower energies (i.e. OPVs having higher conjugation lengths). obtained when the oligo(thiophene) derivative 36 was used as
Excitation of 34 in the presence of small amounts of dopant 35 the energy trap.®* Steady state emission and anisotropy studies
shows the typical fluorescence of the latter. Additionally, the show that the nanoparticle matrix of 34 provides an anisotropic
excitation spectrum of the guest molecule is found to be and highly ordered environment for 36. The parallel alignment
identical to the absorption spectrum of 34. These observations of guest molecules with the host preserves a high degree of
indicate the efficient energy transfer from the host to the fluorescence polarization during the host — guest energy

entrapped guest molecules (Fig. 24). Similar results were transfer.
t=1h

600 800 400 600 800
Alnm —» Alnm —

Alnm — Alnm — Alnm —»

e B ‘f‘f

Fig. 25 (a) Molecular structures of amphiphilic OPV-based energy transfer donor 37 and acceptor 38. (b) Schematic representation of the vesicular self-
assembly. (c) Scanning confocal microscopy images and normalized fluorescence (dexc = 411 nm) of single vesicles showing the morphological transition
upon prolonged heating of a 2 mol% solution of 38 at 35 °C. Att = 0 hand t = 1 h, vesicles of 37 and some vesicles of 38 predominate. At t = 2 h, energy
transfer starts to appear. After 48 h, all of the vesicles are mixed and show luminescence from the acceptor OPV. (Adapted with permission from ref. 85.
Copyright 2006 Wiley-VCH.)

wET 400 600 800 400 600 800 400 600 800

39: R = (OCH,CH,),CH, ; M = 2H 43: R = OC,,H,s ; M = 2H
40: R = (OCH,CH,),CH, ; M = Zn 44:R=0C,,H,5; M= 2Zn
41: R = OC,H, ; M = 2H
42: R=0C,Hys; M =Zn

Fig. 26 Molecular structures of hydrophilic (39, 40) and lipophilic (41-44) OPV-porphyrin systems.
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8. Energy transfer in amphiphilic OPV
self-assemblies

Energy and electron transfer studies of organised self-
assemblies of m-conjugated systems in aqueous media are a
challenging task due their high hydrophobicity. To overcome
this problem, Schenning, Meijer and co-workers rationally
designed the amphiphilic OPVs 37 and 38 (Fig. 25).*> In an
aqueous environment, these OPV molecules form self-
assembled vesicular structures as determined by dynamic light
scattering and scanning confocal microscopy. Since the cyano-
substituted derivative 38 has a lower optical band gap than the
parent derivative 37, it serves as an energy acceptor upon
co-assembling in a vesicular structure. The energy transfer
processes were studied at the single vesicle level, by visualizing
individual and mixed vesicular assemblies, using scanning
confocal microscopy (Fig. 25c).

Sequential energy and electron transfer in mixed n-conjugated
assemblies have been demonstrated by the OPV-porphyrin sys-
tems 39 and 40 in water (Fig. 26).5%%” The strong hydrophobicity
of the m-conjugated moieties forces them to form H-type aggre-

+f= (Amylose, 47)

46a,b:n=6,10 R=—N_ )—\
(DASP)

N(CH3);

Fig. 27

Review Article

gates in water to minimize contact with the polar environment.
Selective excitation of the OPV units results in the stepwise
transfer of excitation energy to the zinc and then to the free-
base porphyrin. Moreover, incorporation of C4, into mixed aggre-
gates of 39 and 40 affords an additional electron transfer step to
Ceo- The lipophilic analogues 41 and 42 (Fig. 26) were prepared by
changing the ethylene oxide chains to alkyl chains.® Interestingly,
these derivatives form J-type aggregates in organic solvents, as
inferred by their optical properties. They also show the stepwise
energy transfer observed in the previous case and the efficiency is
found to be higher for the couple 42/41 than for 40/39.

The effect of the supramolecular organization of m-stacked
assemblies on energy transfer was proved by comparing the
properties of the donor-acceptor system 44/43 (Fig. 26) with that
of 40/39 and 42/41.%” Optical studies suggest that the presence of
intermolecular hydrogen bonding substantially improves the
organisation of the chromophores in the self-assembled state,
which consequently enhances the efficiency of energy transfer in
the co-assembled state. In all of the systems studied, the
difference in the efficiency of energy transfer is correlated to
the specific chromophore organisation within the co-assemblies.

(a) Molecular structures of amphiphilic OPVs functionalised with energy acceptors (45 and 46) and amylose (47). (b) Schematic representation of

the directional energy transfer process in amylose encapsulated A-OPV-A chromophores. (Adapted with permission from ref. 88. Copyright 2006

American Chemical Society.)

50 (Acceptor)

Fig. 28

(b)

Mixed Micelle

Acceptor

(a) Molecular structures of amphiphilic conjugated dendrimers 48, 49, and 50. (b) Schematic representation of the formation of mixed micelles

between donor and acceptor units. (Adapted with permission from ref. 90. Copyright 2013 Wiley-VCH.)

This journal is © The Royal Society of Chemistry 2014
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Kim and co-workers reported efficient energy transfer in
acceptor-donor-acceptor (A-D-A) linear chain chromophores
based on amphiphilic OPV donors in combination with several
energy acceptors (45 and 46, Fig. 27) encapsulated within the
helical structures of amylose (47, Fig. 27).5*%° Photoinduced
processes in the presence and absence of the helical encapsula-
tion show that efficiency depends upon the D-A distance and
nature of the acceptor. For example, excitation of the helically
encapsulated 46b at 375 nm in water leads to over 99%
quenching of the OPV fluorescence when compared to the
weak acceptor 45¢ (Aem, = 432 nm). Energy transfer from OPV
to the N,N-dimethylaminostyryl-4-pyridinium (DASP) unit
brings about a 10-fold increase in the acceptor fluorescence
intensity when compared to the selective excitation of the
acceptor at 480 nm. In the absence of amylose, excitation of
either OPV or DASP showed no measurable difference in
emission intensity, which highlights the importance of helical
encapsulation in the observed energy transfer process.

An efficient energy transfer process between the amphiphi-
lic conjugated dendrimers 48, 49 (donors) and acceptor 50,
with OPV cores and oligo(ethylene oxide) termini forming
micellar structures in water was presented by Dai, Baek and
co-workers (Fig. 28).°° The formation of donor-acceptor aggre-
gates enable an efficient energy transfer, which strongly
depends on the distance of the involved partners. Also the
effect of co-solvent, temperature and concentration is studied,
allowing a deeper understanding of the photophysical proper-
ties of the micelles.

9. Energy transfer in hybrids made of
OPVs and inorganic materials

Stupp and co-workers demonstrated energy transfer in nano-
structured OPV-silicate hybrid films, loaded with rhodamine B
(Fig. 29).°* The hydrophilic segment of the amphiphilic OPV
molecules 50a-d interacts with precursors of silica and self-
assembles into an ordered phase during solvent evaporation.
Morphological and spectroscopic studies of OPV-silicate films
show that a thin layer of silicate separates OPV domains in the
hybrid film. In order to study how the morphology of the hybrid
films affects the efficiency of energy transfer, a rhodamine B
derivative (51) was covalently grafted to the inorganic portion
of the 51a-silicate film. Comparison between the amorphous
51a-poly(2-hydroxyethyl methacrylate) film with the 50a-sili-
cate material shows a better efficiency in the latter case. Fig. 29c
shows a photograph of the 50a-polymer film and 50a-silicate
film in the presence of 2 mol% of the acceptor, which shows
red fluorescence of rhodamine B from the silicate film only.
This is attributed to the shorter distance between donors and
acceptors and also to efficient energy migration within the
organic domains of this specific film.

Inagaki et al. described the efficient visible light emission of
rubrene-doped mesostructured OPV functionalised organo-
silica. This material was prepared using a triethoxysilane
functionalised OPV (53), and tetraethyl orthosilicate (TEOS),

16 | Chem. Soc. Rev, 2014, 00, 1-21
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Fig. 29 (a) Molecular structures of OPV amphiphiles (51a—d) and of the
rhodamine B derivative (52) used to prepare hybrid silicate films. (b)
Schematic representation of the energy transfer process in 5la-silicate
hybrid films when doped with 52. (c) Photographs under UV irradiation
(Zex = 365 nm) of a 51a—poly(2-hydroxyethyl methacrylate) film (left) and a
5la-silicate film (right), obtained from precursor solutions containing
2 mol% of 52. (Adapted with permission from ref. 91. Copyright 2006
American Chemical Society.)

in the presence of templating surfactant 54 (Fig. 30a).”> The
dopant rubrene was dispersed in the mesochannels of the
fluorescent OPV-silica framework, thereby facilitating the for-
mation of light harvesting donor-acceptor pairs (Fig. 30b).
Colour tuning of the emission of the rubrene doped OPV-silica
films from blue to yellow was obtained by mixing the colour of

(a) OCgHys
s OEt
(Et0),St Q \ Q " Et0-Si-OEt
Q Si(OEt); OEt
il TEOS
53
ot {54
20 70 20
(b)
-
Tuning of emission color
Mesochannel
filled with 54 =

Emission from
dye dopant o
Emission from
OPV-silica
framework

Rubrene =

i

Mesostructured OPV-silica hybrid film

——
[OPV unit

Silica matrix

Excitation
(near UV ~ Vis)

Fig. 30 (a) Molecular structures of the components used for the preparation
of fluorescent mesostructured organosilica films. (b) Schematic illustration of
the energy transfer process in the rubrene doped OPV-silica hybrid film.
(Adapted with permission from ref. 92. Copyright 2009 Wiley-VCH.)
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the two luminophores as a function of doping. The enhance-
ment of the emission output by increasing the amount of the
rubrene acceptor confirms a non-radiative energy transfer
process and not a trivial re-absorption of the emitted light by
the OPV-silica framework.

Energy transfer within a hybrid soft material consisting of
gold nanoparticles and self-assembled OPV nanotapes has been
recently reported.”® The OPV derivative 55 that forms a gel in
toluene was selected as a template, whereas another OPV
derivative (56) containing a disulfide moiety at one end was
used to bind gold nanoparticles (Fig. 31). Co-assembled hybrid
gels were prepared by mixing 55 and 56-Au in toluene at
different ratios, followed by heating and cooling. Formation
of supramolecular hybrid nanotapes is confirmed by cryo-TEM,
which shows arrays of gold particles on both sides of the tape.
Incorporation of 56-Au into the tapes caused quenching of the
photoluminescence (Fig. 31) as well as shortening of the life-
time of 55, due to the transfer of electronic excitation from
OPVs to the docked gold nanoparticles. Further confirmation of
energy transfer is obtained from photoinduced absorption
studies, which show a clear difference in the population of
the lowest electronic excited states of 55 and 55/56-Au hybrid
gels in the nanosecond time scale.

(b)

—— 100:1 mixture
—— 56-Au

PL Intensity (a. u.)

L3 T

T
600
Wavelength (nm)

500 700

Fig. 31 (a) Molecular structures of the OPV gelator 55 and of the disulfide
functionalised analogue 56. (b) Fluorescence spectrum of a 100 : 1 mixed gel of
55 and 56—-Au and of the individual compounds in toluene. Inset: photographs
of the luminescent gel 55 (left) and of the 100 : 1 55/56—Au mixed gel (right). The
latter displays a faint blue emission that can be ascribed to individual 55
molecules. (Adapted with permission from ref. 93. Copyright 2007 Wiley-VCH.)
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Fig. 32 Schematic representation of a CdSe quantum dot covered with
the OPV ligand 57 (Adapted with permission from ref. 95. Copyright 2008
American Chemical Society.)

The drawback of polydispersity of chain lengths in
n-conjugated systems anchored to CdSe quantum dots (QDs)
in ‘grafting-from’ polymerization®* was overcome by synthesiz-
ing the OPV ligand 57 and attaching it to QDs through a
‘grafting-to’ (i.e. ligand exchange) method (Fig. 32).°>°® The
solid state emission spectrum of thin films of CdSe QDs
covered with 57 shows primarily the features of the QDs, as a
result of an efficient OPV — QD energy transfer. The excitation
spectrum of 57-CdSe, recorded by collecting the emission of
QDs, matches the absorption spectrum of OPV and confirms
the energy transfer process. Interestingly, the 57 functionalised
CdSe QDs display a one-dimensional emission dipole moment
in contrast to the two-dimensional degenerate dipole moments
typically observed for QDs.

Schenning, Meskers and co-workers studied the photo-
physical behavior of OPV-functionalised gold nanoparticles
(58, Fig. 33), observing a considerable quenching of the highly
emissive OPV molecule upon photoexcitation.®” The fluores-
cence and photoinduced absorption spectroscopy show that the
emission quenching and the shortening of the lifetime of OPV
are due to ultrafast resonance energy transfer to the gold
nanoparticles, rather than electron transfer.

The synthesis and energy transfer studies of hybrid materi-
als containing a coordination compound (Cu(1)-bisphenanthro-
line) and OPV moieties have been also reported (Fig. 34).%°°
These multicomponent systems 59a,b show efficient intra-
molecular energy transfer from the lowest singlet excited state
of the OPV arms to the Cu(i)-complexed core. Notably, the
nature of the photoinduced processes is found to be dependent
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Fig. 33 Schematic representation of OPV functionalised gold nanoparticles 58. (Adapted with permission from ref. 97. Copyright 2007 Elsevier Ltd)

59a:n=1,R=C ;Hy
59b:n =2, R=C ,Hys

Fig. 34 Molecular structures of Cu()—-bisphenanthroline complexes with
appended OPV units.

on the length of the conjugated OPV backbone. In the complex
59a, equipped with a trimeric OPV fragment, irradiation of OPV
results in quantitative sensitisation of the Cu(1) complex. This is
not observed for 59b, suggesting that electron transfer may play
a role when longer OPV fragments are present. Indeed, the
different behavior of 59b is ascribed to the slightly increased
electron-accepting character of the OPV tetrameric unit when
compared to the corresponding trimer.

Petoud, Rosi and co-workers reported the synthesis and
characterization of NIR emitting metal-organic frameworks
(MOFs) based on carboxylic acid functionalised OPV 60 and
ytterbium cations (Fig. 35).'°® Photoluminescence studies
revealed that the OPV ligand can sensitize the Yb*" NIR emis-
sion through energy transfer (antenna effect). Interestingly, the

18 | Chem. Soc. Rev,, 2014, 00, 1-21

(a) 0, 0 OCH;
HO \ O \ o]
OH

60

MOF-1

+ Crystal system: Orthorhombic

+ Crystal system: Orthorhombic

+ Space group: Fddd
+ @, =3.3(20.5) x 10°
Fig. 35 (a) Molecular structure of the OPV ligand 60 and (b) projection of

the MOFs viewed along the a crystallographic direction. (Adapted with
permission from ref. 100. Copyright 2009 The Royal Society of Chemistry.)

+ Space group: Pnna

+ @, =18 (£0.2)x 102

luminescence quantum yields of MOFs (Fig. 35b) were found to
be among the highest ever reported for ytterbium systems in
solution. This indicates that the rigid extended structure of the
MOFs provides protection for the lanthanide cations from
solvent vibrations, affording remarkable NIR photolumines-
cent materials.

10. Conclusion

OPVs are one of the most extensively investigated classes of
linear n-systems. The optical and electronic properties of these
molecules are strongly dependent on the extent of conjugation,
the specific substituents chosen and also on intermolecular
interactions, primarily driven by non-covalent stacking. Supra-
molecular architectures of different sizes and shapes can be
created with the help of hydrogen bonding and r-interactions.
The photophysical properties of the resulting materials are
substantially different when compared to those of the consti-
tuent molecules. In particular, self-assembled OPV aggregates

This journal is © The Royal Society of Chemistry 2014
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and gels have turned out to be excellent scaffolds for hosting
suitable excitation energy acceptors, which enable an efficient
energy transfer thanks to supramolecular organization.
Concentration, polarity of the solvent and temperature changes
further allow the tuning of molecular self-assembly as well as
the control of energy transfer, leading to emission colour
tuning of the material.

We have shown here that a significant amount of knowledge
has been generated over the years in the field of OPV-based
photoactive supramolecular nanomaterials featuring photo-
induced energy transfer. However, much work still needs to
be done in order to use this knowledge for practical applica-
tion. We anticipate that remarkable opportunities exist in the
field of photoactive materials based on OPVs and, more gen-
erally, on organic conjugated systems, particularly in the con-
text of optoelectronic technologies based on organic
nanomaterials that are expected to ultimately be implemented
in the years to come.
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