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1. Introduction

A supramolecular assembly-based strategy
towards the generation and amplification of
photon up-conversion and circularly polarized
luminescence

Alisha Sengupta, Gargee Roy, Aakash Ravikant Likhar and Deepak Asthana ‘= *

For the molecular properties in which energy transfer/migration is determinantal, such as triplet—triplet
annihilation-based photon up-conversion (TTAUC), the overall performance is largely affected by the
intermolecular distance and relative molecular orientations. In such scenarios, tools that may steer the
intermolecular interactions and provide control over molecular organisation in the bulk, become most
valuable. Often these non-covalent interactions, found predominantly in supramolecular assemblies,
enable pre-programming of the molecular network in the assembled structures. In other words, by
employing supramolecular chemistry principles, an arrangement where molecular units are arranged in a
desired fashion, very much like a Lego toy, could be achieved. This leads to enhanced energy transfer
from one molecule to other. In recent past, chiral luminescent systems have attracted huge attention for
producing circularly polarized luminescence (CPL). In such systems, chirality is a necessary requirement.
Chirality induction/transfer through supramolecular interactions has been known for a long time. It was
realized recently that it may help in the generation and amplification of CPL signals as well. In this review
article we have discussed the applicability of self-/co-assembly processes for achieving maximum
TTA-UC and CPL in various molecular systems.

together to form nano-architectures with distinctive sizes and
shapes. Glues that keep molecular building blocks held within

Supramolecular systems, found ubiquitously in nature, are net-
works of molecules in which many molecular units are joined
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the structure are weak noncovalent intermolecular interactions
like hydrogen bonding, n-rn stacking, dipolar interactions, van
der Waals forces, hydrophobicity, etc. Despite being much
weaker than any regular covalent bonds, such interactions
control the realms of supramolecular chemistry. Molecules
could be designed to fulfil any functional requirement, for
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example, they could be tuned to function as a molecular reco-
gnition unit, a receptor, an ion transporter etc., and for this
reason, supramolecular chemistry has been described as “the
designed chemistry of the intermolecular bond”." These forces
are determinantal in many natural processes including photo-
synthesis, and are responsible for specific structures of pro-
teins and DNA double helix formation.> In some cases, the
structural features of monomer building units are over-
whelmingly restrictive and require a great amount of flexibility
to establish intermolecular interactions. Weak noncovalent
interactions discussed above can be effective over a signifi-
cantly long range of distances and orientations. For example,
hydrogen bonds (H-bonds) can vary from 2.5 A to 3.0 A in
length and from 90° to 180° in angle.* A new class of porous
supramolecular systems, also known as hydrogen-bonded
organic frameworks (HOFs), is one such example where
hydrogen bonding and n-n stacking interactions play crucial
roles.*”

The unique feature that supramolecular networks have to
offer is the retention of individual molecules’ identity in the
assembled network. This implies that specific applications
where the molecular arrangement in the bulk is a prerequisite,
for example, light harvesting, molecular recognition, drug
delivery systems, molecular motors, molecular devices, etc.,
self-assembly could be of great importance.°>° A large
number of examples are available in the literature where supra-
molecular interactions have been used to control the mole-
cular organisation in the bulk.>"** An interesting collection of
reviews discussing the progress in various fields of supramole-
cular chemistry was published in 2017 to celebrate the fiftieth
anniversary of C. J. Pedersen’s landmark work on metal ion-
crown ether complexes.”?
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The supramolecular approach provides a unique way to
modify some of the most desirable features of a molecular
system, including excited state properties.>*>” Supramolecular
platforms have been widely used to widen the range over
which energy could be transferred.”® Inspiration comes
directly from a natural light harvesting process in which long
range energy transfer plays a key role. As we know that Dexter
and Forster types of energy transfer processes have an inter-
molecular distance dependency, the molecular arrangement
becomes a deciding factor.>® For the Dexter-type energy trans-
fer to take place, donor (D) and acceptor (A) molecules must
be within 1 nm of distance, whereas, the Forster-type energy
transfer can take place at much longer distances (<10 nm).
This implies that the efficiency of energy transfer could be
fine-tuned to reach the maximum amount by controlling the
molecular organization in the bulk. In fact, a supramolecular
self-/co-assembly tool has been frequently used to modulate
the overall energy transfers and/or to manipulate the optical
properties of the material.*®

During the self-assembly process, the intermolecular dis-
tances reduce significantly which has a huge impact on the
energy transfer processes. A judicious design of building
blocks may lead to the formation of a desired molecular
network allowing the manipulation of energy transfers in the
bulk. This has found huge application in designing
triplet-triplet  annihilation-based photon up-conversion
(TTA-UC).>'7 A prerequisite for this to happen is a specific
arrangement of a chromophore that may allow the Dexter-type
energy transfer.>®

Self-assembly has been extremely useful in the fields of
photonics where a bottom-up approach has been used to
obtain photonic crystals or to create nanoparticle arrays for a
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variety of optical applications, including low molecular weight
materials for white light emission, circularly polarised lumine-
scence, etc.’*™*° As the scope of supramolecular systems and
their application is quite wide, in this review we will stay
focused on the application of supramolecular interactions to
create a self-assembled network of luminescent nano-architec-
tures and its impact on the TTA-UC and CPL (Scheme 1).

2. Supramolecular self-assembly and
photon up-conversion

Photon up-conversion is the process in which the radiated
energy contains photons that are higher in energy than the
incident ones. This is in contrasts to the commonly observed
phenomena, as during the fluorescence process some of the
energy is lost in non-radiative processes and emitted light is
always stokes-shifted.>® Photon up-conversion finds numerous
applications in the fields of photovoltaics and
photocatalysis.>'>> Upconverting visible light to the ultraviolet
(UV) range or near infrared (NIR) light to the visible region
would increase the absorbance of any light-based devices and
therefore can significantly improve their efficiency.”*>> Up-
conversion finds great applicability in biological processes as
well. Bioimaging and photodynamic therapy (PDT) are two
important areas where up-conversion could be hugely
advantageous.’®®" It is known that various mechanisms
including nonlinear optical effects, such as the second harmo-
nic or sum-frequency generation, the two- (or multi-) photon
absorption process, etc., may lead to anti-Stokes shifted emis-
sion of light.®>®* Among the available photon up-conversion
methods, TTA-UC represents a special case as it makes poss-
ible to upconvert low intensity light (<SmW cm™2).%>%*

Photon Up-conversion

Annihilation
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In general, TTA-UC occurs through a bimolecular process in
systems comprised of a donor and an acceptor chromophore.
Scheme 2 represents the mechanistic profile of the TTA-UC
process. The entire process could be divided in five steps: (1)
absorption of incident light by a donor, (2) formation of long-
lived donor triplets, (3) a donor to acceptor triplet-triplet
energy transfer (TTET), (4) formation of acceptor excited
singlet via triplet-triplet annihilation (TTA), and (5) emission
of energy upconverted light.

Upon irradiation of suitable light, a donor, which is nor-
mally a heavy metal containing a porphyrin dye, gets excited to
a singlet state which after passing through an intersystem
crossing (ISC) step acquires a triplet state. Having an acceptor
whose triplet energy level is only slightly lower than that of the
donor in its proximity, a triplet energy transfer (TET) takes
place. This donor to acceptor TET generates acceptor triplets,
which ultimately annihilate and produce acceptor singlets.

S) m—

Key factors to maximize Up-conversion

Sy quantum yield:

g
7
o

..,
T, e, e Strong absorption & high ;s
Tt

* Efficient triplet energy transfer

* Long triplet lifetime
Annihilation of two triplets
(TTA)

Energy upconverted emission

Sufficient triplet collisions

Absorption of incident photon

High fluorescence quantum vyield

Y R So A
Sensitizer Emitter
(donor) (acceptor)

Scheme 2 Schematic diagram depicting steps involved in TTA-UC, and
the various structural features of the donor and acceptor that have a
huge impact on the overall up-conversion quantum yield.
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Scheme 1 A general scheme showing various ways in which supramolecular chemistry and non-covalent interactions could be applied to fine tune

the optical properties in the bulk.
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The final emission takes place from this high energy excited
singlet. TET (step-3) and TTA (step-4) are distance dependent
events and largely responsible for the up-conversion quantum
yield (@yc). Another difficulty that is faced with TTA-UC is the
interference from dissolved oxygen which might kill the tri-
plets before TTA can take place. Achieving TTA-UC under
ambient conditions has been a challenge.

Self-assembled networks provide an ideal platform where
energy transfer processes could be controlled. A review article
focusing on up-conversion in metal organic frameworks,
covalent organic frameworks and gels could be found else-
where.®® In the following sections we will see how the self-
assembly process can effectively circumvent both energy trans-
fer and triplet quenching issues (vide supra) that limit the
applicability of TTA-UC in practical life.

2.1 Enhancement of the TET and TTA to improve @yc

The overall quantum yield (QY) of the TTA-UC process is given
by following equation:

1
Pyc = Ef D1sc PrerPr1a PE1- (1)

As annihilation of two triplets generates one upconverted
photon, a factor of 1 is introduced in QY calculations. Factor f
represents the statistical probability of singlet formation, ®rsc
and @y are the efficiencies of triplet formation in the donor
and the fluorescence QY of the acceptor, respectively. The
remaining two quantities in eqn (1), @rgr and Prr,, depend
on the intermolecular distances in the system. These two
factors could be maximized to reach a value close to unity
thereby increasing the @yc.

A TET occurs through a Dexter-type energy transfer which
involves electron exchange between the two participating mole-
cules. An intermolecular distance <1 nm is a prerequisite for
such energy transfers. Strategies to bring donor molecules
nearer to the acceptor has been thoroughly investigated. In fol-
lowing subsections, we will explore the three major supramole-
cular chemistry-based strategies that have been applied to
achieve efficient photon UC. The formation of host-guest-
based energy donor and acceptor supramolecular complexes,
the supramolecular co-assembly of donor and acceptor mole-
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cules, and the entrapment of the donor molecules in the self-
assembled networks of acceptor systems have been shown to
be quite successful in improving the UC efficiencies.

2.1.1 Host-guest complex of the energy donor and acceptor
chromophore. Supramolecular host-guest complexes formed
by the inclusion of a guest molecule in the macrocyclic cavity
of the host system have numerous applications in biomedical
fields. A wide range of host-guest complexes have been
reported for drug delivery, biochemical sensing, molecular
recognition, etc.°*"*° A detailed review about host-guest com-
plexes of fluorescent dyes in aqueous media could be found
elsewhere.”® This supramolecular complex formation approach
has also been used to achieve photon up-conversion. By
improving the TET process through host-guest interactions, C.
Fan et al. successfully demonstrated TTA-based photon UC in
a perylene-boron-dipyrromethene (BODIPY) system.”* The
authors utilized pillar[5]arene to graft four perylenes and to be
used as the host moiety (Fig. 1). A C5o-BODIPY dyad functiona-
lised to have an alkyl nitrile chain, which facilitates host-guest
complex formation with a pillar[5]arene cavity, was used as a
metal-free sensitizer. This cleverly designed host-guest
complex of perylene-BODIPY resulted in an up-conversion
system that could function at concentrations as low as 6 x 107>
M with a @y of up to 3.2%.

Utilizing the host-guest chemistry of cyclodextrin (CD), W.
Xu et al. prepared 9,10-diphenylanthracene (DPA) derivatives
that self-assemble in aqueous media.”> Two types of deriva-
tives were designed, one in which two y-CD units are joined
through a bridging DPA unit, and the second in which DPA is
a tethered to y-CD unit (Fig. 2). Using a Ru(u)-coumarin com-
pound as a sensitizer and the DPA-bridged system as an
emitter for TTA-UC, the authors obtained an up-conversion
quantum yield in deaerated water of up to 6.87%.

Another interesting report on host-guest interaction-based
up-conversion was published by Wasielewski, Stoddart and co-
workers.”? The group prepared a host-guest complex com-
prised of a fluorescent tetracationic host system (ExTzBox*") in
which a 5,15-diphenylporphyrin (DPP) sensitizer guest gets
included (Fig. 3). The prepared supramolecular complex
exhibited upconverted blue fluorescence when irradiated with
Q bands of DPP (575 and 628 nm light). The obtained up-con-

o Host-Guest Interaction Facilitated
TTET and TTA processes
g

Fig. 1 A pillar[S]larene-based host—guest complex containing perylene acceptors and a BODIPY sensitizer to exhibit TTA-UC in solution. Adopted

with permission from ref. 71. Copyright 2016, American Chemical Society.
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Fig. 2 (a) Supramolecular self-assembled structure of fluorescent
emitter (DPA-y-CD) molecules in water and (b) sensitizer guest mole-
cules hosted in CD cavities, leading to upconverted emission through
the TTA-UC mechanism. Adopted with permission from ref. 72.
Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 3 A host—guest complex for triplet fusion-based photon upcon-
version. Adopted with permission from ref. 73. Copyright 2020,
American Chemical Society.

version quantum yields were up to 8.1% and thresholds values
were as low as 4.8 mW cm™>. This report demonstrated the
generalization of the host-guest strategy towards designing
new photon up-conversion materials for specific applications.
2.1.2 Confinement of the donor and acceptor in the supra-
molecular network/matrix. One way of making sure an efficient
TET from a donor/sensitizer to the acceptor molecule is to
entrap the donor in a self-assembled network of acceptor
units. Not only the TET, but also this approach also helps in

This journal is © The Royal Society of Chemistry 2023
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improving the TTA process yields as acceptors units are closely
placed in a very well-organized manner. Such a system does
not require diffusion, instead triplet energy migration (TEM)
from one acceptor to other takes place. The involvement of
TEM-based energy transfer could be confirmed by performing
experiments at very low temperatures, e.g., in a liquid nitrogen
cooled sample. At such a low temperature, diffusion will be
completely ceased and any up-conversion, if obtained, will
take place only through a TEM-based mechanism.

T. Ogawa et al. functionalized 9,10-diphenylanthracene
(DPA) to form a low molecular weight gelator (LMWG) by intro-
ducing alkyl chains that are connected via 1-glutamate linkers
(Fig. 4).>* In the self-assembled structure of an acceptor and
donor Pt(n)-octaethylporphyrin (PtOEP) mixture, donor mole-
cules get dispersed and remain confined in the lipophilic
regions. Phosphorescence measurements showed nearly 100%
energy transfer from the donor to acceptor.

As we know that once acceptor triplets are produced, they
must meet a second such acceptor molecule to allow TTA.
Generally, this is achieved by diffusion in the system; however,
the diffusion mechanism has some limitations as the risks of
quenching are increased. In an appropriately arranged accep-
tor network, triplet energy can migrate without any need for
molecular diffusion and therefore much improved TTA can be
expected. The authors indeed reported an overall up-conver-
sion QY of 30%. It should be noted that theoretical maximum
of @y is 50%. This report clearly signifies the important role
of supramolecular chemistry in enhancing the energy transfer.

It is noteworthy that the commonly available acceptor
chromophores are from the polyaromatic family having
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Fig. 4 A self-assembled network of acceptor [10 mM] and entrapped
donor molecules [10 pM], leading to extremely efficient TET and TTA
processes enhancing the @yc up to 30%. Adopted with permission from
ref. 34. Copyright 2015 Springer Nature.
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minimal solubility in water. To construct a self-assembled
network, these are often conjugated with long alkyl tails,
which makes them further hydrophobic. D. Asthana et al
reported a lipid-based supramolecular system in which the
acceptor arranges itself along the bilayer structure.”* Lipid
structures also helps in solubilizing the donor (PtOEP) which
being hydrophobic in nature will have a tendency to get preci-
pitated in water. A mixture of a cationic lipid-anionic acceptor
(DPA-SO;™) complex and a PtOEP donor gets easily dispersed
in water and exhibits TTA-UC under mild irradiation con-
ditions (Iy, = 25 mW cm™?). A lipid-assisted supramolecular
self-assembly resulted in an ambient condition photon up-con-
version and a long triplet lifetime (~8 ms) in aqueous media.
However, the up-conversion emission intensity from the
aerated sample was found to be unstable under longer
irradiation times.

In a smart design adopted by R. Haruki et al., a DPA-based
acceptor was designed to have hydrophilic oligo(ethylene
glycol) chains along with the alkyl chains to provide a self-
assembled network in water medium (Fig. 5a).”> Due to their
hydrophobicity, PtOEP molecules remain in the alkyl tail
regions. This supramolecular network displays the most desir-
able properties, stable TTA-UC under ambient conditions. In
an aqueous medium, oligo(ethylene glycol) chains orient out-
wards and remain exposed to water molecules, whereas the
inner part forms a very lipophilic layer.

The strategy of converting an acceptor into a gelator has
certain advantages such as the formation of acceptor arrays

) CyuHy50 7y UC emission
s ind it
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part
Hydrophilic
part

®
b) % @ %j H"g:n "
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\ Trer. Triplet Upconverted
migration _emission

Fig.5 (a) A DPA-based acceptor self-assembled network showing
TTA-UC in water under ambient conditions. Adopted with permission
from ref. 75. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Scheme showing the inclusion of sensitizer and acceptor
chromophores in an extended fibrous network of the gel. Adopted with
permission from ref. 37. Copyright 2015, American Chemical Society.
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that may facilitate triplet energy migration, which can provide
protection from solvent-based triplet quenching, etc.; however,
it requires additional synthesis steps to be performed. It would
be much more practical if TTA-UC could be achieved using a
commonly available gelator that confines both the donor and
acceptor. P. Duan et al. used a known gelator, N,N'-bis(octade-
cyl)-L-boc-glutamic diamide (LBG), to entrap DPA and PtOEP
in their fibrous network.>” A ternary mixture containing LBG,
DPA and PtOEP was heated in dimethylformamide to form a
clear solution. Upon cooling the entire volume forms a pink
colour gel. This gel system (Fig. 5b and 6a, b) showed surpris-
ing stable photon up-conversion under air saturated con-
ditions and exhibited a threshold (I;;,) value of 1.48 mW cm ™,
which is slightly lower than the solar irradiance. By performing
a control experiment, the authors further clarified that the sol-
vophobic interactions which force the UC chromophore pair
into the nonpolar inner regions of a gel matrix are the key
here. When the same LBG/PtOEP/DPA mixture was used to
form a gel in a nonpolar solvent CCl;, no UC was observed
under similar conditions to the DMF gel. This difference
might arise from the UC pair being dissolved and spread in
the bulk CCl, solvent environment.

The concept of applying a gelator molecule to achieve a
nano-matrix assisted TTA-UC was demonstrated to be a
general strategy. To be of some practical importance, it should
be possible to apply with different UC pairs. The authors pre-
pared air-saturated DMF gels of UC pairs PdPc(OBu)g/rubrene
and PtTPBP/BPEA, and showed the successful UC from NIR
(730 nm) to yellow (570 nm) and from red (635 nm) to cyan
(507 nm), respectively (Fig. 6¢c and d). These experiments
clearly indicated the universality of this approach.

| | n
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OBu BuO,

SHEn, Qo

N\ /Pd

Fig. 6 (a) DPA + PtOEP in an LBG gel matrix under normal light and (b)
when irradiated with a 532 nm laser. (c and d) Generalization of the
method with UC in LBG/rubrene/PdPc(OBu)s and LBG/BPEA/PtTPBP
gels, respectively. Adopted with permission from ref. 37. Copyright 2015,
American Chemical Society.
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So far, we have discussed that how the confinement of a
sensitizer in the supramolecular interactions led to the mole-
cular assembly of acceptor chromophores or confinement of
the sensitizer and acceptor chromophore in the supramolecu-
lar network of a gelator, leading to the generation of TTA-
based photon up-conversion with high quantum yields and, in
some cases, even in the presence of air. While the dispersion
of a sensitizer (donor) in the self-assembled network of an
acceptor seems extremely helpful, chances of the segregation
of donor molecules remain a possibility, which might affect
the overall performance of the TTA-UC system.

Co-assembly of the donor and acceptor should be able to
overcome this issue. A properly functionalized donor and

a)
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Disassembly

/

TTA-UC silent

TTA-UC active

Fig. 7 (a and b) Co-assembly of functionalized donor and acceptor
units, leading to an aggregation-induced enhancement of fluorescence.
Influence of the chiral glutamic acid linker is seen from the TEM image
that showed the formation of helical nano structures in both acceptor
(c) and donor gel samples (d). Adopted with permission from ref. 76.
Copyright 2017, RSC. (e) Chemical structures of the DPA-based dendritic
acceptor molecule and the Schiff-base-based Pt—acceptor system.
Adopted with permission from ref. 77. Copyright 2020, Elsevier Ltd.
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acceptor might form a supramolecular network in which both
units are included homogeneously. P. Duan et al. reported a
TTA-UC system comprised of a cyano-substituted distyrylben-
zene acceptor and Pd(ii) mesoporphyrin IX donor systems
(Fig. 7).”° The acceptor alone showed an aggregation induced
enhancement in fluorescence intensity. Interestingly, this
co-assembled network exhibited temperature-dependent turn
on/off UC. When heated to form a solution, the UC was lost,
whereas upon cooling back to the gel state, UC was reattained.

Confinement of the donor or acceptor in host cavities
require a size match with the guest structure. This might be a
restrictive condition in generalising the host-guest interaction-
based upconverting materials. Q. Guo et al. suggested the
applications of a dendritic network of acceptor units and the
utilization of various spaces in the three-dimensional dendri-
mer network to accommodate sensitizer molecules.”” An inves-
tigation in methanol and a methanol/water mixture revealed a
huge difference in up-conversion yields. It was found that
addition of water triggered the formation of self-assembled
nanoparticles ranging up to 250 nm in size. Sensitizer mole-
cules get confined in those cavities increase the @®yc from
1.4% in methanol to 10.2% in the methanol/water medium.

2.1.3 Self-assembly led to ambient condition TTA-UC in
water. TTA-UC is an attractive technique to upconvert low fre-
quency radiation into a higher one as it requires much milder
conditions to operate. In fact, it has been shown to work with
incident light intensities that fall under solar light irradiance,
which increases its applicability in real life devices to several
folds.*”78%* However, as this technique relies on the for-
mation and lifetime of triplets, it is quite sensitive to quench-
ing by the dissolved oxygen. Therefore, in most cases the
experiment must be performed in completely degassed or dea-
erated solvents, making it difficult to realize in
water. P. Bharmoria et al. devised a co-assembly-based method
in which gelatin, a surfactant, and chromophores are mixed to
form a hydrogel, and reported an air-stable up-conversion with
a @yc of 13.5%.%> The donor PtOEP and the acceptor
DPA-SO3;Na get accumulated in the lipophilic regions of the
surfactant which lies under a thick cover made of a hydrogen-
bonded gelatin network (Fig. 8). Oxygen blocking in such a
biopolymer-surfactant-chromophore co-assembly represented
an exciting way of producing upconverted light.

TTA-UC Aer = 442 nm

o (4
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i)

n co-assembly in water and (b and c) a co-assembled hydrogel in normal

light and upon irradiation with a 5432 nm laser. Adopted with permission from ref. 85. Copyright 2018, American Chemical Society.
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In a slightly different approach, H. Kouno et al. modified
the DPA acceptor to have ten carbon long alkyl chains and qua-
ternary ammonium groups on both sides, giving it an amphi-
philic characteristic.>> A tetracarboxylic acid analogue of
PtOEP was synthesized to overcome the insolubility issue. A
modified donor and acceptor when dissolved in water leads to
the formation of a co-assembled network. Up-conversion
measurements performed in aerated water showed stable UC
signals. Furthermore, extending the co-assembly approach to a
slightly different type of supramolecular network, H. Kouno
et al. investigated the effect of supramolecular crowding by
introducing a fatty acid anion in the system.®*® DPA functiona-
lized with four quaternary ammonium groups present at the
end part of an alkyl tail was prepared (Fig. 9a). As expected,
the functionalized acceptor forms a self-assembled network in
water, this supramolecular assembly failed to exhibit UC in
aerated water (Fig. 9b). Sodium oleate was then introduced
into the acceptor and PtOEP mixture, and a co-assembled
network was developed in water. Addition of sodium oleate
reduces the electrostatic repulsion between the ammonium
groups and results in a much tighter supramolecular network
formation, which is now capable of blocking the oxygen. This
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Fig. 9 (a) Chemical structure of the functionalized DPA acceptor and
scheme showing a co-assembled network that blocks the oxygen. (b)
Plots showing the successful UC emission from the oleate—acceptor—
PtOEP assembly and no UC from acceptor—PtOEP assembly in water.
Adopted with permission from ref. 86. Copyright 2019, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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co-assembled network exhibited a remarkably high up-conver-
sion quantum yield in deaerated water of 19.8%. Up-conver-
sion measurement performed in an air saturated water
medium gave a @y of up to 14.4%.

Y. Kawashima et al. prepared a bola-type amphiphile accep-
tor and mixed it with decanoate.?” A sensitizer mixed with an
acceptor and decanoate forms a co-assembled network in
water. Upon excitation with 445 nm light, an upconverted
emission at 390 nm was observed. In order to calculate the
oxygen barrier efficiency of this ternary mixture, the UC
efficiencies of aerated and deaerated samples were compared
and they were found to be nearly 80%.

It is evident that the energy transfer processes are most
efficient when there is a well organised molecular network of
the participating chromophores. In this context, metal organic
frameworks (MOFs) present a very suitable platform. J. Park
et al. synthesized a water stable Zr-MOF of 4,4'-(9,10-anthrace-
nediyl)dibenzoic acid (DCDPA) and demonstrated the success-
ful TTA-UC using a Pd(u)-meso-tetrakis(4-carboxyphenyl)por-
phyrin (Pd-TCPP) sensitizer (Fig. 10).%® During the MOF syn-
thesis, varying amounts of a sensitizer were taken with
different concentration ratios of the sensitizer and annihilator.
Sensitizer molecules get included in the defect coordination
sites of Zr clusters. Transmission electron microscopy images
revealed the formation of an octahedral structure of around
55 nm. Up-conversion measurement in an aqueous medium
showed an up-conversion efficiency of 1.28% under illumina-
tion of 2.4 mW cm™? intensity light. The prepared MOF was
found to be photostable when irradiated with a laser power
intensity of up to 100 mW cm™2, and also no cytotoxicity in
HeLa cells was observed.

In situ Pd-TCPP
incorporation

Y% fast
!Zxas

3D radial triplet migration

Fig. 10 (a) Schematic diagram showing the preparation of a MOF con-
taining an annihilator DCDPA and a sensitizer Pd-TCPP. (b) TEM image
showing octahedral MOF structures. (c) Schematic design showing the
three-dimensional triplet energy migration paths n of the MOF. Adopted
with permission from ref. 88. Copyright 2018, American Chemical
Society.
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Photon up-conversion under ambient conditions and in
aqueous media broadens the overall applicability of these
systems in biological processes such as bio-imaging and PDT.

3. Supramolecular self-/co-assembly
and CPL

Word light refers to the visible part of electromagnetic (EM)
radiation, which is a tiny part of the spectrum that extends
from very short wavelength y-rays to long wavelength radio
waves. Human eyes are sensitive to only the visible part of it
and cannot detect the remaining electromagnetic radiation.
EM radiation contains two components, electric and magnetic
fields, which oscillates in a mutually perpendicular direction
along the wave propagation axis. Unpolarized light has electric
field vectors oscillating in all possible planes perpendicular to
the wave propagation direction. Light is said to be polarized if
by passing the light through a polarizer, the random oscil-
lations are filtered out.’**° Depending on the electric field
orientation in the polarized light, it could be categorised into
three types: linearly polarized, circularly polarized, and ellipti-
cally polarized light.

Curiosity about the polarized light started with the initial
studies carried out by Christiaan Huygens and Erasmus
Bartholinus (1669). In 1809, E. L. Malus explained the
phenomenon of double refraction from the crystals of spar
producing double images using the word “polarization”.
During 1811-1817, a French physicist Jean Baptiste Biot dis-
covered the rotation of the plane of polarization upon passing
the polarized light through a properly cut quartz. Materials
capable of rotating the plane of polarized light are called opti-
cally active. Optical activity is displayed by chiral systems.

Chirality is the property of a system which illustrates that
the structure and its mirror image are non-superimposable.
Chiral objects are found ubiquitously in nature and in many
cases are endowed with characteristic chiroptical properties.”*
There are several chiroptical methods that are used to charac-
terize the stereochemical and electronic properties of chiral
molecules. Standard measurements performed to investigate
chiroptical properties are circular dichroism (CD) and optical
rotatory dispersion. Being an absorption-based method, the
CD spectrum contains information about the ground state
chiroptical properties of any chiral system. CD spectroscopy
is based on the differential absorption of left- and right
circularly polarised light, and has become a widely used
technique.®>°>"®> Circularly polarized luminescence (CPL) is
the phenomenon that produces polarized emission light
(Scheme 3). CPL measurements hold information about the
excited electronic states of chiral systems. Like CD spec-
troscopy, CPL measures the difference in left- and right-circu-
larly polarised emissions from the system.’®"®® With the intro-
duction of commercially available spectrometers for CPL
measurements, the field of CPL has seen a huge surge in
research activity. This has resulted in a large number of publi-
cations reporting CPL-active systems, a themed collection on
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Scheme 3 Diagram showing the procedure to obtain circularly
polarised light using a physical method and the emission of circularly
polarized light from a chiral CPL-active fluorophore.

this topic recently published in journal of Materials Chemistry
C (Royal Society of Chemistry, 2023) is an example of that.

CPL materials find varied applications in different domains
namely chiral opto-electronics, biological fields like chemo-
sensors, light emitting transistors, CPL switches, 3D-displays,
etc.”*"°° CPL has also been applied to amplify the chirality in
molecular/supramolecular systems."'°'> One of the criteria
used to describe CPL-active systems is the luminescence dis-
symmetry factor (gj,m) which may lie between +2 and —2, posi-
tive indicating left-handed circularly polarised light and nega-
tive indicating right-handed circularly polarised light.

Zum = 2(IL — R)/ (I + Ir) (2)

Organic molecules usually exhibit smaller g, compared to
inorganic compounds. However, as organic molecules could
be easily modified to meet specific requirements, they rep-
resent vast opportunities of creating efficient and more benign
CPL-active materials."*®""” Various strategies have been opted
to produce new CPL-active molecules and/or to amplify the
CPL signal of existing materials."*®"**

A supramolecular chemistry-based approach has been par-
ticularly helpful at this. In the coming section, we will discuss
some of the representative examples where supramolecular
engineering has resulted in induced CPL activity or caused
amplification in polarized luminescence and g, values.

3.1 CPL from supramolecular assemblies of the achiral
chromophore: chirality transfer vs. chiral energy transfer
(C-FRET)

Induction or amplification of chirality is the process in which
doping an achiral system with a small amount of a chiral ana-
logue creates chiral assemblies in the bulk. This is known as
the “majority rule” or “sergeants and soldiers” principle.'?*?®
This approach has been widely applied in the field of helical
polymers, supramolecular polymers, etc.'*”'?°'*° In the
context of CPL, induction of chirality through the majority rule
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could be extremely helpful as the preparation of chiral lumi-
nescent systems would not be a requirement. Simple doping
with a small amount of a chiral analogue would make the
entire system CPL active.

In some cases, chirality could be acquired upon supra-
molecular self/co-assembly formation."*®'*” Such systems
allow the use of an achiral chromophore for chiroptical
applications. P. Duan, M. Liu and co-workers prepared
benzene-1,3,5-tricarboxamide benzoic acid (BTABA), a sym-
metric molecule that forms a gel in a DMF/H,0O mixture.'?®
When this gel is heated to form a solution and then vortexed,
chiral assemblies are formed which are then used as a chiral
seed (Fig. 11). A fluorescent dye was then added to this chiral
assembly. CPL measurement using this dye doped chiral
assembly exhibited a gjum, value of +0.0435 (at 465 nm).

The authors further extended this approach to accommo-
date photon upconverting materials inside the chiral assem-
blies obtained from BTABA to realize CPL from upconverted
emission."®® A 9,10-diphenylanthracene derivative as a TTA-UC
acceptor and a Pt(u) mesoporphyrin IX (PtMIX) donor were
mixed with BTABA to form a co-assembled network. When irra-
diated with 532 nm light, an upconverted emission at 434 nm
was observed. CD measurements confirmed the supramolecu-
lar chirality transfer from the BTABA gel to the acceptor
chromophore. Upon excitation with a 532 nm laser, CPL
activity from the upconverted emission (at 445 nm) with a g,
value of +0.014 was successfully recorded.

DNA is a naturally occurring chiral system and has been
used to attach fluorophore units to achieve CPL. A synthetically
less demanding route could be to use DNA nanostructures as a
template to incorporate fluorescent dyes for CPL. Q. Jiang
et al. applied a carbazole-based bicyanine dye to obtain a
DNA-cyanine composite.** When bound to DNA, the dye gets
confined in a restricted environment and therefore the fluo-
rescence intensity gets increased by a noticeable amount.
Their study showed that a decrease of GC contents in a duplex
DNA-biscyanine assembly resulted in an increase of fluo-
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Fig. 11 Scheme showing chiral aggregate formation from an achiral
molecular system and then utilizing it as a chiral seed for further chiral
supramolecular network formation (top). The scheme below shows the
emergence of supramolecular chirality, leading to a CPL signal when
doped with a fluorescent dye. Adopted with permission from ref. 138.
Copyright 2020, American Chemical Society.

19008 | Nanoscale, 2023, 15, 18999-19015

View Article Online

Nanoscale

rescence intensity and CPL emission. This observation was
attributed to the preferential binding of the biscyanine dye to
AT-rich dsDNA. Also, longer DNA duplex templates exhibited
stronger CD signals and CPL activities. B.-C. Kim et al. demon-
strated CPL activity in a liquid crystalline mesophase obtained
from the assembly of achiral molecules."*! The authors
employed a 1:1 mixture of a rod-shaped molecule (blended
with a small amount of pyrromethene dye) and a bent-core
host system. In the mixed state, dye molecules follow a
mesogen ordering pattern. Utilization of the chiral spaces in
the liquid crystalline host eliminates the need for multi-step
chemical functionalization of the fluorophore to introduce a
chiral centre in it.

Host-guest chemistry has also been proven to be an impor-
tant tool to realize CPL from an achiral fluorophore. T. Li et al.
used a sulfonate group containing naphthalene-based dye that
binds with a chiral macrocycle (Fig. 12) through hydrogen
bonding.'** This molecular host-guest complex exhibited
induced CD and CPL. However, the observed dissymmetry
factor was rather low (0.0005).

K. Q. Le et al. reported CPL from an achiral dye displaying
strong dissymmetry between left- and right polarised light
(glum > 0.1) using chiral metal nanoarchitectures.'®® The
authors demonstrated when achiral dye molecules were placed
close to the chiral nanoparticles, through near-field inter-
actions with chiral plasmons, an enhancement in photo-
luminescence takes place. For their study, the group fabricated
a 50 nm thick two-dimensional chiral nanostructure of Au on
a glass substrate using the electron beam lithography tech-
nique. A thin film of IR125 dye/polyvinyl alcohol (1 :1) was de-
posited over the chiral nanostructures.

It appears that in systems in which one component is chiral
and the other is achiral, chirality induction is essential to
exhibit CPL. An interesting study performed by K. Yang et al.
ruled this out by demonstrating the energy transfer of circu-
larly polarized light to an achiral acceptor that finally emits cir-
cularly polarized light."** The authors designed two modes of
investigations to show that chirality transfer between the
donor and acceptor dyes is not required. A CPL-active helical
polyacetylene copolymer containing pyrene units was
employed as an energy donor. Films of only the donor, only
the acceptor and a blend film containing a mixture of the
donor and acceptor were prepared by using a poly(vinyl
butyral) polymer matrix (Fig. 13a and c). By putting individual

a) CF; CF; b)
Rotatlon
tL K: NH so3 NH,SO;H
TICT dye Reference dye
ANS-1 ANS-2
S Host
CFJ CF;

Fig. 12 Chemical structures of the chiral host (a), and the achiral fluor-
escent guest (b). Adopted with permission from ref. 142. Copyright
20210, Royal Society of Chemistry.
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Fig. 13 Schematic diagrams showing the formation of double layer film
(a), two different modes of investigation with double layer film (b), and
formation of blend films (c). Adopted with permission from ref. 144.
Copyright 2023, American Chemical Society.

chiral/achiral fluorophore films together in a side-by-side
fashion, double layer films were prepared. Double layer films
were investigated in two modes, once putting an achiral film
side nearer to the excitation source and then reversing the film
to put a chiral fluorophore film closer to the excitation light
source (Fig. 13b). When subjected to CPL measurements, both
types of films, the double layer and the blend layers showed
CPL signals corresponding to the emission of an achiral
fluorophore through energy transfer processes. An interesting
phenomenon was observed when observation modes for the
double layer sample was changed. Changing the mode resulted
in a change from the left- to right-handed CPL output and vice
versa.

Another very recent work from Z.-W. Luo et al. demon-
strated a nonradiative chiral energy transfer from the chiral
donor to achiral energy acceptor fluorophore exhibiting bright
CPL.'® The authors synthesized a tri-cholesteryl-based emis-
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sive polymer, poly(4,4',4"-tricholesterylformate-oxytetraphenyl-
ethylene-methyl) acrylic acid ester, that exhibited a quantum
yield of 21% in the solid state (Fig. 14a). Successful CPL with a
Zium value of +0.18 was observed when the polymer content in
the plasticizer was above 20%. When Nile red dye (an achiral
acceptor fluorophore) was mixed with a CPL-active polymer-
plasticizer mixture, excitation at 360 nm resulted in narrower
emission bands from the polymer unit with a concomitant
increase in the emission band corresponding to Nile red (NR)
dye, indicating an FRET-based energy transfer from the donor
to acceptor.

CPL measurements revealed the appearance of a new CPL
peak at around 600 nm corresponding to NR (Fig. 14b). A com-
position containing 1% NR when excited with 360 nm light
initiates an energy transfer from the donor to acceptor,
causing circularly polarized emission at 625 nm with a gum
value of +0.20. The same mixture when was excited at 470 nm,
a weak CPL signal was observed. This implies that NR dyes
acquired some chirality through induction from the chiral
polymer present in the mixture; however, the gy, value was
about five-time smaller.

A recent report, published by Y. Bao et al., represents a
beautiful example of co-assembly-based tuning of the CPL
wavelength and g, value in a ternary mixture, comprised of
two achiral fluorophores and a nonfluorescent chiral com-
ponent.’® A mixture of poly(9,9-di-n-octylfluorene), coumarin-
6 and R/S-limonene displayed a chiral energy transfer
(C-FRET)-based CPL with improved gj,m value (Fig. 14c). A co-
assembly-supported FRET led to a green colour CPL from the
originally blue CPL light.

The chiral energy transfer between donor-acceptor fluoro-
phore could be maximized in a system in which electric and
magnetic transition dipoles are coupled. J. Wade et al. investi-
gated the impact of such dipolar coupling on the overall CPL
by preparing an FRET system comprised of a chiral superheli-
cene (acceptor) and an achiral polymer matrix (energy donor).
CD measurement revealed the formation of a chiral phase that
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Fig. 14 (a) Chemical structures of the emissive polymer (P-1) and achiral dye (Nile red). (b) CPL activity from mixtures containing varying amounts
of the NR dye and 30% polymer mixed in a plasticizer (5CB). Adopted with permission from ref. 145. Copyright 2023, American Chemical Society. (c)
C-FRET from a co-assembled ternary mixture of an achiral dye polymer (PF8), coumarin 6 (Cou6) and R- (or S)-limonene, leading to enhanced g m.
Adopted with permission from ref. 146. Copyright 2023, Royal Society of Chemistry.
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displayed an approximately six-time stronger chiroptical signal
than the helicine alone. Their study found an unprecedented
enhancement in CPL (~500-fold amplification).**”

3.2 Self-assembly/crystallization-driven amplification of CPL

With the increasing interest towards the fabrication of optical
devices based on CPL, various strategies have been explored to
make achiral systems CPL active (vide supra). A straightforward
way is to perform synthetic modification to convert an achiral
chromophore into a chiral one. Another approach, rather a
simple and less challenging way of obtaining CPL is chirality
transfer, which has been proven to be an effective method to
generate circularly polarized light. Chirality sometimes could
also be achieved through a self-assembly process in which
hierarchical helical architectures are formed.'*®**871¢
Attainment of chirality in an achiral molecular network
through supramolecular interactions has been called a “soft
approach” of generating chiral structures.'>® The main driving
force behind the chiral organization in the bulk could be twist-
ing of ligands or metals with specific binding positions. S.-Y.
Yu et al. prepared a luminescent chiral supramolecular Au ring
that self-assembled from Au, monomers.'®*

Chiroptical properties are directly correlated to crystal space
groups. Though it is not very common to observe and difficult
to predict, it is possible to crystallize achiral molecules into
chiral space groups. This has been well described by
L. Caswell et al as “optical activity can be created from
nothing”."®® J. Zhao et al demonstrated the CPL from an
achiral organic-inorganic hybrid complex of manganese."'®®
The authors employed potassium(dibenzo-18-crown-6) as a
cation to form [K(dibenzo-18-crown-6)],MnX, cocrystals where
X is a halide. Single crystal X-ray diffraction studies revealed a
non-centrosymmetric space group, monoclinic Cc. Microarea
optical activity tests showed a successful exhibition of CPL
from the single crystals and in some cases from the powder
sample as well.

Taking advantage of the Pfeiffer effect,"®” G. Park et al.
demonstrated an amplified circularly polarized phosphor-
escence in a square planar Pt(n) complex."®® In the co-
assembled structure containing a small fraction of the chiral
version of the Pt complex (Fig. 15a), they observed a two orders
of magnitude increase in the gy, value with respect to the
chiral complex alone.

It is noteworthy that the achiral Pt complex referred to as a
soldier, forming a helical self-assembled network even in the
absence of the chiral Pt complex (sergeant). Helical stacking is
driven by the presence of nonyl chains. However, no CPL
activity could be observed from the self-assembled network,
probably due to the presence of equal amounts of right- and
left-handed stacked structures. Addition of a small amount of
the chiral Pt complex (sergeant) resulted in an increase of the
enantiomeric excess of the one type of helicity in the self-
assembled structures. In co-assembled structures, a metal-
metal interaction (MMLCT) was observed in the form of a
weak absorption band at around 500 nm (Fig. 15b). The elec-
tronic CD spectra (ECD) showed the formation of a P- or
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Fig. 15 (a) Schematic diagram showing the co-assembled structure of
chiral and achiral Pt complexes. (b) and (c) Absorption spectra and the
ECD spectra, respectively. Adopted with permission from ref. 168.
Copyright 2018, Royal Society of Chemistry.

M-type helical supramolecular network depending on the chir-
ality of the added sergeant (Fig. 15¢). This work represents an
ideal example of applying supramolecular self-assembly tactics
to generate and modulate symmetry-controlled properties such
as CPL.

4. Conclusions

Supramolecular chemistry is governed by the weak noncova-
lent reversible intermolecular forces. When in action, these
distance and direction dependent interactions, such as inter-
molecular hydrogen bonds, dictate the molecular arrangement
in the assembled structures. Chemical engineering of the
building block/supramolecular synthon has led to the for-
mation of some extraordinarily large molecular structures with

This journal is © The Royal Society of Chemistry 2023
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excellent precisions. For example, utilization of the interaction
between the pyridyl ligand and metal ions such as Pd(u) or Pt
(n) has resulted in the generation of some very interesting
molecular boxes/cages.'®® """ This approach has resulted in
the development of a vast number of supramolecular assem-
blies that find diverse applications in a broad range of fields
including encapsulation, drug delivery, molecular recognition,
ion transport, artificial photosynthesis, photocatalysis, self-
healing systems, investigation of photo-reactions in confined
spaces, etc."”%"7>7'7% Recently, the self-assembly of peptides
and proteins and DNA nanotechnology have attracted huge
attention as they allow the formation of highly ordered nano-
structures with nearly absolute control over the shape and
geometry.>'’"7° DNA origami-based nanotechnology has
been predicted to have potential impact in various research
fields, especially in biomedical applications.'®°8

The might of the supramolecular-self-assembly approach, a
simple yet extremely powerful method, has already been
proven in the fields of biology and soft materials. Herein, we
have reviewed its huge potential in designing materials for
emerging applications such as photon up-conversion and cir-
cularly polarized luminescence. Molecular self-/co-assembly
(vide supra) has direct influence on the following inter-mole-
cular processes that play crucial roles in TTA-UC:

1. Triplet-triplet energy transfer is enhanced in a properly
positioned donor-acceptor network.

2. The formed acceptor triplets have greater chances of
annihilation (TTA) in such closely placed acceptor arrays.

3. Triplet energy migration becomes a dominant energy
transfer route making the entire process more efficient.

4. The self-assembled network may provide a shield from
the quenchers present in the solvent/environment.

5. The supramolecular assembly may help in achieving a
much longer triplet lifetime.

In the case of CPL, the supramolecular self-/co-assembly
may be applied in the following three ways to generate or
amplify the CPL response:

1. An achiral fluorophore co-assembled with a non-lumines-
cent chiral matrix.

2. An achiral fluorophore self-assembled to form a chiral
supramolecular network.

3. A chiral fluorophore self-assembled network.

In other words, application of the supramolecular strategy
may allow even an achiral fluorophore to exhibit CPL. A co-
assembled network of a judiciously chosen fluorophore pair
may lead to energy down-converted CPL (via FRET). As supra-
molecular interactions are sensitive to external stimuli such as
pH, temperature, mechanical disturbances, etc., stimulus
responsive CPL can also be designed. Additionally, CPL in an
energy up-converted (TTA-UC) system could also be achieved.

To conclude, this strategy holds tremendous potential
towards designing future photon up-conversion and circularly
polarized luminescent materials. Photon up-conversion
materials that may work under illumination of sunlight would
have an immense impact on the current solar energy-based
techniques.

This journal is © The Royal Society of Chemistry 2023
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