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Aggregation-induced Emitters in Light Harvesting

Bolong Zhang, Can Gao, Nicolau Saker Neto and Wallace W. H. Wong

1. Introduction

The manipulation and use of sunlight can be traced back to Romans and Greeks in the 3™ century
B.C. who used mirrors to concentrate solar energy to light torches.! The first solar collector, the
‘hot box’, was invented by Swiss scientist Horace de Saussure in 1767 and then later was
improved and used for practical food cooking in 1803.2 In 1816, Robert Stirling invited a heat
engine that concentrated solar thermal energy and generated electricity.® French scientist
Edmond Becquerel discovered the photovoltaic effect in 1839* and American inventor Charles
Fritts made the first solar cells from selenium wafers in 1883.% In 1954, Daryl Chapin, Calvin Fuller,
and Gerald Pearson developed the silicon photovoltaic (PV) cell at Bell Labs.® The development of
humankind is strongly tied to solar energy with continuous development of technologies of solar
light harvesting.

In addition to understanding fundamental scientific processes and creating better device
architectures, the development of novel materials is an essential aspect in enabling
next-generation solar light harvesting technologies. Advances in solar PV technologies provide
great examples of this combined approach.” Apart from converting solar energy to electrical
current in PV technologies, materials for other types of light harvesting devices, such as artificial
photosynthesis® and photon refining, are in development to enhance energy transfer and
photon-to-photon conversion efficiency.

Among all light harvesting materials, aggregation-induced emission (AIE) type chromophores®
show unique photophysical® properties required in many light harvesting technologies. In general,
common chromophores usually suffer aggregation-caused quenching (ACQ) that decreases the
photoluminescent quantum yield (®p;) of chromophores as a function of the increasing
molecular aggregation level. However, in aggregation-induced emitters, chromophore aggregates
instead show enhanced ®p,. By virtue of the AIE effect, some of these materials can be used in
different fields of light harvesting that require high PL quantum efficiency, good energy transfer
efficiency and high concentration quenching tolerance of their chromophores. Benefiting from
many photophysical properties of AlE-type materials, new technologies and applications in
different aspects of both artificial photosynthesis and photon refining have been developed.
Notably, although many classic AlE-type molecular building blocks are used in organic PV
materials, they do not generally make use of the AIE effect'® and, therefore, will not be discussed
in this chapter.

In this chapter, we will describe the criteria of AIE-type chromophores required in the fields of
light harvesting. Following, the applications of AIE chromophores in artificial photosynthesis and
photon refining will be discussed in detail.



2. Artificial photosynthesis

Photosynthesis describes the process in which the energy of solar light is captured and stored by
an organism, and the stored energy is used to drive energy-requiring cellular processes.’% 11
Photosynthesis converts solar energy into chemical energy (Figure 1a). There are four phases in a
typical natural photosynthetic process, namely the energy collection, primary photochemistry,
stabilization by secondary reactions and the synthesis of stable products. Although the detailed
photosynthetic mechanism may differ between species, most of them start with the solar light
being absorbed by a type of protein complex called light-harvesting antenna complex.'? This
complex usually consists of proteins and light-harvesting pigments that surround the
photosynthetic reaction center (Figure 1).13 The entire system is called a photosynthesis unit. The
light-harvesting antenna is essential as energy from multiple photons is required to drive
reactions at the reaction centre. Once the light is absorbed by the pigments located on the
antenna complex, the energy transfers through different pigment molecules, in a process called
energy migration, to the photosynthetic reacting center, where the water splitting reaction then
occurs. The produced chemical energy is temporarily stored in adenosine triphosphate (ATP) and
later in glucose.

The light-harvesting antenna component of photosynthesis is remarkably efficient given the
number of pigments involved. Both the energy cascade and the spatial arrangement of the
chromophores should be ideally established to allow energy to funnel efficiently to the reaction
centre. It is therefore a great challenge to mimic photosynthesis in this respect in artificial
photosynthetic systems. To better understand how to design new light harvesting materials, a

critical aspect to consider is the mechanism of energy transfer in light-harvesting arrays.
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Figure1 Simple illustration of a) the photosynthesis process and b) the energy migration in

light-harvesting antennae.

Looking more closely at the energy transfer processes in natural photosynthesis, the
light-harvesting antenna system containing many chromophore molecules surrounds the reaction
center acting as an energy funnel. Once a photon is captured, the energy has to be transferred
via a large number of chromophores before reaching the reaction center. This energy transfer
process can proceed through a variety and combination of mechanisms, including Forster
resonance energy transfer (FRET), Dexter energy transfer, exciton coupling and quantum
coherence, depending on the molecular distance, orientations and the photophysical properties
of the chromophores. Among them, the FRET approach is one of the most observed energy



transfer process in photosynthesis and has been well studied from many aspects.'* 14 |n general,
to allow the exciton hopping, FRET process requires the appropriate alignment of energy levels of
the energy-donating and the energy-accepting molecules. The overlap of transition dipoles of the
molecules is also necessary for energy transfer via FRET. However with correct energy level
alignment and relative molecular orientation, FRET allows relatively long through-space energy
transfer distances in the nanometer range. The FRET critical radius (Ry, nm) refers to the
molecular distance where the efficiency of FRET is 50%. R, is defined via the following Forster
equation:®®
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where k? is the orientation factor (k?=2/3 for a randomly-oriented long lifetime donor-acceptor
system), ®p,; refers to the photoluminescent quantum efficiency of the donor chromophore in
the absence of the acceptor, J(nm*Mcm™) is a coefficient of the energy levels overlap which
can be calculated from the overlap between the normalized (area) emission spectrum (Fp) of the
donor and the extinction coefficient (g4) of the acceptor, A is the wavelength over the full
spectrum, and n stands for the refractive index of the matrix material. It is worth mentioning
that this equation can describe both single and multi-chromophore systems. According to the
above equation, the FRET process is highly dependent on the donor-to-acceptor energy levels
overlap (J), ®p; of chromophores and the concentration of the chromophores (average
molecular distance should be smaller than R). The overlap of the energy levels can be easily
tuned via varying the donor or acceptor chromophores.

One way to improve the efficiency of energy migration in artificial photosynthesis is to build a
chromophore architecture system that is ideal for the FRET process.'® AIE-type chromophores
show the benefit of high ®p; in high concentration or aggregated state. As efficient energy
transfers via FRET typically require average separation in the sub-nanometer range, the ability to
use higher concentrations of chromophores or dye aggregates while maintaining high ®p; is a
clear advantage. One example in the literature made use of the self-assembly of an amphiphilic
AIE chromophore to create highly fluorescent vesicles.'® In this research, the authors designed
and synthesized two tetraphenylethylene (TPE) derivatives with bile acid substituents capable of
self-assembly in appropriate solvents (Figure 2). The vesicles were highly emissive due to the AIE
phenomenon of the TPE moieties in the architecture. The authors then inserted two guest dyes,
Nile red (hydrophobic) and rhodamine B (hydrophilic), into the amphiphilic binding pockets. The
FRET efficiency from TPE in the vesicle was 52.4% to Nile red and 41.8% to rhodamine B. Similar
results were observed in both monolayer and bilayer vesicle systems. All results indicated the
binding pockets provided the required orientation for the inserted molecules to transfer energy
with the TPE shell via the FRET process. This research provides a new approach for
self-assembling host-guest artificial light harvesting complexes.
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Figure 2 The amphiphilic vesicle self-assembled from either monolayer or bilayer structures
based on TPE-bile acid 1 and TPE-bile acid 2. Both the hydrophobic and hydrophilic pockets are
embedded on the surfaces of the vesicle.

A series of poly(amidoamine) (PAMAM) based dendrimers with TPE chromophore as the
dendritic peripheral substituents provides another example of an AIE-type light harvesting array
(Figure 3).7 When dissolved in toluene, the dendrimer D4 was highly emissive while the TPE
model building block was dark. The emission intensity of D4 was independent of the
concentration, indicating the emission was a result of intramolecular aggregation. By switching
the solvent from toluene to THF or chloroform, which increased the solubility of the dendrimer
backbone, the emission intensity of all dendrimers decreased. Better solvation of the material led
to extension of the dendrimer branches and hence more flexibility and freedom of motion for the
TPE moieties, making the material less emissive. Furthermore, the emission efficiency of the
material changed with temperature. The extension and contraction of the dendrimer structure
with stimuli was referred to as the ‘breathing’ behaviour of material. This responsiveness of the
material can be considered as mimicking natural photosynthesis light harvesting systems. There
are further reported examples of dendrimers showing AIE behaviour that are not specifically
designed for light harvesting.'®
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Figure 3 The chemical structure of the Model and the dendrimer D4.



Another example of an array of AIE chromophores is a functional conjugated microporous
polymer (CMP) based on the TPE moiety.'® Unlike metal organic frameworks (MOFs) and covalent
organic frameworks (COFs), the structure of CMPs are usually formed kinetically and lack
long-range periodicity (Figure 4). This reported CMP consisted of TPE cores covalently linked by
diethynylbiphenyl bridges to form the three-dimensional framework. Both the CO; storage ability
and the light harvesting performance of this microporous CMP were demonstrated. The CMP was
very emissive in the solid state. Like many AIE chromophores, the emission turned on when the
free rotation of the substituents on the chromophore was restricted. For the CMP material, the
rotational restriction stemmed from the rigidity and covalent links within the three-dimensional
framework. Furthermore, the small molecule chromophore rhodamine B (RhB) was introduced
into the microporous CMP framework as an acceptor dye. The absorption spectrum of RhB
significantly overlapped with the emission spectrum of the CMP material, and the emission of
the RhnB@CMP complex suggested an efficient energy transfer from the CMP framework to RhB.
Inspired by the strong emission features and inherent microporosity, the RhB@CMP complex
provided an ideal platform for light-harvesting antennae based on the AlE-type donor-acceptor
system.

CMP Rhodamine B

Figure 4 The molecular structure of covalent organic framework CMP and Rhodamine dye RhB.

A self-assembling system based on sulfato-B-cyclodextrin (SCD), an AlE-type chromophore
oligo(phenylenevinylene) derivative (OPV-1) and the fluorescent dye Nile red was examined in
light harvesting for artificial photosynthesis (Figure 5). OPV-1 formed emissive aggregates in
aqueous solution but the emission was enhanced by the addition of cyclodextrin SCD which
promoted the self-aggregation of aromatic or amphiphilic molecules. The critical aggregation
concentration of OPV-1 was lowered by the cyclodextrin forming aggregates with greater
emission intensity. At the molecular ratio of 1:6, SCD and OPV-1 self-assembled into multilayer
nanoparticles with diameter ranging from 50 to 150 nm. Energy transfer was observed from
OPV-1 to Nile red when Nile red was loaded into the SCD/OPV-1 nanoparticles. At the OPV-1 to
Nile red ratio of 125:1, the donor-to-acceptor FRET process efficiency was 72% and the antenna
efficiency was 32%.
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Figure 5 The chemical structures of OPV-1, cyclodextrin SCD and Nile red The self-assembled
multilayer nanoparticles emit at 540 nm. After doping with Nile red, the emission redshifts to 630
nm.

As a further example of supramolecular AIE-type materials used to mimic photosynthesis
light-harvesting antenna complexes, an assembly between cucurbit[8]uril (CB[8]) and
naphthyl-substituted AlE-type fluorophore moieties (TPE and 9,10-bis((E)-2-(pyridin-4-yl)
vinyl)anthracene) in aqueous solution has been reported (Figure 6a).”’ The host-guest
complexation structures of CB[8] restricted the free rotation of the substituents in the
AlE-fluorophores, and therefore led to strongly emissive complexes even in dilute dispersions.
Another study showed a host-guest complex based on TPE derivatives (M1) and

).2! The association of M1

boron-dipyrromethane (M2) donor-acceptor dye system (Figure 6b
and M2 positioned the TPE and boron-dipyrromethane chromophores closer together

enabling FRET to occur.



naphthyl-substituted AIE-type fluorophore

Figure 6 a) The supramolecular host-guest complexes formed by CB[8] and naphthyl-substituted
AIE-type fluorophores; b) the chemical structures of the host M1 and the guest M2.

The examples in this section show the advantage of using AlE-type chromophores in
light-harvesting arrays. While it is clear that chromophores that do not display AIE behaviour, as
with natural photosynthetic pigments, can be used for light harvesting, AlE-type emissive
aggregates offer greater versatility and less stringent spatial control of the chromophores.

3. Photon refining

Photon refining can be defined as a process in which photons are manipulated for a desired
application. Light concentration, spectral wavelength tuning, photon energy fusion and photon
energy fission are all processes of photon refinement.?? In the context of light harvesting, photon
refining is used to improve energy conversion efficiency which has a direct impact on reducing

cost of energy generation.

For photovoltaics, photon refining provides approaches to overcome the Shockley-Quiesser
efficiency limit (SQ limit). The SQ limit is defined as the maximum theoretical efficiency of a single
p-n junction photovoltaic cell under one sun irradiation.?3 Photon refining can address two key
aspects of this SQ limit — sunlight intensity and the bandgap of the photoactive semiconductor.

Light concentration can be easily achieved by focusing light into a small area typically through the
use of mirrors. While it is clear how light concentration works in solar thermal applications, its
effect on photovoltaics is less obvious at first glance. The primary effect of light concentration on
photovoltaic efficiency comes from increases in the device voltage with increasing light
intensity.?* The level of efficiency improvement is modulated by power losses to heat stemming
from the series resistance of the device. Light concentration can also be achieved using
waveguides in combination with luminescent materials. These luminescent waveguide devices,
otherwise known as luminescent solar concentrators (LSCs), will be discussed in the next section.

A single p-n junction photovoltaic cell has a fundamental efficiency limit because of the amount
of light energy that can be converted given the bandgap of the semiconductor (Figure 7). For
photons of short wavelength, the photon energy is much higher than the bandgap of the material,
which leads to energy loss by thermal relaxation. On the other hand, photons at long wavelength
go unused because the photon energy is less than the bandgap of the photovoltaic material.



Therefore, according to the SQ limit, the power conversion efficiency for single junction solar cells
cannot exceed 33.7%. To overcome this limitation, photon refining techniques such as
multi-exciton generation and photon upconversion can be applied to make better use of high
energy and below-bandgap photons, respectively, and improve the total power conversion
efficiency of the photovoltaic devices.

In the next section, the application of AIE-type materials in solar concentrator and photon
upconversion devices will be reviewed and discussed.
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Figure 7 A diagram of the Shockley-Queisser limit. The maximum efficiency of a traditional solar
cell (black) under one-sun condition (AM 1.5) and the energy losses in percentage of the incident
light energy against the band gap (or energy gap) of the solar cell materials.?

3.1 Luminescent solar concentrator (LSC)

A luminescent solar concentrator (LSC) is a device that can harvest solar light in a large area and
concentrate the re-emitted light to a relatively smaller area.?® A typical LSC device consists of a
planar transparent waveguide, made of glass or plastic, containing photoluminescent materials.
The photoluminescent materials capture the incident photons and the emitted photons are
trapped in the waveguide by total internal reflection. In this way, light is waveguided to the edge
of the device leading to concentration of light at the edge. This concentrated light can then be
converted to electric current by photovoltaic cells attached on the LSC device edge.?’” The
performance of an LSC is defined by the energy loss mechanisms in the device which can be
divided into two main categories: losses stemming from the photophysical properties of the
chromophore (to be discussed in detail in the following sections); and waveguide losses which
include reflection, scattering and escape cone loss (Figure 8a). The first LSC devices can be traced
back to as early as 1951 with a report of a planar fluorescence collecting system designed for
radiance amplification (a radiation sensor).?® In 1976, a planar solar collector was reported
using a medium containing chromophores to harvest light and a solar cell to collect the emission
via total internal reflection. Subsequent improvements on this prototype include a multi-dye
planar solar concentrator.®° In the latter work, a donor dye was used to harvest light and transfer
the energy to an acceptor dye which had an emission window matched to the absorbance
spectrum of the photovoltaic cell.



A variety of LSC device geometries exist especially when one includes devices integrated with
photovoltaics.?®® Here, two basic LSC geometries are presented with relevance to following
discussions.?®* 31 One is called bulk-doped LSC, which consists of a single piece of waveguide
(usually polymer matrix) with luminescent dyes dispersed homogenously inside the matrix
(Figure 8). The other is called thin-film LSC, which is made of a clear waveguide with a thin layer
of dye-containing plastic matrix casted on top (Figure 8). The key difference between these two
LSC device geometries is the concentration of chromophore required to achieve the desired level
of light harvesting. Thin-film LSCs require higher concentration of the chromophore to achieve
the same absorbance compared to thick bulk-doped devices, but they have some advantages in
device fabrication. Depending on the chromophore, it is sometimes a challenge to fabricate
bulk-doped LSCs with uniform dye dispersion.
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bulk-doped LSC and thin-film LSC devices. The waveguide matrix of bulk-doped LSC is usually
made of plastics, so the chromophores can be pre-blended into the matrix materials and
dispersed homogeneously in the waveguide system. The thin-film LSC is usually made of glass
plates which are coated with a thin chromophore-embedded plastic membrane.

There are several advantages to using LSCs as a light harvesting device.
1. LSCs are excellent at harvesting diffuse light.

2. The materials used to construct an LSC can be very cheap, reducing the cost of
photovoltaics by reducing the required photovoltaic cell area.



3. The planar and potentially light-weight device geometry allows easy integration in
applications, such as building-integrated photovoltaics.

4. The device geometry is such that the photovoltaic cells are unlikely to suffer from
overheating, as can be the case in mirror-type concentrators.

5. LSC devices are less bulky compared to mirror-type concentrators.
There are of course problems and challenges in improving LSC performance.

1. The state-of-the-art efficiency of light trapping can be improved by using more advanced
dye systems.

2. Coupled with good waveguide optical properties, the maximum light concentration (flux
gain) should scale appropriately with device size (geometric gain).

3. There are some long term device stability challenges.

The following section contains definition of some key LSC device performance parameters to
consider. The geometric gain, G, is a factor describing the ratio of surface area to edge area in LSC
devices:
G = Ssurface
Sedge

where Sgq5e and Sgurrace are the area of the edges and surface of the waveguide respectively.
By using LSC with large geometric gain, one is able to significantly reduce the photovoltaic cell
area required per unit of light harvesting area from Sq,;rqce t0 Seqge- How LSC performance
scales with G will be an important factor in building-integrated devices, particularly transparent
LSCs used as windows.252

The ability of an LSC to concentrate light is measured by the flux gain, F, and is defined as the
intensity of light emitted at the edges of the LSC device divided by the incident light intensity (see
equation below). Flux gain can be used to determine the external quantum efficiency (EQE) of
the device of certain size or geometric gain.

Iedge

F= =EQEXG

l surface

EQE — nedge

Nincident
where lq4. refers to the intensity of one edge output and I, rqce is the flux incident on the
surface. Mgqge is the number of the total edge output photons and N, igen: is Nnumber of the
incident photons to the surface. It is important to note that the wavelengths at which the LSC
operates can be tuned by variation of the chromophore. This means it is possible to match LSC
wavelength with photovoltaic cell bandgap. This tunability is not apparent from the device
performance parameters given above.

To maximise the performance of an LSC device, the choice of chromophore is critical.3? LSC
chromophores are required to have:



e Good photo- and thermal stability.
e High molar absorptivity to collect photons as efficiently as possible.

e High ®p; in the medium of the LSC, typically poly(methyl methacrylate) (PMMA)
matrix.

e Separation between the absorption and emission band of the chromophore (Stokes shift)
to avoid re-absorption of emission.

The latter two requirements will be addressed in the section below.
High chromophore @p; in LSC devices

A large portion of chromophores reported in LSC devices are commercially available dyes, though
there is increasing number of reports on new organic dye structures, luminescent polymers and
quantum dots.?% 323 33 Typical luminescent organic dyes (e.g. coumarins, rhodamines, perylenes,
etc.) have planar aromatic structures and are prone to self-aggregation resulting in the
aggregation-caused quenching (ACQ) of photoluminescence. Although dyes are dispersed in
polymer matrices in LSC devices, these organic dyes will still aggregate with increasing
concentration as they do in solution. This means dye concentration must remain low to maintain
high ®p; and, as a consequence, thicker devices are necessary to maintain good absorbance.
AIE-type chromophores have a clear advantage over typical organic dyes in this application. AIE
chromophores are not only emissive in their aggregated state but also when dispersed in a
solid-state matrix.?® °¢ 34

It has been demonstrated that TPE is highly photoluminescent in polystyrene matrix.3
Interestingly, TPE was more emissive in glassy polystyrene compared to poly(styrene-butadiene)
copolymer. It was suggested that the rotational motion of the phenyl groups of the TPE was more
restricted in the rigid glassy matrix making the sample more emissive. TPE has also been
examined in LSC devices.?® In a proof-of-concept study, a series of phenyl-substituted alkene
compounds were investigated as potential LSC chromophores. While all compounds in the study
showed AIE behaviour, their ®p; was lower than the simple TPE structure. Subsequently, the
performance of TPE in LSCs was tested as a thin film on glass showing ®p; of 49.5% and ngge
of 13.7% at G = 50. The large 1.1 eV Stokes shift of TPE meant that re-absorption of emission was
small and the performance of TPE devices scaled well with area. The topics of Stokes shift and
re-absorption are discussed in greater detail in the next section. One problem identified with TPE
was its crystallinity as opaque light-scattering films were obtained when TPE was used in high
concentration in PMMA. This highlights the importance of physical compatibility of the dye with
the waveguiding matrix. TPE is a UV-absorbing material with emission in the blue region. While
suitable for transparent device applications such as smart windows, LSC devices containing TPE
have limited power output as it does not harvest any visible light.

A red-emitting AIE-type chromophore, TPE-AC, has been reported for a visible light harvesting
LSC.3” The LSC devices were fabricated by dispersing TPE-AC in PMMA in chloroform solution and
coated on top of glass substrates. Evaporation of the solvent resulted in PMMA thin films 2515
pm thick embedded with TPE-AC. The prepared TPE-AC films had wavelength of maximum
emission in the 600 - 620 nm range and the maximum @p; was 50% with 0.1 wt% of dye in the



polymer matrix. The ®p; decreased to 30% with 1.2 wt% of TPE-AC in PMMA. Interestingly,
polycarbonate films containing TPE-AC showed higher ®p; at greater dye concentration. The
®p; of the TPE-AC/polymer film at the highest chromophore content were comparable to
benchmark materials at long wavelength range.3® The observed optical quantum efficiency
maximum of TPE-AC LSC devices was 6.7%, comparable to other reported LSCs with red-emitting
chromophores.?® Following this research, the same group reported a TPE-substituted
red-emitting ATRP initiator that can be used in PMMA-based LSC devices.*® The TPE-substituted
chromophore shows excellent photostability but the ®p; requires improvement to increase LSC

performance.
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Figure 9 The chemical structure of AlIE-type chromophores and laser dye DCJTB used in LSC
devices.

It is important to note that while the photoluminescence properties of AlE-type chromophores
are advantageous for LSCs as described above, other classes of dyes that show high solid-state
®p; can also lead to efficient devices. This includes molecularly insulated chromophores and

other emissive aggregates.32b: 3

Chromophores with large Stokes shift

The Stokes shift is another key criterion for chromophores used in LSCs as it has a large impact on



the re-absorption of emission leading to energy loss. The re-absorption effect of LSCs refers to
the process in which light emitted from one chromophore is absorbed by other chromophore
molecules in the device. Re-absorption does not directly cause any energy loss, however, losses
can occur when chromophores excited by the re-absorbed photons undergo non-radiative decay
or the re-emitted light escapes through the escape cone of the waveguide (Figure 8). The severity
of the re-absorption effect in a waveguide system is based on three factors, namely the
absorption and emission spectra overlap of the chromophores (a higher Stokes shift suggests a
smaller overlap), the concentration of chromophores and also the geometric size of the
waveguide. In most cases, the last two factors are determined by other design criteria of the
specific LSC application. Therefore, eliminating the spectral overlap of the chromophores is the
main approach to address the re-absorption effect. By increasing the total Stokes shift of the dyes
chosen in LSC devices, the chance for re-absorption in LSC waveguide systems can be reduced.
Two major strategies have been used to increase the total Stokes shift of chromophores used in
LSCs, both with relevance to the photophysical properties of AIE-type chromophores.

The most straightforward approach is choosing chromophores that already have very large Stokes
shifts, a requirement met by some AIE-type materials.** As described earlier, the classic AIE
chromophore, TPE, has been reported in a proof-of-principle LSC device.?® While TPE shows a
high Stokes shift of 130 nm, the lower ®p; results in LSC devices with moderate performance.
An advancement on this work was reported with two gem-pyrene ethene derivatives providing
even larger Stokes shifts (Figure 9).*> Both molecules showed AIE effect in solution and in
polystyrene matrix, but gem-pyrene ethene 2 showed higher ®p; up to 64%. Interestingly, the
Stokes shift of ethene 1 was about 60 nm, while the Stokes shift of pyrene 2 was significantly
increased to 180 nm. The emission spectrum of pyrene 2 was significantly redshifted and was
indicative of excimer formation and emission. Crystallographic data for pyrene 2 showed crystal
packing of pyrene dimers that are well-known to form excimers on photoexcitation. The
combination of good ®p; and large Stokes shift for pyrene 2 makes it an appropriate
chromophore for a transparent LSC device.

Although not specifically designed for LSC application, another example of an AlE-type material
showing large Stokes shift is an intramolecular energy donor-acceptor system (Figure 9).*3 The
molecule consisted of cyanoethene groups attached to the bay position of a liquid crystalline
perylene diimide. When excited at 330 nm, where the cyanoethene substituent absorbs, the
energy transferred to the perylene core and the molecule emitted at 575 nm, resulting in a large
Stokes shift of 251 nm. Notably, the ®p; of the material increased as a function of the
increasing ratio of H,0 in THF/H,0 solution, which indicated the AIE effect. Further research
regarding intramolecular donor-acceptor system based on AlE-type functional substituents has
been reported in recent years.**

Donor-acceptor FRET pair

Combinations of dyes with matching absorption and emission energies have been used to
improve LSC performance.* Using multiple chromophores can increase spectral coverage of LSCs
as well as reduce emission re-absorption.3?® To reduce re-absorption, the approach is to use a
blend of at least two chromophores that can form a donor-acceptor FRET pair. The donor dye
molecules are usually the dominant species in order to capture the incident light, while the



acceptors are used in a much smaller amount in order to minimize the spectral overlap (Figure
10). Once the incident light is absorbed by the donor, the excited molecules transfer the energy
to the acceptors via the FRET process and the acceptors re-emit the light. Therefore, the overall
spectrum of the blend reveals mainly the donor's absorption and the acceptor's emission spectra
and leads to an increased total Stokes shift. This donor-acceptor blend approach provides a
constructive method to modify both the absorption and emission spectra of LSC devices.
However, it requires a high concentration of the chromophores to provide efficient energy
transfer process with average intermolecular distance of no more than a few nanometers for
efficient FRET process. Therefore, this approach should only be used in thin-film LSC devices and
most chromophores which undergo the ACQ effect are not applicable.

Absorbance
= ===Emission
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Normalized intensity

T T T
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Figure 10 An example of the donor-acceptor blend to improve the overall Stokes shift.1®

AIE-type materials have recently been used to pursue the donor-acceptor blend approach. An AIE
energy donor, DPATPAN, was used with a commercially available laser dye, DCITB, as the energy
acceptor and emitter in LSC devices (Figure 9).3* DPATPAN is a typical AIE material which
showed >90% ®p; in PMMA matrix when dilute (less than 10% w/w) and still maintained close
to 90% @p; at high concentration (50% w/w). On the other hand, the acceptor DCIJTB is a typical
organic dye that shows the ACQ effect, with unity ®p; at low concentration and rapidly
decreasing ®p; at increasing concentration (80% ®p; at 1% w/w in PMMA). It was
demonstrated that, at the donor-acceptor molar ratio of 99:1, the emission of the donor was
fully quenched by the acceptor. The overall ®p; of the chromophore blend remained at above
90% while the Stokes shift increased from about 50 nm to 190 nm.

A pair of AIE chromophores, DPATPAN and PITBT-TPE, has also been investigated in LSC devices
(Figure 9).%6 Limited by the poor photo-stability in air and the ACQ effect, the LSC devices based
on DCJTB were unstable and high concentrations could not be achieved. To overcome these
problems, PITBT-TPE was introduced as an alternate acceptor. In PMMA matrix, PITBT-TPE
reached almost 90% ®p; in low concentration, while still maintaining 45% ®p; at a
concentration of 225 mM. The emission of DPATPAN (250 mM) was fully quenched with 22.5 mM
PITBT-TPE, which indicated the high efficiency of the FRET process from DPATPAN to PITBT-TPE.
The re-absorption effect in the LSC based on the donor-acceptor blend was reduced in
comparison with LSC based on pure donor material, which lead to an increase in the optical
guantum efficiency of the LSCs with the donor-acceptor blend.



AlE-type chromophores show good ®p; in solid-state plastic matrix and improve the
concentration tolerance to the ACQ effect, which perfectly fits the needs of LSC devices. Some
AlE-type chromophores show relatively large Stokes shifts, while others show energy transfer
ability in donor-acceptor blend systems. Both cases show benefits in reducing the re-absorption
effect and make AIE-type chromophores more competitive candidates in LSCs. Above all, the
AIE-type materials provide new strategies in designing and fabricating LSC devices.

3.2 Photon Upconversion

Photon upconversion is an anti-Stokes shift process taking low energy light to generate higher
energy light. As discussed in the introductory photon refinement section, this phenomenon is
particularly useful for improving the performance of photovoltaic devices with the fixed bandgap
of the semiconducting material. Sub-bandgap photons normally go unused in photovoltaics.*’
Therefore, any process that allows the use of those photons will improve photovoltaic device
performance.

There are three types of photon upconversion processes. Perhaps the most well-known and
studied process is two-photon absorption process in which near-simultaneous absorption of two
coherent photons is needed. This process requires the use of coherent, high intensity excitation
by pulsed high power lasers. This means two-photon absorption is unsuitable for solar light
harvesting.*® Two alternative photon upconversion pathways have been devised for achieving
upconversion under continuous wave low energy excitation; (i) lanthanide-based upconversion
and (ii) triplet-triplet annihilation upconversion. The former depends on the f-electron
configurations of lanthanide ions to facilitate absorption of multiple photons and generate
upconverted luminescence emission.*® Triplet-triplet annihilation photon upconversion (TTA-UC)
is a promising route as tunable organic chromophores are involved and it has been demonstrated
to operate with moderate excitation power.>® The sections below summarise the TTA-UC
mechanism and discuss reported dye systems involving AIE materials.

TTA-UC mechanism

TTA-UC is a bimolecular process requiring two chromophores, a sensitizer and an emitter. It is
based on the anti-Stokes delayed fluorescence first reported by Parke and Hatchard in the
1960s.5! The mechanism of the TTA-UC process is as follows (Figure 11). A sensitizer (donor)
molecule absorbs lower energy photons and is excited to its first singlet excited state (1S = 1S7).
Subsequently the sensitizer undergoes efficient intersystem crossing (ISC) forming the
corresponding triplet excited state (3S*). The energy stored in the sensitizer’s triplet excited state
is rapidly and efficiently transferred to the emitter (acceptor) through triplet-triplet energy
transfer (TTET), forming a triplet species (3E*). Two emitter triplets then collide and produce one
emitter in its ground state (1E) and one singlet excited state (*E*). Finally, the excited singlet state
decays radiatively to the ground state by fluorescence and releases a photon of higher energy
than that of the individual photons initially absorbed.>?
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Figure 11 Working mechanism of TTA-UC.
Selection of chromophores for TTA-UC

The upconversion wavelengths of TTA-UC are highly tunable, depending on the choice of
sensitizer-emitter chromophore pair. The chromophores used for TTA-UC have specific

requirements. For the sensitizer, the requirements are as follows:>?

1. Strong absorption in the desired absorption region.

2. High intersystem crossing yield (@50~ 1).

3. Long triplet lifetime (>10 us) to facilitate efficient diffusional-dependent triplet
energy transfer to the emitter.

4. Small singlet-triplet gap to minimize energy loss in the process of ISC.

The emitter species have different requirements to the sensitizer, namely:

1. Assinglet state at just below double the energy of the first triplet in order to make
TTA energetically favorable.

2. High photoluminescence quantum yield (®p; ~1).

3. First triplet state (T1e) energy close to, but slightly lower than, that of the triplet

energy of sensitizer (T1s).
TTA-UC efficiency

In addition to the individual properties of the sensitizers and emitters, the overall quantum
efficiency of the TTA-UC (®y) is a product of events involved in the upconversion mechanism,

and is expressed by the following:>3

1
Dye = EchISCcDETCDTTACDPL

where @¢- isthe ISC quantum yield of the sensitizer, @y is the TTET quantum efficiency from
the sensitizer in its triplet excited state to the emitter, @, is the TTA quantum efficiency
between two emitters in their triplet excited states, and ®p; is the fluorescence quantum yield
of the emitter. The factor % originates from the stoichiometry of the TTA upconversion process in
which two excited triplets are required to generate one higher energy singlet excited state, thus
the maximum upconversion quantum yield is 50%. Lastly, f represents the statistical probability



of obtaining the singlet state after annihilation of two excited triplet states.

According to the above equation, to achieve high upconversion quantum vyield, @5, ®gr,
Drra, Ppp are the key factors to be considered. The terms ®;5- and ®p; mainly depend on
the properties of the chromophores, therefore, the selection of chromophores is critical to yield
efficient TTA-UC. The ®gr and &g, parameters are largely dependent on external factors,
such as molecular diffusion, triplet excited state concentration and incident power density. Each
individual step involved in the TTA upconversion should be optimized to maximize the overall
upconversion efficiency.

AIE materials for TTA-UC

To date, efficient TTA-UC has been achieved in solution phase due to the fast triplet molecular
diffusion in solution, which is essential for the TTET and TTA processes. However, the use of
volatile organic solvents and overwhelming deactivation of excited triplet states by dissolved
oxygen severely hamper their real-world applications. Therefore, significant effort has been
devoted to developing solid state TTA-UC systems. Unlike many organic chromophores, molecules
which exhibit AIE behaviour do not suffer from concentration quenching in the aggregated state.
This aspect of AIE materials is very attractive for TTA-UC applications, particularly in solid-state
devices. Solid-state TTA-UC requires high chromophore concentration to achieve high ®g; and
@714 while maintaining @®p;. AIE materials have been observed to maintain high ®p; even in
high concentration or as a neat film.>® Aggregation of molecules also means the chromophores
are closely packed together, which has the potential to enhance both @z and ®;r, leading to
overall more efficient TTA-UC.

An aggregation-induced TTA-UC system has been reported with well-known AIE chromophore,
cyano-substituted oligo(p-phenylenevinylene) (CN-OPV), and Pt(ll) octaethyl-porphyrin (PtOEP)
used as the emitter and triplet sensitizer respectively (Figure 12).>* When the sensitizer-emitter
blend was excited in solution at 532 nm, the TTA-UC emission was not observed. However, the
TTA-UC emission was observed when the blend was in an aggregated state. In solution, the
substituents around the vinylene group in CN-OPV can rotate freely after sensitization. In the
twisted configuration, the energy gap between the T; and Sp states of compound is small enough
to allow Ti-to-So intersystem crossing, which then leads to deactivation instead of TTA-UC. By
restricting the molecular configuration in the solid state, the conformation of CN-OPV was fixed
and the triplet excited state was not deactivated. Further, the triplet excitons could then migrate
through the crystalline CN-OPV domain. When two triplet excitons met in the crystal,
triplet-triplet annihilation was observed followed by emission from the newly-created singlet
exciton. Furthermore, the study showed that the alignment of CN-OPV was improved upon
doping with PtOEP and it was possible to achieve better aggregation-induced TTA-UC by properly
tuning the interaction between the sensitizer and the emitter.
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Figure 12 lllustration of the process of aggregation-induced TTA-UC. In solution, the triplet
sensitization of CN-OPV causes the rotation of substituents around the C=C bond and leads to the
triplet energy loss by fast non-radiative decay. In solid state or aggregate form, the conformation
of CN-OPV is locked. The triplet excitons then migrate through the aligned chromophores,
promoting the TTA-UC process.

The phase separation of sensitizer and emitter blends is a significant problem for solid-state
TTA-UC devices. Advancement in this area was made by modifying the sensitizer and an AlE-type
emitter with glutamate-based self-assembling moieties in an aggregation-induced TTA-UC system
(Figure 13).5% In general, both the TTET and TTA processes occur via the Dexter energy transfer
process, which requires very short intermolecular distances (less than 1 nm) between the
materials and good overlap of the wavefunctions. The self-assembly of both the sensitizer and
the emitter provided the possibility to solve this problem by binding the molecules a short
distance apart and fixing the wavefunctions in a favourable orientation. The chiral emitter
material L-1 reported in this research could self-assemble into organogels when dispersed in a
variety of solvents. This was attributed to intermolecular hydrogen bonding on the amide groups
on the two ends of the molecule. The emission spectra of the emitter material redshifted with
increasing polarity of the solvent from toluene to DMF. L-1 showed a gelation-induced
enhancement of emission, an AIE phenomenon. By decreasing the temperature of the solution
from 90 °C to ambient, the authors observed a blueshift and photoluminescence intensity
increase. To co-assemble the supramolecular sensitizer and emitter blend, PtOEP linked with the
glutamate-based self-assembling moieties L-2 was prepared. The binary donor-acceptor gel was
formed in toluene with L-2 molecularly dispersed within the self-assembling L-1 gel structure.
The aggregation-induced TTA-UC of the binary L-1/L-2 self-assembling gel was affected by the
degree of gelation, evidenced by the observed UC emission at room temperature and its
disappearance at 90 °C. In this research, the combined concept of aggregation-induced TTA-UC
and molecular self-assembly was successfully demonstrated in a thermally switchable TTA-UC
system.



Figure 13 Chemical structures of emitter L-1 and sensitizerL-2, porphyrin sensitizer PdATPTBP and

anthracene emitter DSA.

A nanocrystal system showing AIE effect has also been examined for TTA-UC (Figure 13).%¢ This
reported UC system was based on nanocrystals of an AlE-type emitter, 9,10-distyrylanthracene
(DSA) and palladium(ll) meso-tetraphenyltetrabenzoporphyrin (PdTPTBP) as sensitizer. When a
mixture of PATPTBP and DSA (1:800) in solution was excited at 640 nm, the triplet-triplet energy
transfer was close to unity but there was no upconverted emission observed. The authors then
prepared the sensitizer-emitter blend nanocrystal by precipitating PATPTBP and DSA solution
(THF, 1:800) in sodium dodecyl sulfate aqueous solution. When excited at 640 nm, the
sensitizer-emitter blend nanocrystal powder showed upconverted emission at 514 nm with the
TTA-UC efficiency about 0.29%.

Molecules with AIE properties show high fluorescence quantum vyield in solid state and rigid
frameworks or environmental effects can be introduced into the AIE systems to extend the triplet
lifetime. The TTA upconversion by triplet energy migration and annihilation by using AIE
molecules provides a promising way to achieve solid-state upconversion, which is the ideal
system for photovoltaic applications.

The examples of reported research in this chapter clearly show the role of AIE materials in light
harvesting. In general, light harvesting systems aim to achieve maximum photon conversion
efficiency. In this respect, AIE materials provide two key advantages: minimising the energy loss
via non-radiative decay from excited states, and as a consequence maximising
photoluminescence quantum vyield in aggregated form; and enabling close proximity of
chromophores to allow efficient energy transfer. It is anticipated that AIE materials and tunable
dye aggregate systems will continue to have significant impact in the areas of artificial
photosynthesis and photon refining.
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