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Hybrid nanomaterials (HNs), the combination of Hybnd Nanomaterials

organic semiconductor ligands attached to nanocrystal semi-

conductor quantum dots, have applications that span a range of Linker Chromophore

practical fields, including biology, chemistry, medical imaging, and
optoelectronics. Specifically, HNs operate as discrete, tunable ~ X
systems that can perform prompt fluorescence, energy transfer, shell S\ S/ X Applications
singlet fission, upconversion, and/or thermally activated delayed SR * Energy Transfer
fluorescence. Interest in HN's has naturally grown over the years due * Singlet Fission
to their tunability and broad spectrum of applications. This Review * Upconversion
presents a brief introduction to the components of HNs, before * Biosensors
expanding on the characterization and applications of HNs. Finally,
the future of HN applications is discussed.
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how the five major components of HNs control the fabrication
and application of these materials. The five major component
parts are (1) the QD, (2) any inorganic shells on the QD
surface, (3) the binding group of the ligand, (4) the spacer
separating the organic chromophore center and the QD
(linker), and (S) the organic chromophore itself (Figure la).
To aid comprehension and discussion, we will briefly touch on
common measurement techniques used in the field of HN.
Finally, we will comment on the published applications of
these materials based on their potential as a new class of
optoelectronic materials.

Recently, there has been an increase in research in the field of
organic semiconductor ligands attached to nanocrystals (NCs)
(typically quantum dots (QDs)), replacing ligands that offer
colloidal stability with ones that add additional optoelectronic
properties. For this Review, we define hybrid nanomaterials
(HNs) as the combination of an inorganic NC or QD and an
attached organic semiconductor/chromophore (ligand), which
is usually a conjugated small molecule (Figure la). By
combining the ease of attachment/functionalization of the
organic component with the tunability (via confinement
effects') of QDs, HNs present a new and versatile class of
optoelectronic materials with properties beyond the sum of the
individual components. This versatility has been utilized across
different optoelectronic disciplines such as biology,””’
chemistry,”~'" electronics,'" optics,'>"® photophysics,'*'*
photovoltaics,'®'” and spectral management,'”'*™** and it is
the dominant reason for the rapid increase in recent
publications (Figure 1b).

While there are recent reviews on both the design of specific
ligands for photophysical control’® and utilizing organic/
inorganic interfaces for spectral management,27 this Review
aims to focus on the fabrication of this new class of materials. March 24, 2022 PHYSICAL®

QDs are small particles of semiconductor materials, and these
QDs have shown potential in optoelectronic applications.”* "
QDs can be considered as an intermediate species between
atoms or molecules and bulk material (Figure 2). As the size of
semiconducting NCs is reduced, the electronic transitions shift
to higher energy, and the oscillator strength is concentrated
into just a few transitions.””*>  This quantum-size effect

To produce functional and versatile HNs for a variety of May 5, 2022
applications, it is necessary to understand the effects each May 6, 2022
May 28, 2022

component part has on the HN system. We will assume a basic
knowledge of the two major constituents of HNs, the inorganic
and organic semiconductors, and take a more in depth look at
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Figure 1. (a) General structure of HNs. (b) Histogram analysis from
ISI Web of Science with keywords “inorganic organic hybrid quantum
dot”.

drastically modifies the energy spectra of three-dimensionally
confined NCs." Thus, NC absorption and luminescence are
size dependent. QDs energy levels are also dependent on their
surface chemistry. Changing binding group type and the dipole
moment of a surface ligand changes the strength of the QD-
ligand surface dipole, shifting the vacuum energy and, in turn,
the QD valence band maximum and conduction band
minimum.*?

Over the past decade, research has focused on optimizing
the synthesis of semiconductor NC QDs. Synthetic routes
utilizing organometallic precursors enable the production of

nanocrystalline particles with near monodisperse size distribu-
tion.” The preparation of nearly monodisperse well passivated
NC samples is essential to permit studies that distinguish the
truly novel properties inherent to nanoscale structures from
those associated with structural heterogeneities or polydisper-
sity. NC samples must be uniform not only in size and shape,
but they must also have well-formed crystalline cores and
controlled surface chemistry.*®

Typically, monodisperse QDs are synthesized by a hot
injection method.>”** Briefly, the hot injection method entails
the rapid injection of a precursor to a hot reaction mixture/
solvent. Nuclei are formed immediately upon injection. As the
nuclei form, concentration and temperature drop, disabling the
formation of any new nuclei. Leftover precursor reagents grow
onto existing nuclei, forming monodisperse QDs.

QDs have gained attention due to their large absorption
coefficients,®” which can extend into the NIR,***™* efficient
spin—orbit coupling for the emission of transferred triplet
excitons,”® and improved photostability compared with their
organic counterparts.”>"’ In addition, it remains difficult to
synthesize organic molecules that absorb and emit strongly at
energies below 900 nm. Those that have been made tygically
undergo rapid internal conversion to the ground state.”

As discussed, the energy levels of QDs are dependent on
both the QD size and the surface chemistry.”> While size can
be controlled during the QD synthesis, the surface chemistry
can be modified either by the growth of an external inorganic
shell”™°" or via subsequent exchange of the colloidally
stabilizing ligands.™

Due to their geometry, QDs have a distinct difference between
their surface and bulk crystal lattice chemistry. At the surface of
a crystal, the periodicity of the bulk crystal lattice gives way to
faceting, bond contraction, reconstruction, unsaturated/dan-
gling bonds as well as physisorbed and chemisorbed molecular
species. With dimensions on the order of a few nanometers,
many of the atoms in NCs are located at or near the surface.>”
This high surface area to volume ratio makes NCs prone to
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Figure 2. Illustration of quantum confinement effect
permission from Elsevier.

on the band gap of general semiconductors.
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Table 1. Examples of Core/Shell QD Structures Used to form HNs

QDs band gap tunability shells
InP 450—700 nm®* ZnSe, Zn$
CdSe 450—650 nm®® ZnS, CdS
cds 390—440 nm®’
PbSe 0.6—4 pm’" Cds
PbS 800—1400 nm™
CsPbX, 400—690 nm”’
(X =ClBrorl)
CulnS, 450—900 nm*? Zn$
Si 355—1130 nm®®
NaYbF,:Tm** ~40, ~360, ~450, ~475, ~510, ~580, NaYF,:Nd**
~650 nm®®

high trap state densities. Imperfectly passivated surfaces
promote nonradiative recombination of charge carriers and
are detrimental to optical and device performance.””** To
improve QDs optical properties, chemical stability, and
photostability, several approaches have been developed,
including passivation of the NC surfaces with inorganic
shells.*””> These inorganic shells are limited to having the
same crystal structure as the QD core and must have minimal
lattice mismatch for adequate passivation. Examples of core/
shell QD structures are listed in Table 1.

Several commonly used methods exist for the formation of
shells: Successive ionic layer adsorption and reaction
(SILAR),**™ in which cationic and anionic precursors are
added separately to form monolayers one at a time (Figure 3).

Core-Shell

SILAR, Sonochemical,

Heat Up Methods Outwards
/ Shell Growth

Cation Exchange Inwards
Shell Growth

Figure 3. Different methods of inorganic shell growth onto core QDs.

Cation exchange, in which introduced precursor cations
exchange with cations within the core QD, causing an inward
growth of a shell (Figure 3). Sonochemical, 061 \Where
sonication induces a reaction between precursors forming a
shell. Finally, heat up methods, where precursors are added
and gradually heated to a desired reaction temperature, are also
used.””*® While these measures have achieved varying levels of
success, they result in complex, heterostructured materials with
altered carrier dynamics.*

Another technique is to replace the long insulating ligands
that enable colloidal stability following synthesis with short
organic linkers, potentially leading to improved surface
coverage and higher packing densities.””*””" Attached ligands
can positively and negatively influence carrier mobility,”' ™
tunneling distance,”"?> dielectric environment,%’97 carrier and
exciton lifetimes,”®™'°" electronic trap sites,”®?? 7! surface
dipoles,z‘3 and valence and conduction band edges.*?’3 However,
this Review aims to focus on the relatively new idea of
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replacing these colloidally stabilizing ligands with ligands that
offer new optical and electronic functionality. In general, a
chromophore ligand can be broken into three parts: the
binding group, the linker, and the chromophore.

As mentioned above, the surface atoms of a QD have lower
coordination than the core atoms, resulting in free sites with
unbonded orbitals.'”> These unbonded orbitals allow for
interaction with ligands, which can increase passivation of
surface traps'*® and help prevent aggregation of the QD."**"**
The portion of the ligand interacting with the surface orbitals
of the QD is called the ligand binding group. In the simplest
form, binding to the QD surface involves the transfer or
exchange of electrons between a surface atom and the ligand
binding group.'” The Covalent Bond Classification has been
used to describe these surface interactions, with ligands defined
as either L-, X-, or Z-type based on the number of electrons
contributed to the surface bond from the neutral ligand (2, 1,
or 0 respectively, Figure 4).'%

L
Metal
' Non-metal
zO DOx
O
Ox

Figure 4. Representation of the three ligand classes used to describe
nanoparticle ligands. L-, X-, and Z-type ligands donate 2, 1, and 0
electrons to the QD surface, respectively.'®>

A wide range of ligand binding groups have been used to
efficiently bind to different QD crystal structures (Figure 5).'%°
The simplest method of attaching a ligand to a nanoparticle is
through physisorption, whereby van der Waals forces facilitate
a weak binding between the ligand and QD surface.' 7717
Monodentate ligands can also be used to attach ligands to the
QD surface, for example, with carboxylic acids,®'*'%! %!

. 106111114 .1 106,111,115—117
amines, thiols, or phosphorus based
binding groups.'**""!'®1!? These binding groups connect the
QDs and ligands with chemisorption,'"' thus providing a
stronger interaction than the physisorption method. Multi-
dentate ligands have multiple binding groups on a single
ligand, allowing the chelate effect to provide ligands with more
stability on the QD surface, reducing ligand desorption.'*’

https://doi.org/10.1021/acsphyschemau.2c00018
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Figure 5. Examples of linkers that have can be used to bind a
chromophore to QD.*~'*%106712

Multidentate ligand binding groups include zwitterions'*'~"**
1

and polymers.'”*~'*°

Binding strength is arguably the most important consid-
eration for a hybrid system: without adequate binding, the
ligand will not remain attached. As such, in selecting a binding
group for a hybrid organic—inorganic system, the aim should
be to maximize ligand binding strength without negatively
influencing the desired properties of the system. Optimizing
the binding group to meet these two aims for each hybrid
system is often a balancing act. There is a range of factors that
may need to be considered when selecting a binding group
including (but not limited to): (1) composition of the
QD;'%"*! () postsynthetic treatment method of the hybrid
QDs; (3) application requirements for the HN; (4) steric
effects of the organic ligand; (S) desired ligand density; and
(6) ease of access to the desired binding group.

Of these factors, several directly affect the binding strength
required. The composition of the QD influences the
interactions between QD and ligand and can result in facile
ligand desorption if binding is inadequate. An example of this
is in the functionalization of CsPbBr; perovskite QDs, where it
has been found that monodentate ligands have dynamic
surface interactions resulting in poor QD stability over
time.'*>'?! To overcome this, a range of bidentate zwitterionic
ligands have been employed, using the chelate effect to reduce
the effects of the dynamic nature of the CsPbBr; QDs.'”
Vigorous centrifugation and solvation are used in the
postsynthetic purification of the QDs, which can cause ligand
dissociation with weak binding. Similarly, ligand dissociation is
more prevalent in solution than solid state, so the final
application of the particles also needs to be considered in
selecting the binding group. While considerations of the
medium containing a HN is beyond the scope of this review, it
is important to note that the dielectric constant of the
immediate solvent environment affects the char§e distribution
of the NC,'*® and the organic component,1 7 influencing
binding strength. Finally, the steric bulk of the ligand near to
the QD may reduce the efficacy of the binding group, requiring
stronger binding groups.

Binding strength aside, it is important to consider the
desired ligand density for a HN. The more space that the
binding group requires on the surface of the QD, the fewer
ligands that can fit on the surface. In cases where ligand density
needs to be sufficiently high, it can be useful to select
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monodentate binding groups over the stronger binding
multidentate groups. Finally, the design of an organic ligand
with a particular binding group will often not be commercially
available and thus may require in-house synthesis to be made.
Depending on the sensitivity of the system, it is often
worthwhile selecting more accessible binding groups that do
not require significant synthetic work. Selecting a binding
group that balances all factors to provide a solution suitable for
the application is often a challenge that requires testing and
optimization to achieve.

The linker section of the HN system acts to connect the
binding group to the chromophore. While it is not essential to
the HN system, it can improve the overall function.”® As the
field of HNs is intrinsically dependent on the energy transfer
between NC and ligand, the distance between the two
components plays an important role. The linker can be used
to effectively tune the distance (and thus the energy transfer
occurring) in the HN system.”*>*'*®'*? The linker also acts
to spatially separate the binding group and chromophore,
reducing negative influences (typically electronic or steric) that
can arise from directly connecting the binding group to the
chromophore.

Linkers do not have any specific structural requirements,
although they tend to be chemically, electronically, and
optically inert to avoid unwanted interactions with the HN
system. Literature examples of linkers have not had much
diversity, likely due to the synthetic requirement for designing
a diverse linker. Common linkers tend to be based on alkyl
chains””**"?*?13% or phenyl spacers,”*>*"'**!*? sometimes with
other structural motifs present due to the synthetic route used,
such as triazole rings,” ethers'”” or amides’ (Figure 6).

Chromophore

Binding Group

Figure 6. Examples of linkers that can be used to connect
chromophores to binding groups.””>***'*713% Note that these
exact structures may not have necessarily been used, only the

functionality.

The fact that linkers are not essential to the function of a
HN system and tend to require organic synthesis to include,
often results in their exclusion from this system.'®'®***>7°
Despite this, some situations require a linker to distance the
chromophore from the nanoparticle surface. For example, Xu
et al. designed a HN system that worked as an energy transfer
cascade, from QD to surface chromophore to solution
chromophore (Figure 7).”> With increasing linker length, the
efficiency of the first energy transfer decreased but the
efficiency of the second energy transfer increased.”> Thus,
the linker length was used to optimize the efliciency of the
entire process.25 Thus, it is a necessary step to consider
whether a linker in required for the specific application.

https://doi.org/10.1021/acsphyschemau.2c00018
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Figure 7. Energy transfer cascade from a PbS NC to a rubrene
emitter, via a mediator tetracene with variable distance from the
crystal. The energy transfer efficiency optimized through the length of
the linker system used, by changing the number of phenyl rings (n).
Adapted from ref 25. Copyright 2020 American Chemical Society.
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If decided that a linker would be beneficial for a particular
HN system, there is a range of factors that should be
considered in selecting a linker including: (1) the desired
length of the linker; (2) the flexibility and sterics of the linker;
(3) the electronics of the linker; and (4) the accessibility of the
linker. As the inclusion of a linker is typically synthetically
demandmg, investigations into these factors are currently
limited.”® Instead, we will discuss the broader reasoning behind
these considerations, providing literature examples where
available.

Primarily, a linker acts to provide distance between the QD
and chromophore. The power of the linker length comes in the
ability to tune this distance to optimize the desired properties
of the HN system. However, this makes selecting a linker
length for a particular application a challenging task because it
depends on many factors specific to each system. For example,
a key influence in the choice of linker length is the type of
energy transfer expected to take place; for example, Dexter
energy transfer requires shorter distances than Forster
resonance energy transfer (FRET) does. ! Linker flexibility
and sterics are important factors that needs to be considered in
designing a HN system. A flexible linker may allow for
chromophores to vary the distance to the QD, altering the
energy transfer properties."”” In addition, flexibility in the
linker may reduce the number of chromophores that can fit on
the surface of the particle, likely the result of random
chromophore movement increasing the disorder of the system,
thus increasing the entropic cost of binding."** Similarly, if the
linker has steric bulk associated with it, it may reduce the
quantity of chromophores that can fit around the QD
compared to a less bulky linker. In addition, the electronics
of the linker can play a part and may need to be considered.
For example, if a chromophore is aromatic, then attaching a
phenyl linker system can extend the conjugation of the system,
influencing the desired properties. In some cases, this extended
conjugation may be desired when transmission through the
linker is necessary.”® In addition, the electronics can influence
the packing of molecules on the surface. This can either cause
unexpected effects such as aggregation induced excimer
formation”” or be desired for other applications like singlet
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fission.'” These electronic effects tend to be minimal so linkers
with strong electronic influences (such as phenyl rings) are still
used.”

Depending on the HN system, it is often more sensible to
select a linker than can easily be accessed through known
synthetic methods. Overall, the selection of a linker involves
balancing a range of factors to help optimize the overall
function of the HN system.

A chromophore is defined as the part of a molecule in which
electronic transitions occur in the visible region and is thus
responsible for the color of the molecule.** For the purposes
of a HN system, chromophores need not necessarily have their
transitions in the visible region, so long as the energy is
appropriately matched to the QD of choice. Despite this,
chromophores used in HN s gfstems tend to fall in the visible
region. 5% 101819.2223,75,130,13

The primary selection criteria for choosing a chromophore
are the intrinsic properties associated with it. These properties
generally include absorption maxima, molar absorptivity,
emission maximum, photoluminescent quantum efficiency
(PLQE), or Stokes shift."** In addition to these innate
properties, sometimes the energy levels of the chromophore
allow for other processes such as singlet fission (SF) or triplet—
triplet annihilation (TTA) to occur (these processes will be
discussed in detail later).'>****7>'3% Besides these processes,
the selection of a particular chromophore is usually dependent
on the energy levels of absorption and/or emission. Energy
transfer is an essential process for HN systems; thus,
absorption/emission matching is crucial for optimizing this
process.'”

Besides optimizing energy transfer, the selected chromo-
phore needs to have the ability to bind to a QD. Some
chromophores innately contain binding groups that can be
utilized, such as the carboxylic acid on some rhodamine-based
dyes. However, if this is not the case, there needs to be a way
to modify the chromophore without negatively impacting the
properties. Typically, this simply involves the attachment of an
additional handle in place of a hydrogen atom—for example, a
single aromatic proton in tetracene can be replaced with a
binding group or linker binding group to allow the
chromophore’s attachment.'”'*° Despite this, most chromo-
phores have portions that can be functionalized with a binding
group with only minor effects to the intrinsic properties of the
chromophore.

Hybrid systems as currently described exhibit a multitude of
different properties. In many circumstances, one hybrid system
cannot be characterized in the same means as another. In this
section, we discuss available characterization techniques to
cover a wide variety of hybrid systems.

FRET (Figure 8) is the most extensively researched
phenomenon in hybrid systems to date (Table
2)PO7PIBIBIIETIN 1t s glso a technique for supporting the
findings of whether a donor and acceptor are closely bound.

FRET is a nonradiative energy transfer process occurring
from the dipole—dipole coupling of an excited state donor to a
ground state acceptor. It is generally only possible from

donor—acceptor distances of 1—10 nm. At distances shorter

https://doi.org/10.1021/acsphyschemau.2c00018
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Figure 8. Illustration of FRET, where an excited donor species
nonradiatively relaxes by exciting a nearby (1—10 nm) acceptor
species.

Table 2. Tabulation of the Commonly Utilized Annihilators
for TTA Based Upconversion Systems

T, S, peak PL PLQE
annihilator (ev) (ev) (nm) (%)
2,5-diphenyloxazole*” 237 370 3SS 9s
2,5-dipheny1-1,3,4—0Xadiazole22 2.82 4.00 443 98
naphthalene® 272 429 320 25
p-terphenyl™ 253 392 337 100
9,10-diphenyl anthracene** 177 354 405 100
rubrene*”® 1.14 223 557, 591 ~65
511- bls(trlethylsﬂylethylnyl) 1.08 2.16 580, 610, ~74
anthradithiophene’® 660

than this threshold, Dexter energy transfer typically takes place

instead. FRET is described by the following equations:*>'®®
1) = [Fo@) ()" da "
207 K Q
06 = 2J(4)
1287N, (2)

where J(1) is the spectral overlap between the donor emission
and acceptor absorption spectrum, Ry is the distance at which
energy transfer between the donor and acceptor is 50%, N, is
the Avogadro constant, k is the dipole orientation factor, n is
the refractive index of the medium, Qp is the PLQE of the
donor in the absence of acceptor, Fj is the emission spectrum
of the donor, &, is the extinction spectrum of the acceptor, and
A is the wavelength.

1
T () ()

where E is the efficiency of energy transfer between donor and
acceptor and r is the distance between the donor and acceptor.

Energy transfer efficiencies are commonly characterized by
the quenching of the donor species in the presence of acceptor,

as shown in eqs 4 and 5.5 165
F
E=1-—
K 4)
E=1-"_
7o Q)
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where F refers to fluorescent intensity of the donor, 7 refers to
the lifetime of the donor, and 0 indicates donor with no
acceptor present. Using eqs 1—5 allows one to solve the
donor—acceptor distance of a given system and hence infer
whether ligand binding is likely taking place.

Similar to FRET, Dexter energy transfer is another short-range
energy transfer process that can occur when chromophores are
located close to a QD. The Dexter energy transfer process
involves the correlated transfer of two electrons between the

. 135,166,167 vy - .
donor and acceptor (Figure 9)."*>'°>'®” This transfer requires

Dexter Energy

Transfer

Molecule QD Molecule QD

Figure 9. Demonstration of the correlated electron transfer that
occurs in Dexter energy transfer from donor (here a molecule in the
triplet excited state) to acceptor (here a QD).

short-range correlation (typically <1 nm) to prov1de adequate
orbital overlap between the donor and acceptor.'®® Dexter
energy transfer allows triplet energy transfer, a useful property
for SF and TTA."

The Stern—Volmer equation (eq 8)'” is a powerful tool when
characterizing physisorbed hybrid donor—acceptor systems. By
collecting both fluorescence and lifetime quenching data as a
function of acceptor concentration, the static and dynamic
quenching contributions can be established:

E)—1+K

T s[Q] ()
D1+ k Q]

R 7)
K=quo (8)

where K is the static quenching constant, Kp, is the collisional
or dynamic quenching constant, Q is the concentration of
quencher, K is the Stern—Volmer quenching constant and k is
the bimolecular quenching constant.

The most important constant for inferring if some form of
binding is taking place between a donor and acceptor is k,
which can be calculated by substltutlng K for K or Kp. If kg 1s
larger than 1 X 10" M_ then some type of bmdlng
interaction is taking place (lower than this value indicates
poor quenching or steric shielding occurring between the
donor and acceptor).

Convincing evidence of strong binding between a donor and
acceptor is commonly seen when comparing the absorption
spectrum of the acceptor to the absorption spectrum of the
hybrid system. The acceptor will commonly be red-shifted by
5—15 nm (ref 6.) and the extinction coefficient of the acceptor
in some cases has been shown to change.”'” This is due to

native ligands attached to the donor NC’s surface forming an
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Figure 10. Visual summary of the HNs utilized in FRET based energy transfer systems for nonbiological systems. References of presented research

are displayed as numbers around the image.

environment of differing polarity compared to the bulk solvent
in which they are dispersed. When an acceptor is bound to the
NC surface, the change in the surrounding environments
polarity causes these photophysical changes. QDs may also
assist the formation of dye aggregates when bound,'”” causing
changes to the optical properties of the dye.'”'~""*

Evidence of energy transfer can be observed when
comparing the excitation spectra of individual donor and
acceptor to the excitation spectrum of the acceptor in a hybrid
system at the wavelength of the acceptors PL maximum. If
energy transfer is present, the hybrid system will exhibit donor
excitation character. While this does not directly suggest any
form of binding between a donor and acceptor it serves as
supporting evidence of an interaction.

In many cases, binding between a donor and acceptor will
modify the PLQE of the system.'” Donor QDs may exhibit a
change in PLQE due to bound acceptors changing its
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passivation at the surface. Acceptors may exhibit a change in
PLQE as a function of energy transfer or through the
formation of aggregates on the surface.””

7.4.1. Ligand Exchange. Observable color and phase
changes are a common means of characterizing binding
between a donor and acceptor.7 In any ligand exchange, if
sufficient washing is performed post ligand exchange and the
color of the clean donor sample is observably different to the
exchanged sample (with the absorption spectrum showing
acceptor character also present), binding is likely. In a biphasic
exchange, if the donor QDs become dispersed in the
antisolvent containing the desired ligand to be exchanged,
binding is proven.

7.5. NMR

Nuclear magnetic resonance (NMR) spectroscopy is a
powerful tool that can be used for the visualization of
molecules. For a HN system, it can be used to aid confirmation

https://doi.org/10.1021/acsphyschemau.2c00018
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Figure 11. Visual summary of the HNs utilized in FRET based energy transfer systems for biological systems. References of presented research are

displayed as numbers around the image.

of chromophore attachment to the surface of a QD.'”* There
are several NMR techniques that are used, including one-
dimensional (1D) NMR or two-dimensional (2D) diffusion-
ordered NMR spectroscopy (DOSY) and nuclear Overhauser
effect spectroscopy (NOESY).'”

1D NMR probes a single spin-active nucleus, for example,
'H, C or *'P, to name a few. The 1D NMR spectrum of a
molecule is often affected when it is bound to a QD compared
to the molecule in solution alone. First, changes in the
chemical shift of nuclei in the molecule can indicate binding to
a QD,'” the result of the QD influencing the chemical
environment of the molecule. In addition, a broadening of
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peaks can be observed, a result of attachment to a large QD
which tumbles far slower in solution.'*"”'”> Broadening tends
to occur more in atoms closer to the surface of the particle.'”

Although 1D NMR can give an idea of ligand binding, it is
not conclusive. Diffusion-ordered NMR spectroscopy
(DOSY), however, can provide this information. DOSY is a
2D NMR technique that measures the diffusion coeflicient, D,
against chemical shift. The diffusion coefficient of the ligand in
the QD solution can then be compared to free ligand and
should diffuse slower (i.e., lower diffusion coefficient) if bound
and attached to a relatively heavy QD.'”> The diffusion

https://doi.org/10.1021/acsphyschemau.2c00018
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coefficient, D, can be used in the Stokes—FEinstein relation to
determine the hydrodynamic diameter, dyy:'"

kT
" 3mD

©)

where kg is the Boltzmann constant, T is the temperature, and
n is the solvent viscosity. If the calculated hydrodynamic
diameter is roughly equivalent to the sum of the nanoparticle
diameter and twice the ligand shell thickness, then the ligand
can be assumed to be bound.'”> However, specific note of
solvent effects should be considered when determining the
hydrodynamic diameter as these have a known effect on ligand
conformation.'”*~"7?

Nuclear Overhauser effect NMR spectroscopy (NOESY) is
another technique that can provide more conclusive evidence
that a ligand has been bound to the surface of a QD. The
nuclear Overhauser effect (NOE) is a distance dependent
'H—'H internuclear effect, with a 2D NOESY reflecting these
interactions and the intensity of the NOE."”> The sign of a
NOE signal depends on the rotational correlation time, 7., of
the molecule, with relatively long 7. values giving negative
signals and short 7_s yielding positive signals. When a molecule
is attached to a large QD, its rotation is slowed, increasing 7,
and thus affording a negative NOE signal. In comparison, free
molecules have short 7, values, so are observed as a positive
signal in the NOE spectrum.'” This allows for differentiation
of bound and unbound molecules.'”

HNs have been used extensively in the development of FRET
Based Systems (Figures 10 and 11).

FRET is a powerful tool in potential medical imaging
applications, resulting in a collection of well researched hybrid
systems (Figure 10). 71427164 Thomas et al.® (Figure 12) first
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Figure 12. FRET occurring from InP/ZnS to lissamine rhodamine B-
ethylenediamine. Adapted from ref 6. Copyright 2014 American
Chemical Society.

showed that FRET was possible from (Cd/Pb free) InP/ZnS
QDs to emissive organic acceptors. The authors synthesized
InP QDs by hot injection. As as-synthesized InP QDs without
further treatment exhibit <1% PLQEs,'®" the authors over-
coated a ZnS shell by a heat up method, yielding core/shell
QDs with a PLQE of ~10%. Acceptor molecules were chosen
to maximize FRET, and this included lissamine rhodamine B-
ethylenediamine (LiRh), Texas red cadaverine C5 (TxRed),
and rhodamine 101 (Rh101). Each organic dye exhibited good
spectral overlap, required for FRET, carboxylate or amine
binding groups for attachment to the QDs, and small linker
lengths to minimize donor—acceptor distance. Attachment of
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the acceptors was performed by a Stern—Volmer quenching
experiment, in which the authors found a high bimolecular
constants (1.71 X 10" M~ s7! for LiRh, 2.28 x 10" M~ 57!
for TxRed, and 6.80 X 10" M~' s™! Rh101), indicating a static
interaction between the donor and acceptors. High levels of
energy transfer were determined by fluorescence and lifetime
quenching of the donor (x60% for LiRh, ~72% for TxRed,
and ~74% Rh101).

Xia et al.” assembled a FRET pair between colloidal CulnS,/
ZnS QDs and a dark quencher (Figure 13), for biological

FRET

A
H

CulnS,/ZnS QD Dark Quencher Dye

Figure 13. FRET occurring from CulnS,/ZnS to IRDye QC-1.
Adapted from ref 7. Copyright 2020 American Chemical Society.

applications such as biomedical imaging, photodynamic
therapy, and diagnostic and sensing devices. The work
performed by Xia et al.” is a particularly good example of
the power that tunable hybrid systems have to offer, as they
carefully choose each component of their hybrid system to fit
their desired purpose. The authors synthesized CulnS, cores
NCs by a heat up method. The cores were chosen for their
reduced toxicity compared to cadmium-based alterna-
tives."**7'55 Similar to the work by Thomas et al,® a thin
ZnS shell was then overcoated through a SILAR method, with
the resultant passivation increasing the core QD PLQEs from
~20 to ~50%. While FRET is readily achievable using the
cores alone, a donor with a high PLQE is desirable to improve
sensitivity when in the presence of the dark quencher. As a
foundation for quencher attachment, and to allow for water
solubility of the synthesized dots, the authors synthesized two
polymer ligands, whose monomers consisted of an imidazole
ring for binding, methoxy termination (His-PIMA-PEG-OMe)
for one polymer ligand, and amine termination (His-PIMA-
PEG-NH,) for the other. Native oleate ligands on CulnS,/ZnS
were exchanged for the polymer ligands, forming two separate
dispersions of polymer functionalized CulnS,/ZnS QDs in
water. The difference in terminal functionalization allowed for
the comparison of binding strength to quencher (IRDye QC-
1). The OMe functionalized CulnS,/ZnS QDs showed a small
quenching effect in the presence of the quencher, whereas in
contrast, using NHS ester reaction chemistry the quencher was
covalently bound to the amine functionalized CulnS,/ZnS
QDs. The quenching effect was prominent, and the estimated
FRET efficiency of their system reaches nearly ~80%
(estimated by lifetime quenching of the donor). The work
performed illustrates a clear, comparable example in which a
covalently attached donor—acceptor HN within a given
medium outperforms (in terms of FRET) the individual,
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unattached donor and acceptor of the aforementioned HN,
within the same medium.

The use of hybrid systems is not limited to medical
applications, and recent research has e:gplored their use in
improving existing solar technologies.'”"” Tummeltshammer
et al."” explored the usage of a hybrid system for the use of
luminescent solar concentrators (LSCs) by the fabrication of
the first proof-of-concept HN LSC (Figure 14). The theory

(a) Re-absorption Escape Quantum
cone loss | yield loss
~d
Doped
DI water
~ e
Trapped | \.\.\ Not dyeGlass cell
phOtOn:,/ g ? . ‘\ absorbed
,..»"', Emission "? .-'fzgg o ™\
. )FRET

Alexa Fluor 546

Amine linker

Excitation

Figure 14. HN system for use in a liquid LSC. Reprinted with
permission under a Creative Commons Attribution 4.0 International
License from ref 13. Copyright 2017 Elsevier.

being that reabsorption by the high extinction coefficient QDs
can be reduced if absorbed energy is transferred to an organic
luminophore whose emission spectrum has reduced overlap
with the donor’s absorption spectrum. CdSe based QDs (Qdot
545 ITK amino (PEG)) were used as the donor. Alexa Fluor
546 NHS ester dye was chosen as an acceptor for its suitable
spectral overlap and readily reactive ester to allow for
attachment by NHS ester reaction chemistry to the
ampbhiphilic surface coating of the donor. The resultant hybrid
system was dispersed in deionized water, and the FRET

Visible

efficiency was estimated as ~94% by lifetime quenching of the
donor. The hybrid dispersion was then injected into a 2 cm X
2 cm glass cell, forming a liquid-based LSC. Optical efliciency
(Hopy defined below) was obtained from AM1.5 g illumination.

PLLSC

ope = PLlgxer X G

(10)
where PL; ¢ is the photoluminescent intensity of the edges of
a LSC, PLgxcr is the photoluminescent intensity of the
excitation source, and G is the size factor (calculated as the
ratio between the surface of the top slab compared to the edges
of the LSC). An Nopt Of 2.87% was measured for the hybrid
system, in contrast to 2.11% and 2.24% for the Alexa Fluor dye
and QDs, respectively. While this work does not particularly
contribute to new knowledge of hybrid systems, it does
importantly show a new step in terms of versatility of
application, being the first published work exploring hybrid
systems for use in LSCs.

Mazzaro et al."* explored the first hybrid luminophore based
solid state LSCs. Silicon NCs (SiNCs) were chosen as the
primary luminophore for the authors LSCs, due to their
inherently low reabsorption. SiNCs by themselves however
offer poor sensitization of the solar spectrum; thus, the authors
sought to form hybrid SiNCs functionalized with 9,10-
diphenylanthracene (DPA) as a UV sensitizer. SiNCs were
produced by thermal disproportionation of hydrogen silse-
quioxane, obtaining SiNCs in SiO,. Etching the oxide matrix
with HF yields free-standing H-terminated SiNCs. Hydro-
silylation with a linker containing an electrophilic site, followed
by a substitution reaction with alkyne functionalized 9,10-
diphenylanthracene, formed the overall hybrid system. As a
control, the authors compared an LSC composed of unbound
SiNCs and DPA, which yielded an 7,, of 4.25%. In
comparison, the LSC composed of the covalently bound
counterpart yielded a reduced 7, of 3.08%. This decrease in
efficiency was attributed to the hybrid luminophore systems
PLQE being decreased in the covalently bound system (PLQE
SiNCs 43%, SiNCs with unbound DPA 45%, and SiNCs
bound DPA 27%). The authors attribute this decrease to be
from the Si core upon covalent functionalization due to
decreased ligand passivation, resulting in increased surface
defects. Importantly, this paper illustrates the care that must be
taken when designing a hybrid system for a given application,
as extensive work to ensure the binding of an organic
luminophore may not be necessary, and even detrimental, to
the desired application.

uv

FRET

Figure 1S. Photochromatic HN system. FRET is the reported photochromic FRET. Adapted with permission under a Creative Commons
Attribution 3.0 Unported License from ref 154. Copyright 2014 Royal Society of Chemistry.
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Figure 16. SF based photon-multiplier utilizing bound TIPS-tetracene and PbS QDs as demonstrated in the literature.

Dworak et al.">* formed a photochromatic hybrid system to
elucidate the quenching mechanisms taking place in the donor.
Assembly of the hybrid system can cause a loss of passivation
of the QD donor, thus giving rise to a quenching effect that
could be mistaken for energy transfer. The authors begun by
choosing CdSe QDs as a donor for its well-established FRET
and ligand exchange ability,'>46-155157,159,160,163,164,186 T,
authors then chose a photochromatic dye, dithienylethene dye
(DTE), as their acceptor candidate to be bound (Figure 15).
An adamantyl based tripodal linker furnished with three
COOH anchoring groups was utilized for binding between
donor and acceptor. Ligand exchange was performed in
chloroform over 15 min using specific amounts of each
component, the resultant hybrid system was isolated by syringe
filtration. In the open form (o-DTE), DTE cannot perform
FRET, conversely the closed or photo stationary form (pss-
DTE) can perform FRET. The open and closed form was
accessed by 590 and 320 nm illumination, respectively. The
authors examined the emissive lifetime of the donor for: CdSe,
CdSe/o-DTE, and CdSe/pss-DTE. In both the CdSe/o-DTE
and CdSe/pss-DTE systems, quenching was observed relative
to CdSe. In CdSe/o-DTE, this quenching is attributed to
decreased passivation of the donor, whereas in CdSe/pss-DTE
the quenching is attributed to FRET and decreased passivation
of the donor. This enabled the authors to directly estimate a
FRET efficiency by comparing how the CdSe/pss-DTE system
quenches relative to the CdSe/o-DTE system, resulting in an
efficiency of ~81%. Being able to discriminate between the
quenching mechanisms taking place in a hybrid system made
these findings the first of their kind, and naturally they have
important implications for FRET based hybrid systems when
quantifying FRET efficiencies.

Singlet fission (SF)isa process that can occur in some organic
chromophores, converting one singlet excited state of the
chromophore into two triplet excited states."®” This process
offers promise to increase the number of excited states
reaching a photovoltaic from solar excitation.'”'** Two types
of HN system have been employed with SF chromophores.
The first involves triplet energy transfer from the chromophore
to QD, aiming to emit the SF generated excited states, acting
as a photon multiplier (Figure 16).'%?**""3%1%% The second
involves energy transfer from QD to chromophore, sensitizing
SF for wavelengths where the chromophore has poor
absorption."®
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Recent progress of the photon multiplication process has
focused on transferring the dark triplet states from SF
chromophores into QDs where quantum confinement effects
introduce a triplet like ground state in the QD,"*’ allowing
emission."*® The initial work on QD doped tetracene (a
chromophore that exhibits excellent SF efficiencies) films
exhibited significant loss mechanisms due to inefficient triplet
transfer through insulating ligands."* This led to interest in a
HN system, with a SF chromophore directly attached to an
emissive QD to act as a photon multiplier system,'%>"'3%'%

Davis et al.'” demonstrated the first example of a HN system
using a SF chromophore, directly attaching a TIPS-tetracene
carboxylic acid ligand, 6,11-bis((triisopropylsilyl)ethynyl)-
tetracene-2-carboxylic acid, to the surface of PbS QDs (Figure
16)." While SF in the molecule chosen had yet to be
measured, SF in tetracene is known to be up to 200%
efficient.'®” To allow triplet energy transfer from tetracene to
the QD, the band gap energy of the QD must be lower than
the triplet energy of TIPS-tetracene (~1.25 eV)."” In addition
to this, the excitons transferred need to be re-emitted, meaning
a high PLQE QD is desired. Lead sulfide nanoparticles have
shown the ability to be broadly tuned across the near-infrared
region,”” with moderate PLQEs between 10—60% depending
on the band gap energy.'”” As a result of these properties, PbS
QDs with a band gap of 0.93 eV were selected.'” Since triplet
energy transfer proceeds via short-range Dexter energy
transfer,'° including a shell and linker would increase the
distance between the chromophore and QD, reducing the
transfer efficiency.'’ The binding group was selected as a
carboxylic acid,'’ a well-known binding group for PbS QD
ligands.>>'*> Following attachment of the TIPS-tetracene
carboxylic acid to the surface of the PbS QDs, analysis showed
that SF and triplet transfer was occurring with near 200%
efficiency.'” However, functionalization of the PbS reduced the
PLQE of the particles, resulting in an overall photon
multiplication efficiency of just 17%."

Since this first publication showing the potential for a HN
system to act as a photon multiplier, further investigations into
this system have been carried out. A thiol functionalized TIPS-
tetracene, 6,11-(bis((triisopropylsilyl)ethynyl)tetracen-2-yl)-
methanethiol, was also shown to undergo efficient SF and
triplet transfer to a PbS QD."”° While the photon multi-
plication results were similar to the tetracene carboxylic acid,
the thiol was proposed to bind more strongly to the surface of
the PbS QD, accounting for the improved thermal stability."*’
This thiol also employed a small single carbon linker between
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chromophore and binding group, although this was only
necessary for the synthetic route used to the ligand."*

A challenge with SF chromophores is the limited absorption
range they cover, reducing the portion of high energy photons
that can undergo SF.'® For example, pentacene has little to no
absorption in the 400—500 nm region.18 To improve
absorption in this region, a HN system was utilized, attaching
a TIPS-pentacene carboxylic acid to a CsPbBr; perovskite
QD.'® Like the TIPS-tetracene carboxylic acid system
discussed above, no linker or shell was included and the
chromophore was bound to the QD using a carboxylic acid.
Again, short-range dexter energy transfer occurred, although in
this case from QD to chromophore, where SF could then take
place. They found that excitation of the perovskite QD
ultimately led to the formation of triplet excited states in the
SF chromophore, indicating that the hybrid system successfully
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sensitized SF.'® Future work is needed to allow for extraction
of the generated triplets following sensitization.

Opverall, the inclusion of HNs in the SF area has drastically
improved the outlook for utilization of the SF process. The
ability for a process such as SF to occur at the surface of a QD
is powerful and may have a range of future impacts across
other fields. The biggest challenge facing SF HN systems is the
reduction of QD PLQE when attaching the SF chromophore
to the surface. Future work is also needed to transition to
higher PLQE QDs so that photon multiplication efficiencies
approaching 200% can be achieved. If this is possible, then
these SF HN systems could be broadly applied to existing solar
panels to increase efficiency.”"'*®

8.3. Upconversion

Upconversion in organic/inorganic HNs takes advantage of
triplet—triplet annihilation (TTA), an energy transfer mecha-
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nism that occurs between two molecules in their triplet excited
states, producing a singlet ground state (S;) and an emissive
singlet excited state (S;). The exact mechanism of TTA will
not be described in this text, but more information can be
found in a report by Bossanyi et al.'”" As direct excitation from
the singlet ground state to the first triplet excited state is a spin
forbidden process, it is necessary to “sensitize” the triplet states
of the annihilator with another compound that can efficiently
produce triplet excited states and transfer them.'”* Inorganic
semiconductors possessing a significant heavy metal content
can fulfill this role as the spin—orbit interaction can convert
photogenerated singlet excitons into triplets with minimal
energy penalty (<15 meV)."”*™"” These triplets can then
undergo triplet energy transfer (TET) to nearby annihilators in
solution that possess the appropriate triplet energy state.

While not present in all HN upconversion systems, it is
common to have a third component which is commonly
referred to as a mediator or transmitter ligand.””’® The
mediator ligand is a chemical species that facilitates TET
between the sensitizer and annihilator'*" by allowing triplets to
transition through the ligand shel’*'*® "and increasing the
lifetime of the photoproduced triplets by up to 6 orders of
magnitude.””'”*7*% In the literature, it is common to report
the upconversion efliciency as a percentage out of 100%.
However, in terms of a photons absorbed versus photons
emitted, the maximum PLQE of a TTA based conversion
system is 50%, as two photons are required to produce one
upconverted photon. Therefore, most reported upconversion
efficiencies are the PLQE of the upconversion system
multiplied by two. It must be pointed out, that there is debate
among the community about merits of this practice.”’" In this
Review, the reported “upconversion efliciency” will be
referenced as opposed to the traditional quantum yield.

There are several potential applications for photon
upconversion including the production of UV light, deep
tissue bioimaging, and increasing the efficiency of photovoltaic
cells.””****> The intended application heavily dictates the
three components of the HN, but this is heavily dictated by the
annihilator as that controls the emission wavelength. A
tabulation of commonly utilized annihilators can be viewed
in Table 2 and Figure 17.

8.3.1. Upconversion of Visible to UV Light. The
upconversion of visible to UV light has been achieved in
several organic/inorganic HNs. In such systems, the sensitizer
is usually a wide band gap QD such as cadmium sulfide (CdS),
cadmium selenide (CdSe), or quantum confined cesium lead
bromide (CsPbBr;).”>**’**> The annihilator is usually 2,5-
diphenyloxazole (PPO) with a peak emission wavelength of

355 nm and a fluorescence quantum yield of between 85 and
9596.22,203,204

202

The first such example was developed by Gray et al
which involved the use of CdS QDs in solution with PPO
annihilator. The CdS QDs were synthesized via a hot-injection
method with a passivating ZnS shell ranging from 0 to 6
monolayers. PLQEs increased from near 0 to a maximum of
26% with a shell thickness of 4 monolayers (Figure 18). The
QDs were then functionalized with naphthalene-1-carboxylic
acid (1-NCA) to act as the mediator ligand. With pure,
unshelled, CdS QDs, a low upconversion efficiency (®'y¢) of
0.8% was observed, a likely consequence of the lack of surface
defect passivation, resulting in significant nonradiative decay
which competes with TET. The addition of just one monolayer
of ZnS passivation resulted in a small improvement in
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Figure 18. Plot of ZnS shell thickness, CdS/ZnS PLQE, and
upconversion efficiency. Reprinted with permission under a Creative
Commons Attribution 3.0 Unported License from ref 202. Copyright
2017 Royal Society of Chemistry.

upconversion, though the highest upconversion efficiency of
52 + 0.5% was achieved with a shell thickness of 4
monolayers, which also correlates with the highest QD
PLQE and therefore the lowest rate of nonradiative decay
(see Figure 18). While it would be simple to conclude that
further passivation should further increase the upconversion
efficiency, it should be noted that shelling material such as ZnS
has been shown to be a tunnelling barrier to TET.”*® Though
not found in this example, a study which utilized PbS QDs
with a CdS shell found that 0.1 nm is the ideal shell thickness
for maximizing upconversion efficiency. Beyond this thickness,
the shell hinders TET.”®

It should be noted that the shelling of QDs is not required
for efficient upconversion as shown by several studies.”””"” An
upconversion efficiency of 10.4% can be achieved utilizing high
quality, nonshelled CdS cores” (which can be synthesized
with a PLQE between 19.6 and 27.5%°°°) and a PPO
annihilator. In this case, the mediator ligand was phenan-
threne-3-carboxylic acid (3-PCA) which possesses a higher
triplet energy than 1-NCA, therefore providing a stepped
energetic gradient between the mediator ligand and the
annihilator.”

An alternative to CdS/ZnS QDs as a sensitizer for
upconversion is lead halide perovskite NCs. Due to their
defect tolerance, perovskite NCs do not require a shell to
achieve high PLQEs. He et al.*® demonstrated that quantum-
confined CsPbBr; perovskite NCs, functionalized with 1-NCA,
can efficiently sensitized PPO, resulting in an upconversion
efficiency of 10.2%. When utilizing perovskites as a sensitizer
for TTA, it is important to synthesis NCs of a sufficiently small
size, as the efficiency of TET and subsequently upconversion
increases as the size of the sensitizer decreases.”” "' While
this is true for all QDs, it is particularly crucial for perovskite
NCs as most methods of synthesis produce NCs that are larger
in size than the bohr radius (5§ nm for CsPbCly, 7 nm for
CsPbBr;, and 12 nm for CsPbl;).”*"?

The importance of quantum confinement, and thus NC size,
for TET when utilizing perovskite NCs is highlighted by the
upconversion system developed by Mase et al.”' In this system,
CsPbLBr;_, NCs in conjunction with the annihilator 9,10-
diphenylanthracene (DPA) enable the upconversion of 532
nm excitation into 443 nm emission. TET was facilitated by
performing a ligand exchange to functionalize the surface of
the NCs with 2-(4-(10-phenylanthracen-9-yl)phenyl)ethan-1-

https://doi.org/10.1021/acsphyschemau.2c00018
ACS Phys. Chem Au 2022, 2, 364—387


https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00018?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00018?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00018?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00018?fig=fig18&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.2c00018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

amine, an ethylamine functionalized derivative of DPA (here
referred to as DPA*). However, the upconversion efficiency of
the system was only 1.5%, which is much lower than that of
both the previously discussed CsPbBr;/1-NCA/PPO system
and a comparable CdSe/ACA/DPA system developed by
Huang et al.”® which achieved an upconversion efficiency of 9
+ 2%.

In the system developed by Huang et al.,”® the annihilator is
the same as that utilized in the system developed by Mase et
al;®! however, both the utilized sensitizer and mediator ligands
differ. Comparing the energetic separation between the
sensitizer and mediator ligands, the perovskite/DPA* pair
has a smaller separation of 0.22 eV versus the 0.46 eV of the
CdSe/ACA pair (Figure 19). Considering the closer energetic
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Figure 19. Energy level diagram of the components that make up the
CsPbLBr; ,/DPA*/DPA (left) and the CdSe/ACA/DPA (right)
upconversion HNs.*"*!!

alignment between the perovskite and DPA* versus CdSe and
ACA, and the higher PLQE of perovskite at over 65% versus
the 12% for CdSe, it would be expected that the upconversion
efficiency of the perovskite based system would be better than
that of the CdSe system.

There are two possible reasons for the dramatic difference in
UC efficiency between the CsPbI Br;,/DPA*/DPA system
and the CdSe/ACA/DPA system. (1) As DPA is both the
mediator and annihilator, there is no significant energetic
gradient for TET, whereas ACA/DPA has a 60 meV difference.
(2) The perovskite NCs were 7.5 + 1.7 nm and therefore not
sufficiently quantum confined to allow for effective TET. Given
that 60 meV offers only a small driving force, it is likely that the
lack of quantum confinement is the main cause for the
efficiency difference. This comparison highlights how an
upconversion system can be optimized to improve upconver-
sion efficiency.

As shown by De Roo et al.,””” the upconversion efficiency of
a CdSe/DPA system can be improved further by replacing
ACA with 10-phenyl-anthracene-1,8-diyl (dihydrogen phos-
phate) (Ph-ADP). The authors observe both a faster rate of
TET between CdSe and Ph-ADP than for CdSe and ACA and
an improved upconversion efficiency of 16.9%. The faster rate
of TET is attributed to the lower lying triplet energy of the
mediator ligand, while the higher upconversion efficiency is a
consequence of the increased triplet lifetime of Ph-ADP at
299.9 + 9.5 us versus the 88.2 & 2.1 us for ACA. The longer
triplet lifetime is theorized to be the result of lower rates of
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nonradiative recombination, as indicated by the higher PLQE
of 76% of Ph-ADP versus the 43.2% for ACA.”"” Low rates of
nonradiative recombination and therefore increased triplet
lifetimes is beneficial to the final TET to the annihilator.

Besides cadmium chalcogenides and lead halide perovskites,
tertiary copper indium sulfide NCs (CIS NCs) have also been
incorporated as sensitizers in HN upconversion systems, with
impressive results.”> The CIS NCs were synthesized via a thiol
free method, as the presence of thiol based ligands prevented
ligand exchange due to the high affinity of thiols for the NCs
surface. The CIS NCs were coated with a thin ZnS shell to
passivate the surface, an ACA mediator ligand was then
coupled to the core/shell NCs, and the final sensitizer/
mediator hybrid was mixed into a solution with the annihilator
DPA. This system produced an upconversion efficiency of 18.6
+ 0.3%, which, at the time of writing, is the highest
upconversion efficiency for a hybrid organic/inorganic nano-
material. The high efficiency is attributed to the good
mediator/annihilator pair and to the unusually long lifetime
of self-trapped excitons within CIS NCs (209 + 17 ns) which
resulted in a TET efficiency from the CIS/ZnS sensitizer to the
mediator ligand of 92.3%."

A drawback to the use of CIS NCs is that the emission is the
result of self-trapped excitons which results in a significant
energy loss between the initial excitation and the final
emission. Alternative nontoxic triplet sensitizers involve the
use of silicon (Si) QDs and shelled indium phosphide (InP).
Silicon NCs can be thermally hydrosilylated in the presence of
9-vinylanthracene which functionalizes the surface of the NC
with triplet accepting anthracene. While in the presence of
DPA, the system is able to upconvert 532 and 640 nm light
into violet DPA emission with an upconversion efficiency of 7
+ 0.9%"” which was further increased to 15% in a subsequent
study in the following year by preventing oxygen induce
quenching.”"® However, due to the indirect band gap of silicon,
the sensitizer is ineffective at absorbing wavelengths above 400
nm, making for a poor sensitizer at low excitation densities.

InP QDs have also been shown to sensitize TTA in DPA
when coupled to ACA ligands.”® To reduce nonradiative decay,
the InP QDs were shelled with ZnSe and ZnS. The
upconversion efficiency of this InP-ZnSe-ZnS/ACA/DPA
system was 10 + 0.1% when excited with 530 nm light,
which exceeds the efliciency of the equivalent system
developed by Huang et al.”® which utilized unshelled CdSe.

All examples discussed so far have utilized zero-dimensional
QDs,; however, several studies have been performed on higher
dimensional nanomaterials, such as two-dimensional nano-
platelets and one-dimensional nanorods. CdSe nanoplatelets
can be coupled to 9ACA mediator ligands and sensitizer DPA,
just as standard CdSe QDs can, with an upconversion
efficiency of $.4%.”'* Vanorman et al”'> demonstrated
successful upconversion utilizing cadmium telluride nanorods
which were functionalized with 9ACA mediator ligands, with
the DPA annihilator. CdTe was chosen as the sensitizer to
allow for a narrower band gap while still maintaining sufficient
quantum confinement to enable efficient TET.”'” This system
was shown to be capable of converting 520 nm excitation into
blue DPA emission with an upconversion efficiency of 4.3%.

8.3.2. Upconversion of Near Infrared to Visible Light.
The upconversion of infrared light to visible photons is an area
of intense research due to its potential to increase the efficiency
of photovoltaics cells above the Shockley—Queisser Limit.*'®
As the band gap of a typical silicon photovoltaic is 1.1—1.3 €V,
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any photon with an energy less than this will not be
absorbed.”’” Upconversion offers the possibility of converting
this energy into harvestable shorter wavelength photons. For
this application, HNs are well suited as PbS and PbSe QDs
have tunable absorption ranges that extend well into the near-
infrared spectral region. Additionally, molecules such as
rubrene are capable of TTA and have triplet energies of 1.1
eV, allowing them to accept triplet states from lead
chalcogenide QDs of an appropriate size.

The first example of near-infrared upconversion utlhzmg an
organic/inorganic HN was developed by Huang et al.”® and
was composed of PbSe QDs as the sensitizer and rubrene as
the annihilator (Figure 20). With both components in
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Flgure 20. Energy level diagram of the PbSe/Rubrene upconversion
HN.”

degassed toluene, excitation of the QDs with both 808 and
980 nm laser light resulted in the bright yellow emission of
rubrene. However, the upconversion efficiency was only 0.01%
which the authors argue was due to the lack of a mediator
ligand. This conclusion was proven correct when the same
group introduced a mediator ligand in the form of 4-(tetracen-
S-yl)benzoic acid (abbreviated to CPT) which has a triplet
energy of 1.16 eV, above that of the annihilator at 1.14 eV. The
addition of CPT to the PbSe/rubrene system increased the
upconversion efficiency 11-fold, from 0.20 to 2.1%. Note that
this is with an excitation wavelength of 808 nm. The
researchers simultaneously also experimented with PbS QDs,
demonstrating an even more dramatic increase in upconver-
sion efficiency with the addition of a mediator ligand, from
0.021 to 1.7%.”

As with cadmium chalcogenide QDs, nonradiative decay in
lead chalcogenide QDs can be reduced via the growth of a
passivating shell, typically CdS.*'® Via the use of a CdS shell
along with a S-carboxylic acid tetracene (S-CAT) ligand as a
mediator ligand, Mahboub et al.”® was able to increase the
upconversion efficiency of a PbS/rubrene system to 8.4 +
1%.” The same system was tested without the mediator
ligand, and as expected the upconversion efficiency dropped
significantly to a maximum of ~0.085%, which correlated with
a CdS shell thickness of 0.1 nm (Figure 21). A further increase
in shell thickness results in lower upconversion efliciency,
demonstrating that there is a point where the potential increase
in QD PLQE is offset by the tunnelling barrier presented by
the shell.

However, as with CdS QDs, a passivating shell is not
necessary to achieve efficient upconversion when utilizing PbS
QDs. By synthesizing high quality PbS QDs via the use of high
purity reagents, Huang et al”” was able to achieve an
upconversion efficiency of 11.8 + 1.1% with a PbS/S-CAT/
Rubrene system.””” Additionally, the authors also found that
the surface chemistry of the QD is significant factor in terms of
the final upconversion efficiency. PbS QDs were made via two
methods, one which uses a thiourea as the sulfur precursor and
another which uses hexamethyldisilathane. In the original
publication, the two sets of QDs are referred to as PbS-T for
the dots synthesized with thiourea and PbS-S for those
synthesized with hexamethyldisilathane. An upconversion
system that uses PbS-T QDs achieves an almost 12%
upconversion efficiency, while the use of the PbS-S QDs
only achieves an upconversion efficiency of 4.6 + 0.4% (Figure
22). The difference in upconversion efficiency is not due to the
difference in quality of the dots, as both possess comparable
PLQEs of 34.1 + 1.3 and 29.5 + 1.2%, respectively. The
difference arises in the lifetime of the triplet excited state of the
5-CAT ligands. When 5-CAT is bound to PbS-T, the lifetime
of the triplet excited state is measured to be 2.86 us, while it is
10 times shorter at 0.27 us when 5-CAT is bound to PbS-S.
The authors argue that there is a difference in the surface
chemistry between PbS-T and PbS-S QDs that influences the
heavy atom effect on the triplet lifetime of the ligands, though
they could not speculate exactly what the difference in surface
chemistry was.

One drawback of the use of a mediator ligand is that a larger
energy difference between the sensitizer and annihilator is
required to provide enough of an energetic gradient to
facilitate each TET step. In theory, by eliminating the use of a
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Figure 21. Plots showing the relationship between QD shell thickness and upconversion efficiency. Reprinted from ref 75. Copyright 2016
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mediator ligand, QDs with narrower band gaps could be
utilized, allowing for longer wavelengths to be harnessed. To
address this issue, Nishimura et al.”® sought to use an
annihilator that could reversibly bind and unbind to the QD.
Due to the lack of binding functionality, rubrene could not be
used for this purpose and the authors instead utilized
bis(triethylsilylethylnyl)-anthradithiophene (TES-ADT), a het-
erocyclic aromatic compound which possesses sulfur atoms
that can bind to the surface of lead chalcogenide QDs. Due to
the lack of a mediator ligand, large PbS QDs were able to be
utilized, allowing for excitation with wavelengths up to 1064
nm. While the efficiency of TET to TES-ADT is higher at 12 +
2% versus the 0.02% to rubrene, and the authors suggest that
detachment of the ligand was occurring, a maximum
upconversion efficiency of only 0.012% was achieved.”®

8.3.3. Overall HN design for UC. Efficient upconversion
using hybrid organic/inorganic nanomaterials requires several
factors from each component of the system. First, with regard
to the sensitizer, the most important factor is sufficient
quantum confinement which is found to be crucial for effective
TET.”*~*'! Additional benefits include high PLQEs and long
triplet lifetimes.””*>"” For mediator ligands, it is important
that there is a close energetic alignment between the triplet
energy states of the ligand and the other components of the
system to allow for both effective TET and to minimize the
loss in energy between the initial triplet excited state in the
sensitizer and the final triplet state in the annihilator.”
Simultaneously, it is beneficial to the efficiency of TET to have
a steep energetic gradient between the mediator ligand and
annihilator to facilitate the final TET step.””’® For the
annihilator, efficient TTA requires a high PLQE to maximize
the final emission event.”> As there is a limited number of
effective annihilators, it is much easier to adjust the sensitizer
and mediator ligands of the system to maximize the
upconversion efficiency. A tabulation of the discussed hybrid
organic/inorganic nanomaterials can be viewed in Table 3, and
a visual representation of this table can be viewed in Figure 17
at the beginning of this section.

Thermally activated delayed fluorescence (TDAF) is the
process in which a system can incorporate thermal energy to
transition from a nonemissive state into an emissive
state.”'”™**" In hybrid organic/inorganic systems, TDAF can
be achieved via the population of triplet states in surface bound
organic chromophores via an energetically favorable TET from
a QD and then a subsequent thermally activated reverse TET
(rTET) back to the original donor from which delayed
emission can occur.””®* In essence, an equilibrium between

Table 3. Summary Table of the Discussed Upconversion
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Systems
excitation upconversion
sensitizer mediator annihilator (nm) efficiency (%)
CdS/ZnS™ 1-NCA PPO 405 52+ 02
cds* 3-PCA PPO 405 10.4
CsPbBr;>* 1-NCA PPO 443 102
CsPbBr, I, *' DPA* DPA 532 L5
CdSe”® ACA DPA 532 9+2
Cdse*”’ Ph-ADP DPA 488 16.9
CulnS,/ZnS**  ACA DPA 520 18.6 + 0.9
§i¥7213 anthracene  DPA 488 15
In;/SngSe/ ACA DPA 530—590 10 + 0.1
1,
C?Sﬁtelets)m ACA DPA 532 5.4
C?::norods)ZIS ACA DPA 520 43
PbSe”® rubrene 808—980 0.01
PbSe”’ CPT rubrene 808 2.1
Pbs”’ CPT rubrene 808 1.7
PbS/CdS™ 5-CAT rubrene 808 8.4 + 1
Pbs*° 5-CAT rubrene 781 11.8 + 1.1
Pbs”® TES-ADT  647—1064 0.012

forward and reverse TET can develop between the
components of the HN.

To enable efficient thermally activated rTET, the energy
separation between the triplet state of the chromophore and
the conduction band minimum of the QD must be within a
certain energy threshold. This fact was shown by Mongin et
al.”® who synthesized unshelled CdSe QDs of various band gap
values (as indicated by the PL signal) which they function-
alized with pyrene carboxylic acid (PCA) ligands. For the QD
sample with the widest band gap (488 nm PL), the energy
separation between the conduction band minimum of the QD
and triplet excited state of the ligand was 0.54 eV and no back
transfer would occur as indicated by the fully quenched CdSe
emission which was determined to have a photoluminescence
quantum efficiency of <1%. Only after decreasing the band gap
would rTET activate. A maximum TADF was observed for
QDs that exhibited 600 nm PL which corresponded to an
energy separation of 0.07 eV (70 meV). In this scenario, the
PLQE of TDAF in the CdSe QDs was 13%.”° Additionally, the
lifetime of QD emission increased dramatically. For unshelled
CdSe, the typical fluorescence lifetime is on the order of 10'
ns.”*> However, with the coupling of PCA, this lifetime can be
increased to between 1.57 + 0.02 us and 52 + 2 ms.”’ Similar
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results were obtained by a later study that also coupled CdSe
to PCA ligands.”*’

A second example of TDAF in a hybrid organic/inorganic
nanomaterial involves the use of quantum confined CsPbBr;
NCs and phenanthrene carboxylic acid (PTA) ligands (Figure
23).%” TET efficiencies varied with the concentration of ligand

a  m acceptors per nanocrystal

W

N molecular (M)
acceptor

ligand

nanocrystal (NC)
donor

b  tuning the activation barrier for rTET
and delayed PL through AS = kgin(m)

NC*-mM TET
3 \ Y
@
S rTET ;-TAS
@
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- delayed PL
2
o
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Figure 23. Energy levels and TADF mechanism of the HN CsPbBr;—
PTA.** Reprinted from ref 82. Copyright 2021 American Chemical
Society.

in solution with values between 13.1 and 63.2% were reported,
though no reverse TET efficiencies were reported. The lifetime
of perovskite emission is typically on the order of 1—-29 ns.”’
However, when coupled to PTA ligands, the lifetime can be
increased to ~35 s at the highest ligand concentration.*”

At the time of writing, these are the only three examples of
TDAF in hybrid organic/inorganic nanomaterials. Due to this,
there is plenty of opportunity for further refinement of these
systems. As Mongin et al.’”’ mention in their concluding
remarks, the use of unshelled CdSe allows for competitive
nonradiative recombination mechanisms and therefore the use
of a passivating shell would be a next step forward for future
investigations. Additionally, TDAF in HNs has only been
demonstrated in a narrow range of emission wavelengths
(510—605 nm).

The future directions and applications of HNs will be
fundamentally controlled by the material systems developed.
Thus, potential must be found in the two major components of
the HN, the QD and the organic semiconductor. The ability to
synthesize heterodot architectures gives rise to a vast number
of NC permutations, the importance of which being the ability
to control passivation, Stokes shift, stability, donor—acceptor
distance, excited state lifetimes, and surface chemistry. The
continued growth of the field of HNs will inevitably result in
the development of sophisticated heterodot architectures
designed to improve HN systems. The three-component
design of organic semiconductors for HN applications means
that synthetic chemistry plays a vital role in optimizing
chromophores. The ability to tune the binding group, linker,
and chromophore independently allows for the binding
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strength, packing orientation, QD-chromophore distance, and
chromophore to each be optimized, providing an optimal HN
system. As the field of HNs continues to grow, we expect to see
an increase in novel synthetic chromophores optimized for
their unique applications, thus improving the properties of the
HN systems.

Out of all the discussed applications, HNs for FRET are the
most thorou(ghly studied and the closest to seeing real world
applications, >8%4142-164 ith FRET efficiencies surpassing 90%.
As such, current research is focused on the deployment of
these HNs in practical applications, for example, sensing and
solar technologies.

Efficient singlet fission in HNs is currently limited by the low
PLQEs of the PbS QDs used for re-emission of the generated
triplets.'” Transitioning to higher PLQE QDs is a priority to
allow for photon multiplication efficiencies to approach 200%.
If possible, SF photon multiplication could be broadly used
with existing solar panels to increase efficiency.

For upconversion, the limiting factor to the overall efficiency
is the sequential TET from the sensitizer to the mediator
ligand and from the ligand to the annihilator in solution.***
The highest TETs have been achieved via a combination of
high PLQEs and long triplet lifetimes of both the QDs
sensitizer and mediator ligands.”>*"” Additionally, a steep
energetic cascade also benefits TETs; however, this increases
the energetic penalty of each TET step.”'' Therefore, future
work will need to find the optimal triads of sensitizer, mediator,
and annihilator that allows for the most efficient TET with the
smallest loss in triplet excitation energy.

The application of thermally activated delayed fluorescence
in HNs is relatively unexplored and has so far only been
demonstrated in a very limited number of systems. As there is a
wide range of possible QD/chromophore combinations, there
is plenty of scope for further research in this field.

Although so far unproven, HNs may have the potential to
create a new class of LED materials. It is well-known that
organic light emitting diodes (OLEDs) currently suffer from
electron-spin limitations and are capped at 25% efficiency.”*®
This limit stems from the spin-statistics of recombination
which, in general, form one emissive singlet state per three
nonemissive triplet states. While QD LEDs (QDLEDs) can
bypass electron-spin efficiency limits (due to ‘quantum
confinement effects making triplets emissive),”****” unfortu-
nately the surfaces of QDs, which are usually coated by
insulation molecules (ligands), hinders charge injection.”*® As
such, while QDLEDs are unaffected by electron-spin limits,
device efficiencies are still below those of OLEDs due to the
issue of charge injection through the surface ligand shell.”*” By
replacing the insulating surface ligands on a QD with OLED
molecules, these new HN LEDs may exhibit increased charge
injection efficiency (compared to QDLEDs) and the ability to
emit from historically nonemissive triplet states (compared to
OLEDs).

HNs have a promising future ahead in many research fields
and technology applications. The adjustable nature of HNs has
seen their successful application in various optoelectronic
applications including Forster resonance energy transfer,
singlet fission, upconversion, and thermally activated delayed
fluorescence (as referenced above in specific sections). While
the initial demonstration of each of these processes typically
exhibited low efficiencies, incremental improvements of HN
systems has seen these efficiencies rise, though there is still a
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need for further improvement before many of these systems
see application beyond the laboratory.
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