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ABSTRACT: Fluorescence lifetime has significant applications in the
field of fluorescence microscopy. Effective modulation of fluorescence
lifetime can be achieved by controlling the radiative versus nonradiative
processes of fluorophores. In this review, we systematically analyze and
summarize chemical approaches that achieve fluorescence lifetime
modulation for three different types of fluorophores, including small
molecules, quantum dots, and metal complexes. In particular, this review
is focused on the chemical mechanisms underlying fluorescence lifetime,
the structure—function relationship that defines how chemical regulation
is achieved, and the chemical principles that can be used to modulate
different scaffolds of fluorophores. We aim to provide important
resources for gaining a deeper understanding of fluorescence lifetime
modulation, through in-depth investigation into the modulation
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mechanisms of various fluorescence systems. Perspectives are also proposed to enable future investigation on fluorescence lifetime
modulation, a field that bears promises to drive the advancement and application of fluorescence imaging technology.
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1. INTRODUCTION

Over the past few decades, the utilization of fluorescence in the
biological sciences has developed significantly. Fluorescence
imaging enabled real-time monitoring and quantitative analysis
of the morphology and structure of biological samples.
However, with the increasing demands on fluorescence
technology, fluorescence intensity imaging showed limitations
in quantitative detection, multitarget identification, and time-
resolved capabilities. Fluorophore lifetime is defined by the
average time the molecule spends in the excited state.
Accordingly, fluorescence lifetime imaging microscopy
(FLIM) is an optimized technique that produced spatially
resolved images of fluorophore lifetime, offering an additional
dimension of information to visualize fluorophores and an
extra source of contrast.'

Fluorescence emission is a complex process, and only a few
molecules emitted their photons precisely at t = 7, with the
lifetime representing an average value of the time spent in the
excited state. Unlike fluorescence intensity imaging, fluores-
cence lifetime imaging is not affected by the intensity of the
excitation light source or sample concentration. This unique
advantage made fluorescence lifetime imaging valuable for

should have exhibited a uniform and narrow distribution of
fluorescence lifetimes. Moreover, probes with similar spectra
should have demonstrated distinct fluorescence lifetime
variations to enable their separation.3 Therefore, the
modulation of fluorescence lifetime not only overcomes the
limitations of fluorescence lifetime imaging but also enables
enhanced detection sensitivity and the implementation of
biosensing and molecular probe applications, consequently
broadening the applications of fluorescence imaging in diverse
research fields.

Both endogenous and exogenous fluorophores are used as
fluorescence probes for investigating intracellular environ-
ments. In the present review, the modulation of fluorescence
lifetime for these exogenous fluorophores is discussed, offering
insights and methodologies to optimize fluorescence lifetime
imaging. Exogenous fluorophore is a general term concerning
small molecules, quantum dots (QDs), and metal complexes,
all of which are exogenously loaded in samples. Fluorophores
with shorter fluorescence lifetimes are characteristic of weak
emitters, and those with longer lifetimes have low photon
turnover rates. Lifetime imaging is often hindered when using
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Figure 1. Fluorescence lifetime modulation of small molecules, quantum dots, and metal complexes. Different factors that influence fluorescence
lifetime are systematically introduced for three types of fluorophores: small molecules, quantum dots, and metal complexes. For small molecules
and metal complexes, mechanisms related to conformational transitions in the excited state, such as MLCT, PET, TICT, and others, have a
significant impact on fluorescence lifetimes. The lifetime of quantum dots is primarily influenced by parameters of carrier recombination efficiency.

short-lived fluorophores due to their limited sensitivity and the
required long exposition and acquisition time. In fluorescence
lifetime modulation studies, the key processes that play a
crucial role in determining the fluorescence lifetime are
nonradiative processes.4 Nonradiative processes encompass
spin—orbit coupling, vibrational relaxation, and energy transfer
which competitively deplete the excited energy of fluoro-
phores, thus influencing their fluorescence lifetime.

By precisely controlling these nonradiative processes,
effective modulation of fluorescence lifetime can be achieved.
The purpose of this review is to comprehensively summarize
and analyze the methods of fluorescence lifetime modulation
for three different types of fluorophores, namely, small
molecules, quantum dots, and metal complexes (Figure 1).
This review provides a comprehensive understanding of the
field of fluorescence lifetime modulation, driving technological
innovations and applications in this area.

2. STRATEGIES FOR FLUORESCENCE LIFETIME
CONTROL OF SMALL MOLECULES

2.1. Twisted Intramolecular Charge Transfer (TICT)

In 1973, Grabowski et al. first proposed the TICT
mechanism.’ Following this, researchers found the broad
applicability of TICT in diverse organic fluorophores, thereby

797

highlighting the critical significance of TICT manipulation in
advancing the construction of bright labeling agents and highly
responsive molecular probes. The control of TICT formation
in a fluorophore hinged on two crucial parameters: the
rotational barrier and the driving energy.6 There have been
approximately four strategies employed to inhibit TICT: (1)
alkyl cyclization; (2) steric hindrance modification; (3)
utilization of inductive effects (to reduce the strength of
electron-donating groups); and (4) the use of bulky electron-
donating groups (to mitigate solvent—solute interactions). The
most widely adopted methods involved alkyl cyclization and
increasing the ionization potential (IP) of electron-donating
groups associated with inductive effects. The primary focus of
this section was to modulate the fluorescence lifetime through
these two aspects.

How TICT controls fluorescence lifetime (7) has been
extensively studied. The most representative case is provided
by rhodamines dyes, wherein two dialkylaniline groups are
rigidly bridged by an oxygen linkage. The distinct photo-
physical properties of rhodamines can be attributed to their
nonradiative deactivation by internal conversion’ (Figure 2a).
Internal conversion remains inactive, when the nitrogen lacked
substitution or when only one nitrogen atom possesses alkyl
substitution or the amino group is rigidified. However, in 1
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Figure 2. Fluorescence lifetime modulation by TICT. (a) The mechanism of TICT. In the course of the fluorescence to TICT transition, there
exists an energy barrier that governs the dynamics of the excited state. (b) Rhodamines with a dialkyl amino group showed the process of TICT.
(c) Structures of probes with TICT-modulated fluorescence lifetimes. Fluorescence lifetime of 1—12 was adjusted via alkyl cyclization, and that of

13—16 was adjusted by alkyl cyclization inductive effects.

(Figure 2b, 1) with two flexible dialkylamino substituents,
internal conversion can be activated, with the activation
process being closely linked to the TICT state. In the excited
state, the electronic transfer is from the amino group to the
xanthene ring in 1, followed by a torsional motion of the bond
between the amino group and the xanthene ring. This process
underwent nonradiative TICT, thereby resulting in a shorter
fluorescence lifetime (2.42 ns in EtOH). For dyes lacking an
activated process, such as 2 (Figure 2b, 2), the energy of the
TICT state is higher than that of the first excited singlet state.
Hence, it is difficult to enter the TICT state, resulting in a
reduction of nonradiative pathways and a longer 7 of 4.34 ns in
EtOH.

The impact of the number and rigidity of alkyl groups on the
N atoms is an important factor affecting fluorescence lifetime.
Among the commercially available rhodamine dyes, the longest
lifetime of 4.74 ns in ethanol was found with 2 (R101), whose
alkyl carbons are fixed in a six-member ring.” In addition, 3
(Figure 2b, 3) without alkyl substitution exhibited a relatively
high 7 of 4 ns. By contrast, 4 (Figure 2b, 4) with two
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—CH,CH; on the N atoms showed the shortest 7 of 2.92 ns.
These observations were attributed to the twisting of the
amino group in the excited state, which facilitated the TICT
state and promoted nonradiative pathways to reduce the
fluorescence lifetime. In the case of 4, the introduction of a
second —CH,CH; group increased the electron-donating
ability of the N atom and the mean ground-state twist angle
for the amino groups. Because the TICT state needed a
perpendicular mutual orientation between the dialkyl amino
group and the xanthene ring, these factors facilitated the
occurrence of TICT and shortened the fluorescence lifetime of
rhodamine.

Based on these results, later studies found that the
fluorescence lifetime of rhodamine compounds differed from
each other in their substituents on N atoms. In 2015, Lavis and
co-workers replaced N,N-dialkylamino groups in the classic
dye tetramethylrhodamine (Figure 2b, 5) with differently sized
nitrogen-containing rings ranging from aziridine to azepane.9
The relatively short fluorescence lifetime of 5 can be attributed
to its tendency to undergo nonradiative transitions into the

https://doi.org/10.1021/cbmi.3c00091
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TICT state upon excitation. In this process, the electron
transferred from the nitrogen atom to the xanthene system,
accompanied by a distortion of the C,,-N bond. The
introduction of a heterocycle enhances the rigidity of the N
atom and prevents rhodamine from undergoing C,.;-N bond
twisting to enter the TICT state, thereby increasing the
fluorescence lifetime. Among these rhodamine derivatives, the
one with azetidine 6 (Figure 2b, 6) exhibited the longest
fluorescence lifetime of 3.84 ns. In aziridine derivative 7
(Figure 2b, 7), the ring strain in 7 compelled the rhodamine
molecule to adopt a colorless lactone form with no
fluorescence. The size of the heterocyclic rings in these
rhodamine compounds was found to have no direct correlation
with 7. 8 (Figure 2b, 8) had a fluorescence lifetime of 3.6 ns,
while compound 6 exhibited a significantly reduced 7 of 0.6 ns.
However, 9 (Figure 2b, 9) showed a slightly increased lifetime
of 1.62 ns compared to compound 6, indicating that the
increased flexibility of the larger ring can offset other
detrimental structural effects on rhodamine fluorescence.
Furthermore, they found an increase in quantum yield (@)
after introducing azetidine rings as substitutions for the alkyl
nitrogen in various fluorophores, including coumarin and
naphthalimide, acridines, rhodols, carborhodamines, oxazines,
and Si-rthodamines. Therefore, the introduction of azetidine
rings as substitutions for alkyl nitrogen provides a universal
method to improve fluorescence lifetimes in numerous
fluorophores by effectively attenuating nonradiative decay
processes.

Studies have also been conducted in fluorophores other than
rhodamines. 10 (Figure 2b, 10), 11 (Figure 2b, 11), and 12
(Figure 2b, 12) are structural analogues of rhodamine dyes.
The primary distinction between them and the corresponding
rhodamine lies in the lack of a carboxyphenyl moiety. It has
been demonstrated that the utilization of geometrically
constrained azacyclic substituents can elevate the IP of
amino groups, thereby suppressing the formation of the
TICT state and extending the fluorescence lifetime of
rhodamines. Lu and co-workers measured the fluorescence
lifetimes of these three rhodamine analogues to investigate
how the alkyl groups attached to N on the xanthene core affect
fluorescence lifetime.'’ They found that 12 exhibited extended
the fluorescence lifetime (3.87 ns) and enhanced quantum
yield compared to 11 (2.32 ns) and 10 (2.01 ns). These
differences are attributed to the influence of alkyl groups on
the nitrogen (N) atom, which leads to intensified internal
conversion (IC). The increase in the extent of vibrational and
rotational motion from the S, state was accompanied by the
increase of the alkyl chain length. The structural variation did
not alter the rate constant of the radiation process but changed
the nonradiation process significantly.

Replacing the dimethylamino auxochrome with the azetidine
ring has been shown to increase the fluorescence lifetime of
rhodamine. However, the azetidine substitution strategy
appeared to have less pronounced effects on the carboxy
rhodamine and silicon rhodamine in the red to near-infrared
region. Guo and co-workers suggested that the introduction of
electron-withdrawing groups, such as the sulfone group, exerts
a significant negative inductive effect (—I effect) on amino
groups.'’ This modification effectively inhibited the TICT
process and increased the fluorescence lifetime (7) of various
fluorophores in aqueous solutions. The geometrically con-
strained azetidine group had a higher IP value than the
diethylamino and piperidine groups. This is presumably due to
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the significant ring strain of an azetidine group that limits the
configuration transformation from the sp-hybridized N atom
to the more planar sp>-hybridized N radical cation upon
photoexcitation. The phosphine oxide (P=O0) and sulfone
(SO,) functionalized piperidine moieties demonstrated higher
ionization potential (IP) values than the azetidine group.
Hence, their strong —I effect further suppressed the TICT
process, resulting in prolonged fluorescence lifetimes of 13
(Figure 2b, 13) and 14 (Figure 2b, 14), measured as S and
5.89 ns, respectively. Moreover, the electron-withdrawing
group-functionalized piperidine auxochromes can markedly
enhance the fluorescence lifetime of all fluorophores suffering
from TICT-induced fluorescence quenching in aqueous
solution.

Rhodamine compounds differ from each other in their
substituents on either xanthene z-skeleton or on N atoms,
while their benzoate units are usually the same. In 2010, Hell
and co-workers designed a fluorinated rhodamine employin§
2,2,2-trifluoroethyl as the amino substituent on rhodamine.’
The strong —I effect of fluorine atoms enhanced the stability of
the amino group’s charge, effectively inhibiting the TICT
process, thus leading to 15 with significantly higher
fluorescence lifetimes (4.2 ns) than those of rhodamines
with monoalkylated nitrogen atoms (<4.0 ns). Rega and co-
workers demonstrated that the radiative lifetime of rhodamines
can be correlated to the charge transfer from the phenyl group
to the xanthene moiety during the S, < S; de-excitation."
Additionally, the radiative lifetime is influenced by the relative
orientation between the xanthene and phenyl groups in the S,
minimum structure, which can vary depending on the phenyl
substituents. The S, « S, radiative decay process depends
upon the transition energy AE and the transition dipole
strength |u;o>. The transition dipole strength is increased by
the overlap of the ground and the excited electronic density
(transition electronic density) along the x axis. On the
contrary, transition electronic density involving the phenyl ring
gave a zero contribution to the dipole integral. According to
the calculation between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
contributions from the three fragments (xanthene, amino,
phenyl fragment), a remarkable linear relationship was found
between the fluorescence lifetime and the charge transfer
amount involving the phenyl fragment, whereas no depend-
ence is noticed for the electronic density rearrangement on the
amino groups. By optimizing the minimum energy con-
formations of the molecule both in S; and S,, experimental
results indicate that increasing the xanthene—phenyl torsion
leads to a larger phenyl charge transfer and a longer lifetime.

Other mechanisms could also regulate the fluorescence
lifetime of rhodamine, such as intramolecular charge transfer
(ICT), excited-state intramolecular proton transfer (ESIPT),
photoinduced electron transfer (PET), and planar intra-
molecular charge transfer (PICT). Therefore, a comprehensive
consideration of these diverse regulatory mechanisms is crucial
for understanding and optimizing the performance of rhod-
amine-based fluorophores. Among these mechanisms, PICT
offers an intriguing alternative pathway, wherein the excited-
state rigid planar configuration of molecules can substantially
reduce nonradiative pathways, leading to an increased
fluorescence lifetime of rhodamine. Zhang and co-workers
investigated an anilino-substituted rhodamine analogue 16
(Figure 2b, 16)."* They prove that photoexcitation of PICT
and TICT occurs simultaneously in 16 with the aid of a

https://doi.org/10.1021/cbmi.3c00091
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potential energy surface. When fluorescence originates from
the TICT state, the overlap between two separated and
perpendicular orbitals is forbidden, resulting in a reduced
transition dipole moment. Consequently, this leads to a shorter
fluorescence lifetime.

It was well-established that the prolongation of a molecule’s
fluorescence lifetime was often attributed to the presence of
relatively rigid excited-state structures with no rotatable bonds,
rendering them less susceptible to environmental influences,
except in the presence of fluorescence quenchers. The
fluorescence lifetimes exceeding 100 ns were only observed
in the case of pyrenes and molecules possessing thermally
activated delayed fluorescence (TADF) properties. Although
the pyrene had a large spectral shift from monomer (400 nm)
to the excimer (485 nm), it still cannot extend beyond the
blue-green waveband.'” Therefore, pyrenes were mainly
applied in fluorescence resonance energy transfer (FRET)
imaging related to distance measurements, when the change in
fluorescence lifetime indicated mostly a change in the distance
between the donor and the acceptor.

Beyond the role in modulating fluorescence lifetimes, it
should be worth noting that the TICT mechanism exerted a
profound influence on the quantum yield (@) and brightness
of fluorescent molecules. First, rigidifying the alkyl groups via
cyclization to prevent TICT formation and improve @ has
been applied in many fluorophores where TICT served as a
main nonradiative decay channel. By preforming cyclization to
rigidify the backbones, @ increased from 0.055 (17) to 0.66
(18) in coumarin derivatives'® and from 0.15 (19) to 0.69
(20) in Cy5 derivatives (Figure 3a).'” It was noteworthy that
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Figure 3. Enhancement of quantum vyields and brightness by
inhibition of TICT. (a) Alkyl cyclization in coumarin and cyanine
dyes. (b) Different sized azacyclic substituents in naphthalimides to
inhibit TICT. (c) Quaternary piperazine with a high IP can suppress
TICT via inductive effects.

Xu et al. conducted an investigation into the imlpact of
azacyclic substituents on the minimization of TICT."® They
performed cyclization with differently sized nitrogen-contain-
ing rings (ranging from aziridine to azepane, compounds 21—
26; Figure 3b). The TICT-induced conformation changes of
them resulted from competing contributions from azacyclic
strain energy, steric hindrance, and resonance effect. The
resonance effect relied on the electron-donating/withdrawing
strength of both the azacyclic rings and the fluorophore
scaffolds. Although 21 had the highest @, 22 had the highest
brightness, which aligned with the conclusions drawn by D.
Lavis.” TICT formation in a dye was primarily governed by
two factors: steric hindrance, as shown by Lavis and Xu’s work,
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and electronic effects. The TICT state arose from full charge
separation between the electron donor and acceptor.'” The
strong inductive effect achieved by introducing electron-
donating groups (EDGs) with high IP proved to be a reliable
mechanism for reducing the electron-donating strength and,
thereby, effectively suppressing TICT formation. Xiao and co-
workers compared the IP of several amino EDGs using density
functional theory (DFT) calculations.”® Their discovery
indicated that quaternary piperazine possessed a high IP,
implying a limited electron-donating capacity resulting from
the inductive effect of the positively charged quaternary amino
group. Utilizing this quaternary piperazine, they designed a
novel rhodamine derivative 27 featuring outstanding quantum
yields (@ = 0.93) and exceptional brightness (¢ X ® = 8.1 X
10* L:mol™"-cm™") by harnessing the electronic inductive effect
to inhibit TICT. This section provided insight into the
mechanistic understanding of TICT and its related structure—
property relationships. The suppression of TICT can
significantly yield bright and long-lasting fluorophores.”"

2.2. Effects of Substituents to Fluorophores

Fluorescence lifetime can also be influenced by modulating the
electronic nature of the substituents on fluorophores. In the
case of boron-dipyrromethene (BODIPY), its fluorescence
lifetime can be effectively altered. By increasing or decreasing
the electronic density of the substituents, the charge
distribution and charge transfer processes within the BODIPY
molecule can be controlled, leading to distinct excited states
and nonradiative pathways. Through the targeted design and
synthesis of BODIPY molecules with diverse substituents,
precise modulation of their fluorescence lifetimes can be
achieved. Zhang and co-workers found that chlorines on
BODIPY can decrease its radiative transition with the reduced
fluorescence lifetime.”” According to DET (Density functional
theory) calculations, the electron distribution of the HOMO
and the LUMO of 28 (Figure 4a, 28) were localized on the
carbazole and BODIPY moieties, respectively (Figure 4b). The
introduction of a chlorine atom at the 2,6-positions of 29
(Figure 4a, 29) resulted in reduced LUMO energy and
decreased fluorescence lifetime from 4.14 to 3.94 ns.

Other than BODIPY, Kolehmainen and co-workers
investigated the fluorescence properties of molecules contain-
ing the NBF,O moiety by introducing the electron-with-
drawing or electron-releasing groups in the phenyl ring.*’
From strong electron-donating substituents to strong electron-
withdrawing substituents, their fluorescence lifetimes gradually
decreased from 2.3 ns for 30 (Figure 4a, 30) to 0.1 ns for 31
(Figure 3a, 31). The more electron-rich 30 (compared to 31)
with much more significant density change upon excitation
may slightly weaken the acceptor ability of the NBF,O moiety,
resulting in an increase in the energy of the transition (Figure
4d). As a consequence, this leads to an enhancement of the
radiative transition rate. In 30, the dominant structure gave a
transition associated with substantial charge reorganization and
is the source of the much longer-lived emission (2.5 ns). Thus,
the quantum yield and fluorescent lifetime increased with
increasing electron-donating properties of the substituent in
the phenyl moiety of the BF,-carrying fluorescent dyes.

The electronic nature of substituents significantly influences
the photoinduced electron transfer (PET) process. Upon
introducing substituents with different electron characteristics
into rhodamine, the efficiency and intensity of the PET process
may undergo notable changes. Jia and co-workers suggested
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Figure 4. Fluorescence lifetime modulation by substituents. (a) Structures of probes with fluorescence lifetime modulation by substituents. (b) The
HOMO and LUMO electron distribution of 28. (c) Donor—Acceptor structure of amino rhodamine. The PET process occurred from the amino
benzoate unit to the xanthene fluorophore fragment. (d) The HOMO and LUMO electron distribution of 30 and 31. 30 exhibited a relatively
limited overlap between HOMO and LUMO orbitals, while 31 demonstrated a significantly higher overlap between HOMO and LUMO orbitals.
(b) Reprinted with permission from ref 22. Copyright 2013, American Chemical Society. (d) Reprinted with permission from ref 23. Copyright

2015, American Chemical Society.
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24 with charged substituents had weak interaction. (b) Structures of 39 and 40, and fluorescence decay curves of 39 (blue) and 40 (red) in the
solid state. (c) Structures and fluorescence lifetimes of 36, 37, and 38 in THF (black) and solid state (red). (b) Reprinted with permission from ref
30. Copyright 2018, Royal Society of Chemistry. (c) Reprinted with permission from ref 29. Copyright 2023, Multidisciplinary Digital Publishing

Institute.

that the fluorescence lifetime of rhodamine is modulated by
the position of substitution on the benzoate.”* The presence of
a 5’-COOH substituent on the phenyl moiety in 32 (Figure 4a,
32) resulted in shorter fluorescence lifetime compared to 33
(Figure 4a, 33) with 6’-COOH. The fluorescence lifetime
became shorter when the —COOH groups were replaced by
—NH, groups at the 5" or 6’ position on the benzoate unit. As
another example, 34 (Figure 4a, 34) contains the amino
benzoate unit as electron donor (D) and the xanthene

801

fragment as electron acceptor (A). For this compound, PET
occurred from the amino benzoate unit to the xanthene
fluorophore fragment (Figure 4c), leading to decreased
radiative transition and reduced fluorescence lifetime.

2.3. Intramolecular and Intermolecular Interactions

The overlap of electronic clouds between adjacent dye
molecules leads to strong exciton coupling, thereby altering
the fluorescence lifetime of the rhodamine material. Depending
on the relative orientation of dye molecules, either H-type or J-
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Probes with Fluorescence Lifetime Modulation by geometric symmetry

Figure 6. Structures of probes with fluorescence lifetime modulation by geometric symmetry. The configurations of 41 and 42 exhibited lower
levels of symmetry, whereas those of 43 and 44 were comparatively more symmetric.

type exciton coupling can occur, providing different optical
characteristics for solid-state rhodamine dyes. Zhang and co-
workers found that solid-state 4 (Figure Sa, 4) showed a longer
emission lifetime than that of the corresponding molecular
rhodamine, with 4.12 ns in the solid state compared to 1.61 ns
in solution.”® Solid-state rhodamines consist of H-type and J-
type molecular aggregates as well as individual molecules,
among which H-type aggregates appear to be predominant.
The steric hindrance of bulky groups in solid-state 4 weakened
the intermolecular interactions, leading to an extension of the
fluorescence lifetime. On the phenyl of 35 (Figure Sa, 35), the
COOR group was replaced by SO;7, and an additional SO;~
was present. The negative charges affected the relative
orientation or the two negatively charged SO;~ groups,
which consequently strongly attracted the neighboring
positively charged xanthene fluorophores. As a result, the
stronger intermolecular interactions quenched the fluores-
cence, as reflected by the lowest @ and shortest 7 for 35.
The restriction of intramolecular motion (RIM) mechanism
was one of the most important aggregation-induced emission
(AIE) mechanisms for designing AIE fluorophores, which can
be categorized into the restriction of intramolecular rotation
(RIR) mechanism and the restriction of intramolecular
vibration (RIV) mechanism.*® Many AlEgens, such as
hexaphenylsilole (HPS), tetraphenylethene (TPE), and
tetraphenylpyrazine (TPP), were predominantly designed
based on the RIR mechanism, significantly advancing AIE
materials research.”” Therefore, inhibiting the RIR to reduce
energy loss through nonradiative pathways was one of the
effective strategies for extending fluorescence lifetimes.
Triphenylamines possessed a characteristic propeller-like
structure and were frequently employed in the construction
of AIE fluorophores.”® Lu and co-workers designed a series of
phenylmethylene pyridineacetonitrile derivatives bearing a
triphenylamine (TPA) structure and pyridine ring with the
nitrogen atom at the ortho (36), meta (37), and para (38)
position in Figure 5c.”” In tetrahydrofuran (THF), their
fluorescence lifetimes were only approximately 1 ns, but in the
solid state, these lifetimes were significantly extended.
Specifically, the fluorescence lifetime of 37 was prolonged to
3.32 ns, and that of 38 was extended to 5.94 ns (Figure Sc).
Remarkably, 36 exhibited the longest fluorescence lifetime in
the solid state, reaching 7.96 ns, which represented an over 7-
fold increase compared to its fluorescence lifetime in THF.
The longest fluorescence lifetime was likely a result of a more
planar molecular configuration, which was driven by the
interaction between the ortho-nitrogen and the vinyl hydrogen
atom (—CH=C-). Based on triphenylamine and pyridinium
salt moieties, Tang et al. designed 39 and 40 with green and
near-infrared emission properties, respectively (Figure 5b).*’
In aqueous solutions in their single-molecule state, these
compounds were nearly nonemissive. This can be primarily
attributed to the rotational motions of molecular rotors,
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including the phenyl rings within the triphenylamine moiety
and carbon—carbon double bonds as well as the pyridinium
and thiophene units. These rotations dissipate exciton energy
and elevate nonradiative decay rates, consequently preventing
emission. In the solid state, the fluorescence decay curves of 39
and 40 revealed that their lifetimes were 5.75 and 0.92 ns. The
increased emissions observed in aggregates can be attributed to
the restriction of rotor motions, which facilitates radiative
decay. The twisted conformation of the triphenylamine
segment can extend the intermolecular distance and prevent
emission quenching by the reduction of the intermolecular
7—r interaction, thus switching on the luminescence process in
the aggregation state.

2.4. Fluorescence Lifetime Affected by Geometric
Symmetry

In the excited state, conformational changes of fluorescent
molecules occurred primarily due to the higher energy level of
excitation, leading to increased vibrational amplitudes of the
atoms and bond angles. This enhanced vibrational motion
facilitated the exploration of more stable conformations,
thereby reducing the energy of the excited-state molecules.
The influence of molecular geometric symmetry on the
conformational changes in the excited state of a molecule
arose from the determination of the arrangement of internal
atoms and bonds. This, in turn, affected the spatial distribution
and vibrational modes of the molecule in the excited state. Due
to the molecular geometric symmetry, certain vibrational
modes may be forbidden or more active in the excited state. As
the excited-state molecule undergoes vibrations, specific
symmetry elements may restrict or facilitate conformational
adjustments. Consequently, the molecular symmetry impacted
the conformational transitions in the excited state, thus
influencing the pathways of radiative transitions.

The structural symmetry of rhodamine had a significant
impact on its fluorescence lifetime. Jockusch and co-workers
showed that 41 (Figure 6, 41) and 42 (Figure 6, 42) with one
and three methyl groups on the nitrogen atoms, respectively,
exhibit extended lifetimes compared to both the unmethylated
43 (Figure 6, 43) and 44 (Figure 6, 44) containing four methyl
groups.”’ Thus, rhodamines with a tendency toward C;
symmetry in an excited state are more susceptible to relaxation
through intramolecular PET, resulting in shorter lifetimes
compared to those that adopt more asymmetrical conforma-
tions.

2.5. Fluorescence Lifetime Affected by z-Expansion

The S, energy profile is believed to share some connection
with the fluorescence lifetime, although there is limited
substantial empirical evidence to confirm this connection.’
Conventionally, alterations in the S, energy profile have been
achieved through various methods, including the introduction
of electron-donating/withdrawing substituents, replacement of
heteroatoms, and imposition of internal steric constraints.

https://doi.org/10.1021/cbmi.3c00091
Chem. Biomed. Imaging 2023, 1, 796—816


https://pubs.acs.org/doi/10.1021/cbmi.3c00091?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00091?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00091?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00091?fig=fig6&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

Review

()

Probes with Fluorescence Lifetime Modulation by mr-expansion

(b)

excited-state aromaticity

Q00 Qo

fSrecs

induced planarity
hv r
~

4

Ph Ph
cHe M) oMo oxt o
o [ O N\ " )=
8 49 50

aromatic stabilization
in the excited state

C(CHy) N(CH.),

@m . S

fluorescence
\_/\ S,

Figure 7. Fluorescence lifetime modulation by 7-expansion. (a) Structures of probes with fluorescence lifetime modulation by 7-expansion. The
degree of 7-conjugation progressively increased from 45 to 47. Phenyl groups at the third and ninth positions extended the z-conjugation of DPND
in 48. Different P-heteropines in 7-systems had influences on fluorescence lifetime of 49 and 50. 7-Expansion affected the conformation changes in
the excited state of terpyridines (51) and triarylborane derivatives (52—54). (b) Excited-state aromaticity made the conformation tend to be planar.
(c) Aromatic stabilization in the excited state. (b) Reprinted with permission from ref 36. Copyright 2023, American Chemical Society. (c)
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Additionally, the manipulation of 7-systems has frequently
been employed to facilitate the transition of the S, profile from
a bent to a planar conformation. Accurate control of z-
expansion enables the fine-tuning of excited-state energy levels
and conformational changes in the excited state, effectively
governing the related nonradiative process in these organic
fluorescent 7n-systems. Consequently, this control reduced
energy losses arising from conformational transitions, leading
to an enhancement in fluorescence lifetime.

The form and structure of the S, energy profile play a crucial
role in the optimization of photofunctional molecule design.
Subtle variations within the S; energy profiles determined the
properties and functions of photochromic compounds,
molecular rotors, and ESIPT dyes. Saito and co-worker
explored the impact of aromaticity on the energy variation of
the S, state during the transition of fluorescence molecules
from a bent conformation to a planar conformation by
adjusting the aromaticity of oxepins.”’ Modifying the
aromaticity of oxepins would influence the energy distribution
of the S, state, rather than solely affecting the energy level of
the S, state. In these 3 m-expanded oxepins, further 7-
expansion was shown to lead to weaker S, aromaticity and
produce a flatter S; downhill planarization energy profile.
These flatter S; downhill led to a shorter fluorescence lifetime.
Computational analysis revealed that the radiative decay
constants k, of 45—47 (Figure 7a, 45—47) exhibited negligible
changes, whereas the nonradiative decay constants k,,
increased with s-expansion. In summary, the s-expansion
decreased the aromaticity of the S, state, resulting in a flatter
energy distribution corresponding to the molecular conforma-
tional changes. This, in turn, led to higher nonradiative decay
constants and consequently decreased fluorescence lifetimes.

A number of studies have reported that highly planar
dipyrrolonaphthyridinedione (DPND) molecules undergo
nonradiative transitions through 7—x stacking, a phenomenon
commonly widely recognized as aggregation-caused quenching
(ACQ). Tang introduced the concept of aggregation-induced
emission (AIE), wherein molecules with limited degrees of
freedom in the solid state exhibit luminescence due to a
reduction in vibrational deexcitation pathways.”* Gryko and
co-workers obtained 7-extended 48 (Figure 7a, 48) by
introducing phenyl groups at the third and ninth positions of
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DPND.* The substitution of DPND with a benzene ring at
positions 3 and 9 mainly affected the HOMO energy level,
increasing the oscillator strength of the Sy—S, transition. In the
solid state, 48 differs from DPND in terms of 7—x stacking
interactions. The presence of multiple interactions between
aromatic H and O resulted in varying distances between
adjacent DPND core planes, thereby alleviating 7—7 stacking
and increasing the fluorescence lifetime.

The m-conjugation also exerts an influence on the
fluorescence properties of P-heteropines. Ren and co-workers
explored the photophysical properties of a series of ionic P-
heteropines with various aryl backbones.*® Since excited-state
aromaticity-induced planarity (EAIP) was hardly applicable to
the P-heteropines due to the high-energy barrier of the
planarization for the pyramidal P-center, ionic P-heteropines
with various aryl backbones were limited to fine-tune the
excited-state characteristics (Figure 7b). 49—50 (Figure 7a,
49—50) with maleimide (MI)-conjugated P-heteropines with
NPN-type P-environment exhibited a significantly longer
fluorescence lifetime of approximately 9 ns compared to
various 7-conjugated P-heteropines in other P-environments.

The effect of n-conjugation substituent length, namely,
torsional hindrance between the aryl and terpy units, played
key roles in the fluorescence properties of terpyridines.
Machura and co-workers introduced different m-extended
aromatic groups onto terpyridines to investigate the impact
of m-extension aromatic groups on the characteristics of
electronic transitions.”” These terpyridines displayed twisted
ground-state conformations, with notable structural changes
observed in the dihedral angle between the central pyridine
ring and the plane of the polyaromatic group. These
modifications were primarily influenced by steric hindrance
arising from both inter-ring H---H interactions and hydro-
gen—r-ring steric repulsions. Among these terpyridines, 51
(Figure 7a, S1) with 9-phenanthryl-substituted terpyridines
had the highest fluorescence lifetime, which was approximately
11 ns.

In triarylboranes, the presence of multiple aromatic rings
allowed for the formation of a conjugated structure, enabling
the molecule to adopt a stable 7—z™* excited state upon
excitation. This conjugated structure facilitated efficient
electron transfer within the molecule, leading to reduced
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nonradiative energy loss and, consequently, longer fluores-
cence lifetimes. Halet and co-workers performed DFT and
time-dependent (TD) DFT calculations to investigate the
photophysical properties of a series of triarylborane derivatives
52—54 (Figure 7a, 52—54).>° 52, bearing tert-butyl sub-
stitution, exhibited a longer fluorescence lifetime compared to
53 and 54 with diphenylamine substitution.

2.6. Fluorescence Lifetime Affected by ESIPT

The phenomenon of excited-state intramolecular proton
transfer (ESIPT) has garnered significant interest due to its
distinctive four-level photophysical mechanism and long
Stokes shift (Figure 7a). 2-(2-Hydroxyphenyl) benzothiazole
(HBT) is a prototypical ESIPT chromophore with enol form
(E) changed to keto form (K) upon photoexcitation. Zhao and
co-workers coupled rhodamine with the HBT to investigate
the ESIPT characteristics of the HBT-rhodamine dyad as well
as the fluorescence switching under acidic and alkaline
conditions.* According to their investigation, 55 (Figure 8b,
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Figure 8. Fluorescence lifetime modulation by ESIPT. (a) The
mechanism of ESIPT. ESIPT chromophore with enol form (E)
changes to keto form (K) upon photoexcitation. The keto form
exhibits additional fluorescence emission at longer wavelengths. (b)
Structures of probes with fluorescence lifetime modulation by ESIPT.

55) exhibited an emission band at 404 nm due to the emission
of the respective enol-form. Upon the addition of trifluoro-
acetic acid (TFA), 55 exhibited pronounced fluorescence
radiation at 579 nm due to the open-ring amide form. 55
displayed a fluorescence lifetime of approximately 4—7 ns in
polar aprotic solvents.

By introducing a series of alkylamine substituents on the
core or NDI-shoulder positions of naphthalenediimide (NDI),
fluorescent moieties with excited-state intramolecular proton
transfer (ESIPT) properties can be obtained. Mukhopadhyay
and co-workers reported a new class of symmetrically and
asymmetrically-NH,-substituted core-NDIs.*” Previous inves-
tigations have suggested that the introduction of free amine
(=NH,) groups to the NDI core can serve as a promising
strategy to promote hydrogen bonding and facilitate the ESIPT
process. Furthermore, this approach was expected to promote
an increase in fluorescence lifetime. The short fluorescence
lifetime of $6 (Figure 8b, S6) can be attributed to the
occurrence of photoinduced electron transfer (PET) from the
donor piperidine-substituted nitrogen atom to the acceptor
NDI scaffold. The PET process competed with the ESIPT
process, resulting in a decrease of fluorescence lifetime.
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Through the comparison of §7 (Figure 8b, 57) and S8
(Figure 8b, 58), it was found that an increase in the number of
hydrogen atoms in the amino groups at the NDI core can
effectively facilitate the ESIPT process and notably extend the
lifetime.

2.7. Fluorescence Lifetime Affected by Thermally
Activated Delayed Fluorescence (TADF)

Typically, the fluorescence lifetimes of the majority of organic
small molecules range from 0 to 20 ns."' Exceptionally long
fluorescence lifetimes exceeding 100 ns, however, were only
observed in the case of pyrenes and molecules exhibiting
TADF properties. These final emissive singlet states of TADF
emitted in the microsecond to millisecond range due to the
involvement of the longer-lived triplet states. When TADF
molecules were excited, they underwent activation from the S,
to S, state.”” On one hand, the excited TADF molecules
underwent rapid radiative decay back to Sy, emitting prompt
fluorescence with a short lifetime (typically less than 10 ns) for
conventional fluorescence imaging. Alternatively, the excited
TADF molecules underwent an intersystem crossing (ISC)
process from the S, state to the T, state. Subsequently, the
small singlet—triplet energy gap (AEgy) facilitated a thermally
activated up-conversion from nonemissive triplet excitons into
spin-allowed singlet excitons through an eflicient reverse
intersystem crossing (RISC) process.” This led to delayed
fluorescence (DF) emission, which constituted the core of the
TADF mechanism. The most common strategy in the design
of TADF emitters, aiming to achieve a sufficiently low AEg to
facilitate efficient RISC, involved the minimization of electron
exchange energy in the excited state."

In general, the TADF structure was a donor—acceptor-type
structure in order to have a small AEg; value by minimizing
the orbital overlap between the LUMO and HOMO for
effective RISC.*® The weak electronic communication that
occurred through an intensely twisted conjugated linker*® or a
single sigma (o) bond"” still resulted in some overlap between
the HOMO and LUMO (Figure 9a). Another design strategy
involved physically separating the D and A moieties, resulting
in minimal overlap between the HOMO and LUMO. In this
design, electronic communication between the D and A within
the molecule predominantly occurred through spatial charge
transfer interactions, leading to a significantly reduced AEgr
and enhanced radiative decay rate. In 59, triphenylamine
functions as the donor and dicyanoquinoxaline as the acceptor,
which were placed on the different fins of a triptycene scaffold
(Figure 9a).** TD-DFT calculations reveal that the HOMO
was located on the triphenylanime moiety and the LUMO was
localized on quinoxaline. In Figure 9¢, TD-DFT calculations
revealed that the HOMO resided on the triphenylamine
moiety, while the LUMO was localized on the quinoxaline
portion. There existed only a minimal overlap between
HOMO and LUMO, which facilitated singlet-state emissions.
With a AEg; value of 111 meV, 59 exhibited TADF potential
and displayed a phosphorescence lifetime of 2.4 ys when tested
under deoxygenated conditions (Figure 9b). M. Swager and
co-workers designed the D—A structure 60 with a 9,9-
dimethylxanthene bridge connected (Figure 9d).* Crystallo-
graphic analysis revealed a donor—acceptor distance of 3.423 A
within 60, accompanied by coplanar alignment fostering 7—r
intramolecular interactions. Additionally, intermolecular C—
H---7 interactions were observed in a unit cell at the distance of
2.7—2.9 A that stabilized the crystal packing and restricted the
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LUMO orbital distributions and calculated bandgaps, S, and T, energy levels, and oscillator strengths (f) for 60. (e) Structure of 61. (f) Structure
of 62. (g) HOMO (left) and LUMO (right) of 61. (h) HOMO (left) and LUMO (right) of 62. (a—c) Reprinted with permission from ref 48.
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Reprinted with permission from ref S1. Copyright 2019, Wiley-VCH.

intramolecular motion giving rise to AIE. As illustrated in
Figure 9d, a negligible overlap between HOMO and LUMO
was observed with AEgy as low as 1 meV. Under nitrogen, 60
displayed distinctive delayed 2.3 ys relaxation in addition to a
prompt 2.8 ns relaxation. This provided a viable strategy for
designing TADF probes with extended lifetimes.

However, the two primary types of D—A (TADF) molecular
architectures developed had limitations in their design
tunability (in fixed-constrained systems) or exhibit unpredict-
able spatial arrangement (when grafted on flexible back-
bones),” leading to a restricted comprehension of through-
space interactions between D and A. Adachi and co-workers
explored a novel TADF probe design, employing a dithia[3.3]-
paracyclophane building block as a versatile three-dimensional
(3D) platform to enhance through-space interactions.”" Such a
3D platform allowed them to bring together the D and A units
into close proximity and to probe the effect of their orientation,
contact site, and distance on their TADF emission properties.
They employed the dithiacyclophane to control the distance
and orientation between D and A, resulting in the design of
two isomers, 61 and 62 (Figure 9e,f). These isomers featured a
core composed of a dithiacyclophane, with a donor
ditolylphenylamine unit grafted onto the upper layer in an
eclipsed and staggered configuration, while two acceptor nitrile
groups were attached to the lower layer. The effective
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separation of electron densities induced by the cyclophane
bridge significantly reduced the overlap between the HOMO
and LUMO (Figure 8g-h). This resulted in very low calculated
AEqgy values of 20 meV for 61 and 62. Compared to 62, which
possessed a low quantum yield, 61 demonstrated a significantly
enhanced quantum yield and an extended delayed lifetime of
up to 1.9 ps. This work demonstrated that the development of
new highly efficient TADF molecules based on this molecular
3D platform should be possible by a careful selection of the
type, orientation, and contact site of the D and A units.

3. STRATEGIES FOR FLUORESCENCE LIFETIME
CONTROL OF QUANTUM DOTS

3.1. CdS and CdSe Quantum Dots

Auger nonradiative recombination, as the predominant path-
way for nonradiative recombination of multicarrier states,
refers to the process in which an electron—hole pair
annihilates, transferring its energy to a third carrier. Peng
and co-workers developed a range of CdSe-based core/shell
quantum dots with optimized optical properties for single
excitonic states and employed them to study the Auger
nonradiative recombination rate.’ Currently, two strategies
have been employed for controlling the Auger nonradiative
process: (1) tuning the core size and/or shell thickness/shape
to manipulate wave function overlap, conduction- and valence-
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band mixing, and dielectric screening; and (2) refining the
core/shell interface to regulate the intensity of the intraband
transition. For single-exciton emission, the photoluminescence
(PL) lifetime of 63 (Figure 10a) (20.3 ns) exhibited a notable

(a) (b) CdSe core

CdS shell

CdSeg3/4CdS core/shell

CdSes/8CdS core/shell
63 64

Figure 10. Scheme of 63 and 64. The CdS shell (bule) is distributed
within the interior, while the CdSe core (red) is distributed on the
exterior. (a) 63 with increased overlap of electron—hole wave
functions. (b) 64 with decreased overlap of electron—hole wave
functions.

decrease compared to that of 64 (Figure 10b) (24.5 ns). This
could be attributed to the increased overlap of electron—hole
wave functions within 63. As the excitation power was
elevated, higher-order excitons would be generated within

the QDs. The presence of additional radiative recombination
pathways and the occurrence of Auger nonradiative recombi-
nation contributed to the shorter PL lifetime observed in these
higher-order excitonic states compared to their corresponding
single exciton counterparts. Experimental results indicated that
the influence of interfacial potential smoothness on the
dynamics of Auger recombination was limited. In contrast,
substantial modulation of the Auger nonradiative recombina-
tion rate and the PL lifetime could be achieved by adjusting the
wave function delocalization of the hole or electron states
within the QDs.

When studying electrochemically stable electroluminescent
quantum dots, Peng and co-workers observed that the
fluorescence lifetimes of 65 and 66 (Figure 1la, 65—66)
functionalized with cadmium-carboxylate ligands and fatty
amine ligands showed no significant difference.”® This
observation indicated that the positive or negative charges of
the ligands have negligible impact on the fluorescence lifetime
of CdSe/CdS core/shell QDs (Figure 11b,c). Later, they
successfully engineered trap-insensitive QDs with long PL
lifetimes in aqueous environments by the epitaxy of ZnS shells
into an inorganic structure (CdSe/CdS/ZnS core/shell/shell
structure) (Figure 11d).°* Upon photoexcitation, electron—
hole pairs underwent both radiative and nonradiative
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recombination processes within QDs. The radiative process
referred to the recombination of electrons and holes with the
emission of photons, resulting in fluorescence emission.
However, holes can be trapped in defects or localized energy
levels within QDs, forming “hole traps”, leading to the
formation of stable energy states. These hole traps can
influence the recombination process of electrons and holes,
causing an increase in the nonradiative process and a reduction
in the fluorescence lifetime. The epitaxial ZnS shells with
significantly wide bandgap play a crucial role in effectively
isolating surface traps from the photogenerated excitons within
QDs. As a result, 67 (Figure 11e—g) with three monolayers of
ZnS shell exhibited longer lifetimes (36.3 ns) in water.
Because of the finite physical size of QDs, if surface defects
resided energetically within or near the bandgap, they function
as electronic traps to effectively compete with the radiative
recombination of excitons (electron—hole pairs) generated by
either photoexcitation or electroexcitation within a nanocrystal.
Peng and co-workers investigated the impact of surface defects
on the fluorescence lifetime of QDs with different chemical
terminations.”® Two types of chemically terminated CdSe/CdS
QDs were prepared: 68 (Figure 12a) terminated with
cadmium ions coordinated with carboxylate ligands and 69
(Figure 12a) terminated with sulfur. For 68 terminated with
cadmium ions coordinated with carboxylate ligands, the
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fluorescence lifetime (28 ns) was shorter compared to sulfur-
terminated 69. This phenomenon was attributed to the
presence of more surface electron traps in 68, leading to
increased nonradiative transitions and consequently shorter
fluorescence lifetimes. Conversely, 69 exhibited a relatively
longer fluorescence lifetime (>78 ns) due to its more intact
surface and fewer defects. This enhancement can be ascribed
to the formation of delocalized surface electronic bands
originating from all sulfur sites located on the basal planes of
the CdSe/CdS QDs, instead of the discrete anionic surface
sites acting as deep hole traps within the bandgap.

The wave function of a QD was a quantum mechanical
concept that described the spatial and momentum-related
information on electrons confined within the quantum dot.
When the wave function was spatially localized (compact), it
resulted in a reduced energy gap between the excited and
ground states, leading to enhanced probabilities for the
electron to decay from the excited to the ground state as
well as an increased possibility of nonradiative transitions, both
of which contributed to the shortened fluorescence lifetime.
Conversely, when the wave function was spatially delocalized
(expanded), the energy difference between the ground and
excited states in quantum dots becomes less well-defined,
resulting in reduced transition probabilities. In such cases, the
fluorescence lifetime of QDs was typically longer, as electrons
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tended to remain in the excited state for a more extended
period due to the decreased likelihood of transitions back to
the ground state. Peng and co-workers investigated the
processes of weakly confined and cubic-shaped cadmium
(CdSe, CdS, and CdSe/CdS core/shell) nanocrystals.56 It was
observed that with an increasing thickness of CdS shells in 70
(Figure 12b), the delocalization of electron wave functions
gradually extended into the CdS shell, resulting in an increase
in the PL lifetime of approximately 200 ns.

3.2. CdTeSe Type Multi-Component Quantum Dots

The fluorescence lifetimes of single QDs generally ranged from
10 to 40 ns.”” CdTeSe/ZnS QDs exhibited a shorter
fluorescence lifetime of 31 ns.”® CdSeTe QDs synthesized in
an oil phase demonstrated a slightly longer fluorescence
lifetime of 30—40 ns.”” In 2020, Elibol synthesized CdSeTe
alloy QD by the organometallic method.”” The QDs were
subsequently treated with chloride solutions of varying mass%
(m/m) to enhance their PL lifetime. The treatment of CdSeTe
(71) alloy QDs with CdCl, solutions (72) resulted in an
increase in the PL lifetime from 28 to 33 ns (Figure 13a,b).
Chloride passivation balanced the charge of cation-rich
nanocrystals and was compact enough to fill cation spers.
This enhancement can be attributed to the reduction of surface
traps induced by long ligands and steric barriers on the QD
surfaces, leading to a decrease in nonradiative recombination
processes.

Ternary AgInS, QDs exhibited favorable properties as
cadmium-free luminescent bioprobes, offering red-shifted
emission, tunability, and efficient Stokes and anti-Stokes
excitations as well as long luminescence lifetimes. Strek and
co-workers developed ternary AgInS, QDs with a longer
fluorescence lifetime greater than 100 ns.’" The fluorescence
lifetime of AgInS, QDs was significantly influenced by the
Auger effect in nonradiative recombination due to its strong
correlation of electrons and large enough charge imbalance.
Alloying the QDs with the Zn>" ions can alter the electronic
structure and band structure of the quantum dots, con-
sequently influencing the fluorescence lifetime. The maximum
average luminescence lifetime (7,,.) for 73 (AgInS,) and 74
(AgInS,/ZnS) were estimated to be approximately 120 and
550 ns, respectively (Figure 13c,d).

The core/shell quantum dots have demonstrated an
extended fluorescence lifetime due to the tunable wave
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function delocalization.”” Pham and co-workers investigated
the 75 (CdTe/CdTe,Se,s/CdSe core/alloyed/shell) (C/A/
S) type-Il structure and compared it with CdTe core and
CdTe/CdSe core/shell (C/S) QDs (Figure 14a).”> The
modulation of the core/shell composition and structure held
the potential to enhance the fluorescence lifetime. They made
adjustments to the conventional C/S structure by confining
the holes within the CdTe core while concentrating the
electrons in the CdSe shell, separated by an alloy CdTeSe.
With the excessive growth of the shell on the CdTe core, the
electrons began to delocalize between the shell and the alloy,
attributed to the size effect. The enhanced wave function
delocalization resulted in an increase in fluorescence lifetime of
the QDs with the C/A/S structure, reaching 51.59 ns, more
than twice the fluorescence lifetime of the C/S sample (24.22
ns) (Figure 14b).

Alloy quantum dots (QDs) provide additional degrees of
freedom for tailoring the desired properties of quantum dots
due to their dependence on size and composition. The physical
and optical characteristics of these QDs can be optimized
accordingly. Water-soluble ternary-alloyed CdTe, .Se, QDs
with longer lifetime between 80 and 174.64 ns were
synthesized in the aqueous phase by Chen’s group.”* The
fluorescence lifetime of alloyed QDs in CdTe,_,Se, with
different compositions was influenced by the reactant
components. Increasing the Se content led to a reduction in
the fluorescence lifetime of the alloyed QDs (Figure 14c). This
can be attributed to the substitution of larger Te atoms with
smaller Se atoms, resulting in an enhanced plasmonic coupling
effect at smaller interlattice fluorophore distance.

3.3. Other Alloyed Quantum Dots

To overcome the challenges in controlling the size of binary
nanocrystals, alloyed nanocrystals have been developed to
achieve an intended size control by adjusting the Se/Te ratio.
Compared to undoped QDs, doped alloyed QDs exhibited
several exceptional properties, including photothermal stability,
tunable dual-emissive behavior, and extended fluorescence
lifetime. Transition-metal-doped quantum dots (TM-doped
QDs) have received significant interest as important semi-
conductor nanomaterials in recent years. The introduction of
transition-metal ions, such as Mn, Mg, and Cu, into the core or
shell allowed for the tuning of photoluminescence lifetime of
QDs. Four types of C/S heterostructures have been classified
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based on the features of band alignment and carrier
localization, including type-I, reverse type-I, type-II, and
quasi-type-II. Among them, type-II C/S heterostructures
exhibit superior optical properties due to the staggered band
alignment. This property resulted in spatially separated charge
carriers between the core and shell regions, leading to the
formation of indirect excitons.*®

Doped C/S heterostructures exhibited dual emission,
wherein one emission originates from the near band-edge
excitonic transition, and the other arose from impurities and/
or defects. The peak position was strongly dependent on
dopant concentration and the size of core and shell parts.
Doped CdS/ZnSe type-II core/shell QDs can be classified into
two categories: one involved Cu doping in the CdS core, while
the other involved Cu doping in the ZnSe shell. In 2015, Yang
and co-workers synthesized CdS core-ZnSe shell QDs with a
Cu-doped CdS core (76).°° This core—shell structure showed
dual emission consistent with doped photoluminescence (D-
PL) and type-II photoluminescence (T-PL); the former was
attributed to Cu:CdS cores (d-dots), and the latter resulted
from the CdS—ZnSe type-II core—shell structure (Figure 15a).
The lifetime of the Cu dopant was associated with the Cu
energy level and should be less coupled with lattice vibrations
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in comparison with the excitonic emission of undoped QDs.
Due to the doping of Cu, the lifetime of D-PL (7 = 317.3 ns)
was significantly longer than that of T-PL (7 = 180 ns). Ca and
co-workers fabricated Cu-doped CdS/ZnSe core/shell type-II
QDs, in which Cu was doped in the CdS core (77) or ZnSe
shell (78) part (Figure 15b).°” The Cu**-related emission was
dominant with the average lifetimes longer than those of the
undoped QDs. The Cu doping in both the CdS core and ZnSe
shell of the C/S QDs significantly increased the PL lifetime,
reaching a maximum value of 7 = 295.62 ns (Figure 15¢c). The
doping of Cu resulted in an increased PL lifetime, attributed to
the combined effects of surface states, lattice strain, and spatial
overlap between the conduction band electron wave functions
and localized Cu states. Hien and co-workers found that,
compared to the CdTe,_,Se, host, Cu-doped CdTe,_,Se, QDs
have much longer PL decay times, up to ~1.8 us.® The
average lifetime showed a significant enhancement ranging
from 9- to 18-fold when the concentration of Cu is increased
from 1% to 10% (Figure 15d). The increase in the lifetime can
be attributed to the localization of deeper states, which resulted
in weaker overlap between the hole and electron wave
functions.
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Structures of Cu complexes.

Dopant emission typically arose from the d-shell orbitals of
intentionally incorporated ions within the lattice of a host
semiconductor nanocrystal. This phenomenon was observed in
Mn?*"-doped ZnSe nanocrystals (Mn: ZnSe d-dots), where the
emission mechanism was intricately governed by the intricate
interplay of the 3d orbitals of Mn*" ions. Peng and co-workers
synthesized stable Mn: ZnSe QDs w1th single-exponential PL
decay and large tunable PL lifetime.”” By adjusting the quantity
of Mn®" ions per dot in Mn*'-doped ZnSe nanocrystals
(referred to as Mn: ZnSe d-dots) from 500 to 20, the decay
lifetime of the PL exhibited a continuous variation from
around SO to 1000 us (Figure 1Se,f). In the event of the
presence of MnSe cluster(s) in a QD, it would lead to the
emergence of a considerably short component of PL decay
lifetime, coupled with a complicated PL decay.

The photoluminescence lifetime was a critical parameter that
describes the excited-state lifetime of QDs and directly
impacted their performance in optical devices and bioimaging
applications. The presence of oxygen can significantly influence
the excited-state lifetime of individual QDs. The impact of
oxygen on the PL behavior can be regarded as a chemical
reaction between the QDs and oxygen. The Peng group further
investigated the influence of oxygen on the PL of conventional
CdSe/CdS core/shell QDs. QDs in an electrically neutral state
emit photons continuously creating a bright state in the PL
emission.”” However, when the electrons or holes of excitons
interacted with the surrounding environment and were lost,
the QDs become charged. The excitation of charged QDs led
to the formation of a “trion” state, consisting of two electrons
and one hole or one electron and two holes. The efficient
Auger nonradiative recombination in the trion state (dim
state) significantly reduced the fluorescence lifetime. The
analysis of Sionnest and co-workers suggested that the rapid
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decay component was primarily attributed to the PL of
charged QDs in the trion state, while the slower decay
component was predominantly associated with the PL of
neutral QDs in the single-exciton state.”' When the charged
quantum dots neutralize again, they re-emit photons and
return to the single-exciton state (bright state). In the case of a
photoreduced QD, the absorption of a photon resulted in the
formation of a negative trion state comprising two electrons
and one hole, instead of a single-exciton state. In an oxygen
environment, CdSe/CdS core/shell quantum dots primarily
existed in the single exciton state after optical excitation, with a
photoluminescence lifetime of 22 ns. However, in an inert gas
environment, the QDs exhibited a shorter photoluminescence
lifetime of 2 ns due to the formation of a trion state (dark
state) upon illumination. Oxygen, functioning as a strong
electron acceptor, reacted with the negatively charged QDs,
removing the extra electron and restoring the QD to a neutral
state. This process facilitated the recovery of PL properties and
enhanced the lifetime.

4. STRATEGIES FOR FLUORESCENCE LIFETIME
CONTROL OF A METAL COMPLEX

4.1. Fluorescence Lifetime Control of Cu Complexes

The presence of a fully filled d'* electronic configuration in
Cu(I) results in a symmetrical distribution of electron density
around the Cu center. This electronic configuration strongly
favors the adoption of a flexible pseudotetrahedral geometry by
the Cu complexes.”” Cu(I) diimine complexes in the metal-to-
ligand-charge-transfer (MLCT) excited state exhibit a
structural reorganization phenomenon (Figure 16a). This
transformation involves a change from the pseudotetrahedral
D,, symmetry in the ground state to a flattened D, symmetry
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in the MLCT state. This structural change enables the
coordination of a solvent molecule, leading to the formation
of an exciplex intermediate. Generally, in the process of
MLCT, the excited state induced by the metal—ligand charge
transfer exhibits a lower spin multiplicity, thereby reducing the
likelihood of nonradiative decay and resulting in a compara-
tively longer fluorescence lifetime.

In 2021, Chen et al. investigated the possibility of
manipulating the excited-state properties by constraining the
distortion of the angle between the two ligand planes from the
orthogonal to flattened conformation, preventing the solvent
accessibility to the Cu center.”” In Cu(I) bis-phenanthroline
complexes, which are a subset of Cu(I) diimine complexes, the
introduction of substituents at the 2 and 9 positions of the
phenanthroline ligands exerted a significant impact on the
structural characteristics of the MLCT state. The energy gap
between the singlet and triplet states was inversely propor-
tional to the decrease in the angle ¢ between the two ligand
planes. Consequently, a reduction in the angle ¢ leads to a
decrease in the energy gap between the singlet and triplet
states. The decrease in the energy gap was associated with a
corresponding increase in the fluorescence lifetime. In 79
(Figure 16b, 79), the presence of methyl groups at the 2 and 9
positions offered a degree of shielding against ligand
interactions with the Cu center, resulting in a longer excited-
state lifetime of approximately 100 ns. Due to the relatively
smaller size of the methyl groups compared to tert-butyl groups
(80), they induce only minor van der Waals steric repulsions
(Figure 16b, 80). Consequently, this molecule underwent
significant flattening distortions upon excitation, leading to a
notable singlet—triplet energy gap of 2950 cm™.

Cu complexes with MLCT properties exhibit structural
distortions in the excited state. Viscosity-responsive probes are
molecular sensors that undergo twisting or rotation around
specific chemical bonds to adapt to changes in environmental
viscosity. These probes display distinct photophysical proper-
ties in different viscosity media. Hence, there was a hypothesis
that Cu complexes in the excited state may also be influenced
by the viscosity of the surrounding environment, thereby
affecting their fluorescence lifetimes. In 2017, Ostrowski and
co-workers investigated the correlation between the excited-
state lifetime of 79 in various supramolecular hydrogen-
bonded polymer systems and their mechanical properties
within a certain viscosity range.”* They explored the behavior
of these polymer systems under different viscosity conditions
and analyzed the relationship between the excited-state lifetime
and the mechanical performance of the systems. The lifetimes
of 79 were measured in H-bonding polymer P2 materials,
yielding an average value of 210 + 4 ns. This lifetime was
approximately 3.5 times longer than that observed in an
aerated dichloromethane (DCM) solution. They further
observed that polymers with higher viscosity resulted in
restricted Jahn-Teller (J-T) distortion in the excited state,
leading to an extended MLCT lifetime of 79. Consequently, a
linear correlation was found between the excited-state lifetime
of 79 and the logarithm of the viscosity of the surrounding
polymer matrix. To enhance the fluorescence imaging
performance of Cu(I) complexes, one can employ Cu(I)
complexes with increased emission quantum yield and greater
steric hindrance in a more crowded environment.

Cu(I) complexes that possess an appropriate ligand
environment have the potential to demonstrate prolonged
excited states and vibrant luminescence. In 2018, by selecting
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two phenanthroline ligands without substituents in the 2,9
positions (phen, Bphen), Armaroli et al. systematically
investigated the electronic and structural properties of ten
highly stable and luminescent [Cu(NN)(PP)]* complexes,
where PP indicates five different bis-phosphine ligands.”
Homoleptic and heteroleptic Cu(I) compounds lacking
substituents in the 2,9 positions of phenanthroline exhibit
relatively short excited-state lifetimes in solution. This was
attributed to the inability of these ligands to effectively prevent
the photoinduced distortion of the Cu(I) tetrahedral
complexes, leading to square planar excited-state geometries
that promote nonradiative deactivations. Theoretical calcu-
lations have demonstrated the crucial influence of the P—Cu—
P bite angle and intramolecular z-stacking interactions in
governing the light absorption and emission characteristics.
For the highly rigid binuclear complex 81 (Figure 16b, 81), it
exhibited minimal planar distortion in the excited state, with
the P—Cu—P bite angle remaining nearly unchanged. Addi-
tionally, strong intermolecular and intramolecular 7-stacking
interactions were present. These factors contributed to a
reduced distribution of triplet-state lifetimes and an increase in
fluorescence lifetimes.

In 2014, Herres-Pawlis and his team developed a series of
bis(chelate) Cu(I) and Cu(II) guanidine—quinoline complex
cations [Cu"(TMGqu),]* and 82 (Figure 16b, 82).”° These
compounds demonstrated a remarkable characteristic where
their structures exhibited close similarities with a coordination
polyhedron lying between tetrahedral and square-planar
environments. They found that the coordination geometry
was not solely determined by solid-state effects but rather arose
from an inherent balance between electronic and spatial
factors. Cu(II/I) complexes undergo MLCT and ligand-to-
metal charge-transfer (LMCT) processes, resulting in reso-
nance occurring at approximately the same energy. The
resonance involved the coupling of Cu-Ngua stretching and
chelate angle torsion with MLCT from Cu' to Cu" and LMCT
from Cu® to Cul. Therefore, the concept of ligand restrictions
imposed upon Cu coordination provides valuable guidance to
the generation of electron transfer models. Based on these
findings, they utilized guanidine and quinoline in ligand design
to achieve a constrained geometric shape that allowed only
minor structural changes upon photoexcitation, resulting in
very short MLCT lifetimes.”” The donor interplay between
guanidine and quinoline units, along with the steric hindrance
of guanidine, played a vital role in achieving the constrained
coordination.

As research on dipyridyl ligands in Cu complexes continues
to advance, the diverse range of heteroleptic diimine-
diphosphine Cu(I) complexes has highlighted their advanta-
geous role in modulating optical properties.”® In the past, two
main optimization strategies have been employed to overcome
the limitations of copper complexes in terms of their visible
light absorption capacity. The first approach involves the
introduction of bridging ligands or carbene ligands to enhance
the absorption capability through 7-conjugation.”” The second
approach is focused on introducing fused aromatic rings into
the diimine backbone, leading to a redshift in the absorption
peak and an extension of the z-electron system.”’ However,
these methods can have a negative impact on the oxidation—
reduction potentials and excited-state lifetimes of Cu(I)
complexes. In 2021, Tschierlei et al. expanded the 7-electron
system of 1,10-phenanthroline by selectively introducing
various types of phenyl and alkynyl substituents at the S and
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Other Metal Complexes

Figure 17. Structures of other metal complexes. The special ligand of compound 87 consisted of a terpyridine linked to an acridine unit.

6 positions.”’ They employed a diverse range of substituents to
investigate the effects of electron-withdrawing and electron-
donating groups, as well as different spatial requirements, on
the fluorescence lifetimes of Cu(I) complexes. Phenyl-based
substituents have a significant impact on the emission lifetime
of Cu(I) complexes. Specifically, both phenyl-based sub-
stituents (83) and para-fluorophenyl-based substituents (84)
contribute to an extended emission lifetime of Cu(I)
complexes, reaching up to 504 ns (Figure 16b, 83—84).
With an increase in steric bulk, the longer lifetime decreases
while the shorter one increases. This observation suggested
that a significant portion of the excited state was likely localized
on the distal substituents positioned at the 5,6 positions of the
diimine ligands. The absence of steric bulk potentially enabled
greater orbital overlap between the diimine unit and the
substituent as well as less-hindered rotation around the
substituent axis in the excited state.

It has been established that the spatial strain around the
Cu(I) ion in Cu(I) complexes with a-substituted diimine
ligands significantly influences the properties of the excited
state. In general, larger substituents lead to longer emission
lifetimes and higher quantum yields. Nevertheless, the stability
of the coordination scaffold may be compromised if the steric
strain induced by R becomes too significant. Pellegrin et al.
investigated a strategy to finely adjust the steric strain around
Cu(I) in order to achieve a delicate balance between a high
emission quantum yield and stability in a copper(I) complex
with substantial bulkiness.*> They devised and characterized
the unsymmetrical ligand 2-isopropyl-9-tert-butyl-1,10-phenan-
throline (L1) along with its corresponding complex 85 (Figure
16b, 85). The main experimental observations revealed that 85
adopted a rigid tetrahedral geometry in the ground state,
closely resembling that of 80, while exhibiting intermediate
stability between 86 (Figure 16b, 86) and 80. However, due to
the nonsymmetrical nature of ligand L1, the emission lifetime
of 85 (127 ns) was comparatively shorter and smaller than that
of both 85 (342 ns) and 80 (3260 ns).

4.2. Fluorescence Lifetime Control of Other Metal
Complexes

Three-coordinate pyridine derivatives, such as terpyridine
ligands, play a crucial role in metal coordination chemistry.
Their unique structure, characterized by three nitrogen atoms
binding to a central metal ion, allows for the formation of
stable and selective metal complexes, enabling diverse
applications in a luminous metal complex.** From a structural
perspective, similar to terpyridine ligands, acridine is also an N-
heterocycle with a 7-conjugated planar structure. Hence, it can
serve as a ligand for metal coordination complexes, offering
potential applications in catalysis, sensing, and materials
science. However, despite the ability of acridines to form
coordination complexes with diverse metal ions, their
coordination affinity is relatively weak, and their selectivity or
versatility in binding to specific metal ions is limited. These
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drawbacks hinder their potential applications as fluorescent
probes. In 2022, Qian et al. incorporated an acridine unit into a
terpyridine (TPy) framework to generate a novel acridine-TPy
bidentate ligand (AcTPy).** This design was motivated by the
fact that the N-heteroaromatic ligand [2,2:6’,2"] TPy
possessed a convergent N,N’,N’’-chelating donor group,
enabling robust coordination interactions with a wide range
of transition-metal ions. The zinc—metalated AcTPy (87)
complexes exhibited yellow fluorescence with luminescent
emission bands ranging from 500 to 570 nm and a fluorescence
lifetime of 4.37 ns, distinguishing them from other metal ions
(Figure 17, 87). Due to the protonation reaction of the N-
heterocycle of acridine, the fluorescence lifetime of 87
increased under acidic conditions.

Transition-metal ions can be doped into the large caves of g-
C;N, by coordination bonding with the negatively charged
nitrogen atoms in the g-C;N, particles. In 2020, Qian et al.
developed graphite-like carbon nitride (g-C;N,)-based nano-
composites with zinc terpyridyl (ZnBTPy) coordination
polymers (CPs).*> Following the surface modification of O-
g-C;N, nanocores with P68, a slight decrease in the
fluorescence lifetime was observed (Figure 17, 88). The
reduction in emission lifetime can be attributed to the
facilitated transfer of excited charge carriers (electrons) from
the conductive band of O-g-C;N, to the excited state of the
ZnBTPy CPs.

It is demonstrated that the energy difference between the
first singlet and triplet excited states of thioxanthone (TX) was
less than 0.3 eV.®® This characteristic facilitated the reverse
intersystem crossing process from the triplet state to the singlet
state, holding great potential for the advancement of highly
efficient luminescent emitters. The characterization of the first
singlet excited-state lifetimes and intersystem crossing rates
provide valuable insights into the excitation behavior of these
metal complexes, thereby aiding in the understanding of the
distribution of their fluorescence lifetimes.®” In 2019, Qian et
al. have demonstrated photophysical properties of new TX-
polypyridyl photoinitiators and their metal complexes in
various solutions.”® The rapid and reversible intersystem
crossing rate in this system may be affected by the energy-
level relationship between the T .px and S, .px states,
particularly in high polar solvents like methanol. In such
solvents, where the energy level of the T 1y state could exceed
that of the S, rx state, a decreased energy transfer efficiency
from the S,y to T, px state was anticipated, leading to
reduced fluorescent emission from the Ln®" ions and increased
fluorescent emission from the TX aromatic rings. The short
fluorescence lifetime for the TXs and their Zn/Fe/Ni-
complexes was in the range of 0.21—1.12 ns, in agreement
with previous reports.*””’ The fluorescent emission decay of
the central Ln** ions in the Ln-TXOBPy and Ln-TXOTPy
complexes was measured, and the estimated emission lifetime
ranged from 0.3 to 0.8 ms. Due to the energy transfer to Ln®"
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ions via intersystem crossing, the emission lifetime of Ln** ions
was typically significantly longer compared to that of
commonly employed organic dyes.

5. SUMMARY AND OUTLOOK

Fluorescence lifetime was defined as the average time the
molecule spends in the excited state. Importantly, as a crucial
characteristic in fluorescence systems, its value is not affected
by concentration. Different fluorophores have distinct
fluorescence lifetimes, which makes fluorescence lifetime
have broader potential applications in imaging. Fluorescence
lifetime modulation can broaden the range of fluorescence
lifetimes for fluorophores, thereby promoting the development
of fluorescence lifetime imaging. This review provides a
comprehensive summary and analysis of fluorescence lifetime
modulation techniques for small molecules, quantum dots, and
metal complexes, primarily focusing on the control of
nonradiative pathways of fluorophores. However, due to the
diverse characteristics and modulation mechanisms of different
types of fluorophores, it is essential to comprehensively
consider their structures and fluorescence emission mecha-
nisms. For instance, the fluorescence lifetime of small
molecules and metal complexes closely correlates with the
conformational changes in their excited states, while the
fluorescence lifetime of quantum dots is influenced by
parameters associated with carrier recombination efliciency.
At present, there is limited research on fluorescence lifetime
modulation, leaving considerable scope for exploring the
chemical principles underlying fluorescence lifetimes. The
investigation of fluorescence lifetime modulation offers a more
comprehensive understanding of the changes in conformation
and electron distribution associated with electronic energy-
level transitions. Accurate fluorescence lifetime modulation can
yield a wide range of fluorescence lifetimes, contributing to the
advancement of multicomponent imaging techniques. With the
continuous advancement of technology and profound research,
fluorescence lifetime modulation holds a highly promising
future in the field of fluorescence imaging. Subsequent
investigations will further explore additional strategies and
approaches for fluorescence lifetime modulation, aiming to
achieve more precise and efficient imaging and detection.
Future studies are expected to explore additional strategies and
methodologies for achieving more precise and efficient imaging
and detection.
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B VOCABULARY

fluorescence lifetime, The average time the molecule spends
in the excited state.

nonradiative process, Transitions between energy levels
which are not associated with the emission.

small molecule, A low molecular weight organic compound.
quantum dot, Semiconductor particle a few nanometers in
size.

metal complex, A coordination complex consisting of a
central metal atom or ion and a surrounding array of bound
molecules or ions known as ligands or complexing agents.
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