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18.1 Introduction

Organic luminescent materials are a group of important materials for fluorescence-related tech-
nologies owing to their advantages such as high sensitivity and selectivity, fast response, easy mod-
ification, and low environmental pollution [1, 2]. Of all the organic luminescent dyes, 4,4’-difluor
0-4-bora-3a,4a-diaza-s-indacene (BODIPY) derivatives are extensively studied classical lumino-
phores with their excellent photophysical properties including stable spectral properties, narrow
absorption and emission bands, high-fluorescence quantum yield, high molar extinction coeffi-
cient, tunable emission from visible light to near infrared (NIR), and high photo- and chemical
stability [3-5], which are widely used in fluorescence sensing and bioimaging [1, 5]. BODIPY com-
pounds were first reported in 1968 by Treibs and Kreuzer [6]. A large number of BODIPY deriva-
tives have been explored since then and applied to solid-state lasers [7, 8], solar cells [9, 10], light
harvesting [11, 12], electroluminescent devices [13], fluorescent bioprobes [14, 15], chemosen-
sors [16, 17], etc. The typical synthetic method of BODIPY derivatives is to prepare 8-substituted
BODIPY dye (i.e., ones with substituents in the meso-position) by condensation of acyl chlorides
with pyrroles (Figure 18.1), which generally involve unstable dipyrromethene hydrochloride salt
intermediates that are not isolated from the reaction system |[5].

The BODIPY molecule without any substitution group is quite emissive with high fluorescence
quantum yields in both nonpolar and polar solvents. In THF solution, it emits at 516 nm with a ®g
value of 76.8%. Surprisingly, the molecule is sparingly soluble in water, which emits at 516 nm with
a @ value of 90.3% [18]. However, due to the self-absorption and strong intermolecular interaction
(7—m stacking, etc.) caused by their small Stokes shift and planar z-conjugated structures, contrary
to their excellent luminescence in solution, most BODIPYs suffer from aggregation-caused emis-
sion quenching (ACQ) effect, and show weak fluorescence in the aggregated state, which has
greatly limited further application of BODIPYs as a solid-state emitters [19-21].

ACQ effect is actually commonly observed in traditional organic fluorescent dyes with z-
conjugated structures, which generally possess excellent luminescence properties in dilute
solution, but become weakly or nonemissive in high-concentration solutions or in the aggregated

Handbook of Aggregation-Induced Emission: Volume 2 Tutorial Lectures and Mechanism Studies,
First Edition. Edited by Youhong Tang and Ben Zhong Tang.
© 2022 John Wiley & Sons, Inc. Published 2022 by John Wiley & Sons, Inc.

0005258433.INDD 493 @ 11143/2021 16:20:51



494 | 18 AlE-active BODIPY Derivatives

meso
1 8\ 7 l\ »7 P
~ ~ \
2 \ - >
\ N\G/N\ 6 \ N\@/N\
3 4B ® 5 B
F F FF
o
BODIPY
RS R3 R4 R3 R3 R4 R3
R2 R4COCI 1) EtgN or iPr,EtN
|\—>R2\\\R2 (1) = 2 Rz\\\\Rz
NH N= N.__Nx
R N 2) BF;-OEt, "BT
H R R R' F F R
pyrrole R, R2, R®= alkyl, aryl, H BODIPY
R*= alkyl, aryl

Figure 18.1 Synthesis and photophysical property of BODIPY.

states. To solve this problem, a new photophysical concept of aggregation-induced emission (AIE)
was coined by Tang et al. in 2001, which has rapidly grown into a hot research area and hundreds
of AIE luminogens are designed and developed [22-24]. AIE molecules usually possess highly
twisted structures and show weak fluorescence in dilute solutions due to nonradiative transition
induced by intramolecular motion in their excited state. In the aggregation state, such intramo-
lecular motions are effectively suppressed, resulting in their enhanced emission. Additionally, the
highly twisted structure can effectively inhibit the z—z interactions between AIE molecules, which
is conducive to improving their solid-state luminescence efficiency.

Manipulating BODIPYs with AIE property may be an ideal solution to solve the ACQ problem of
BODIPY materials and bring high emission efficiency in the aggregated states. Therefore, the
development of BODIPYs with AIE feature has received extensive attention. The first example is to
combine twisted intramolecular charge transfer (TICT) and AIE processes in a series of triphe-
nylamine (TPA)-substituted BODIPY derivatives with TPA moiety as the electron donor and the
BODIPY moiety as the electron acceptor in 2009 (Figure 18.2) [25]. Take BODIPY derivative 1 for
example, it shows both solvent polarity and aggregation-dependent emission behavior. In nonpo-
lar solvents such as hexane, BODIPY compound 1 takes a planar conformation and emits intense
green light at 532 nm from locally excited (LE) states; when the polarity of the solvent increases,
the conformation of the compound 1 is twisted and the luminogen starts to emit from the TICT
state, which causes a large red-shift in the emission maximum and dramatically decreased emis-
sion efficiency. In THF solution, compound 1 emitted at 688 nm and an addition of “small”
amounts of water weakens and red-shifts its emission, whereas in the aqueous mixtures with
“large” amounts of water, the emission is intensified and blue-shifted. Aggregates’ formation or
AIE effect has greatly promoted the red emission in the presence of large amounts of water, and
the luminogens start to aggregate and emit efficiently. The emission of compound 1 can also be
enhanced by increasing solvent viscosity or decreasing solution temperature, which indicates that
the restriction of the intramolecular rotations in the aggregated states of the luminogens is respon-
sible for their AIE effect.

In this chapter, we summarized the AIE-active BODIPYs reported in the past few years, the
structure—property relationship, and the applications of these BODIPYs.
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Figure 18.2 Chemical structure, property of 1 and mechanism for TICT and AIE Processes in BODIPY AQ1

luminogens. Source: Reproduced with permission from Ref.[25]. Copyright 2009 American Chemical Society.

18.2 Structures of BODIPY Derivatives

With the great effort that has been made by the chemists and material scientists, a large variety of
BODIPY compounds with AIE feature were developed, which have been discussed in eight differ-
ent categories including BODIPY derivatives without any other chromophore, TPE-containing
BODIPYs, TPA-containing BODIPYs, Benzodithiophene-containing BODIPYs, Chiral BODIPYs,
Metal-containing BODIPYs, BODIPY-containing polymers, and other BODIPY derivatives.

18.2.1 BODIPY Derivatives Without Other Chromophore

Despite that the BODIPY core structure is a coplanar structure and is well known for its ACQ prop-
erty [26-29], there are a few BODIPY derivatives without any other chromophore been found to
possess AIE property (Figure 18.3a). For example, a group of simple BODIPY derivatives 2-4 with
carboxylate group substituted on the meso-position is reported to show AIE effect [30]. The DMSO
solution of compound 2 with an allyl carboxylate group located on the 8-position of tetramethyl
group-substituted BODIPY possesses an absorption maximum at 513 nm, while its emission peak
is located at 530 nm with its fluorescence quantum yield (®g) lower than 1%. When water is added
to the THF solution, the emission intensity of 2 remains almost the same until the water volume
fraction (f,) reached 70 vol%. When f,, continuously increases to 99 vol%, the fluorescence inten-
sity at 591 nm increases dramatically and reaches to maximum with about 100 times increment
compared with the THF solution, suggesting the AIE characteristic of compound 2. Moreover,
there is a newly emerged red-shifted absorption band at 589 nm in aqueous mixture of 2, indicat-
ing the formation of J-aggregate formation of 2. Similarly, compound 3 possesses AIE characteris-
tics, and both 2 and 3 display fluorescence response toward Pd** in aqueous buffer, generating
compound 4 with strong green emission during the fluorescence detection of Pd**.

A few BODIPY derivatives with only single phenyl ring attached on the core structures have also
been found to be AIE-active. For example, a meso-mesitylene-BODIPY compound 5 with a
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Figure 18.3 Chemical structures of BODIPY derivatives 2-6 without other chromophore.

chloro- and a phenyl selenide-group embedded at the 2,6-position, respectively, of BODIPY core,
shows AIE property (Figure 18.3b) [31]. In THF solution, compound 5 emits faintly and shows
almost invariable emission intensity when 0-70 vol% water is added into its THF solution. However,
when the water fraction increases from 80 to 90 vol%, 5 shows a surge of emission intensity and
reaches to maximum at 526 nm when f,, = 90%. The emission intensity in 90 vol% aqueous mixture
is about 6 times of that in pure THF solution, indicating the AIE characteristic of 5. Moreover, in a
mixed solution of EtOH and 10 mM phosphate-buffered saline (v: v, 1: 2), compound 5 possesses a
maximum absorption at 523 nm and a fluorescence quantum yield of 0.16%. After 4.0 equivalent
of NaOCl is added to the solution to oxidize the phenylselenium group from selenide to selenoxide
structure, the maximum absorption of 5 shifted to 512 nm, the emission maximum slightly changed
to 526 nm, and the emission efficiency raised up to 45%, which could be utilized as a fluorescent
sensor for hypochlorous acid detection.

In another example, a meso-2-ketopyrrolyl-derived BODIPY 6 was synthesized via simple conden-
sation reactions between oxalyl chloride and substituted pyrroles [32]. In CH,Cl, solution, the maxi-
mum absorption of 6 is located at 534 nm, and the emission maximum of 6 is located at 560 nm with
the ®g value of 21%. When water fraction in acetonitrile/water mixed solution increased to 90 vol%,
the emission intensity is increased about 2 times than that in pure acetonitrile, accompanying with
a red-shift of the emission maximum to 591 nm. Furthermore, the highly viscose glycerol solution
of 6 possesses a high ®r value of 43%, suggesting the viscosity-sensitive characteristics of 6 which
may find perspective application as a viscosity indicator for monitoring living cell activity.

18.2.2 TPE-containing BODIPYs

To design AIE-active BODIPYs, one simple approach is to introduce typical AIE functional moie-
ties into the structure [33]. Tetraphenylethene (TPE) is a well-known AIEgen, which could be
attached on different positions of BODIPY core through chemical modification, resulting a group
of AlE-active TPE-containing BODIPYs [33-36]. For example, compound 7 with a TPE moiety
directly attached on the meso-position of BODIPY core possesses a LE emission peak at 524 nm
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and a TICT emission peak at 630 nm in THF solution. The addition of small amount of water into
the THF solution leads to emission quenching, however, when 90 vol% water is added, molecule 7
aggregates and the emission intensity of TICT peak is doubled while the LE emission totally disap-
pears. Moreover, compound 7 possesses a bright-red emission at about 600 nm in the solid state
with a large Stokes shift over 100 nm. Multiple TPE units could be attached on the BODIPY core to
afford AIE compounds. For example, compound 8 with three TPE moieties directly attached on the
BODIPY core at 2,6,8-positions possesses strong emission in both solution and solid states [34]. In
THF solution, the emission maximum, ® and lifetime values of 8 are 560 nm, 59%, and 4.83 ns,
respectively. When less than 60 vol% water is added into the THF solution of 8, the emission inten-
sity decreases with the ®p value of 15%; when more water is added, the emission intensity is gradu-
ally increased and reaches maximum in 80 vol% aqueous mixture with the @y and lifetime value of
60% and 5.18 ns, owing to the formation of amorphous aggregates. Other functional groups besides
TPE can be designed in BODIPYs to endow unique functionality to the AIE compound. For exam-
ple, BODIPY derivative 9 bearing TPE group and a chloro atom at the 3-position is designed to be
a fluorescence probe for H,S. It absorbs at 550 nm in tris/CH3;CN buffer solution and possesses
dual emission at 438 and 598 nm. After being activated by H,S, the probe starts to emit fluores-
cence at 920 nm with the fluorescence tail that extends to 1300 nm, indicating its potential applica-
tion as fluorescent probe for identification of colorectal tumors and second near-infrared (NIR-II)
imaging. However, the introduction of TPE moieties into BODIPY structure could not guarantee
the AIE feature of the resultant compounds. For instance, compound 10 with two directly con-
nected BODIPY core and a TPE moiety attached at each end at the 2-position of BODIPY possesses
absorption maximum at 557 nm and emission maximum at 593 nm in THF solution, which are
shifted to 566 and 628 nm in the solid state, respectively [35]. The fluorescence quantum yield of
10 in THF solution (53%) and solid state (4%), however, indicate that it is not AIE active. Hence,
the AIE property of these TPE-containing BODIPYs is highly dependent on the substitution groups
and the structure of linkages, which will be discussed in detail below.

Figure 18.4 Chemical structures of TPE-containing BODIPYs 7-10. AQ3
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18.2.3 TPA-containing BODIPYs

As another typical ATEgen with strong electron-donating property, triphenylamine (TPA) unit is
also frequently introduced into BODIPY derivatives to bring AIE property to the compounds
(Figure 18.5) [37, 38]. In these compounds, because of the existence of strong electron donor and
acceptor, the emission wavelengths were generally red-shifted compared with other BODIPYs, and
these BODIPYs are commonly developed as fluorescence bioprobes for the detection of a series of
bioanalytes. For example, a BODIPY derivative 11 with TPA moiety substituted on the meso-
position of the BODIPY core is designed as a fluorescent sensor for picric acid detection [37]. In
THEF solution, the absorption maximum and emission maximum of 11 are located at 500 and
649 nm, respectively, which are significantly red-shifted compared with the above-mentioned
TPE-containing BODIPYs. 11 is almost nonemissive in pure THF with the fluorescence quantum
yield of 0.18%. In THF/water mixtures with the f;, increases from 0 to 80 vol%, the emission maxi-
mum does not show significant shift, while the emission intensity is greatly enhanced by about
350-fold. A similar BODIPY derivative 12 is reported with the fluorescence response toward biothi-
ols to serve as a biocompatible fluorescence probe [38]. A bromo group and a cyano group are
attached on the phenyl rings of TPA moiety of 12, and a 4-aminophenylthio group is attached on
the a-position of BODIPY core. Compound 12 is found to be nearly nonemissive. Upon the addi-
tion of cysteine, the DMSO solution of 12 absorbs at 480 nm and emits at 549 nm with the &g value
of 11%, which can serve as a fluorescence turn-on probe using cyano group as the recognition site
to form five- or six-membered rings with Cys or Hcy, respectively, leaving the p-aminophenylthio
moiety unreacted to form emissive products such as compound 13.

Another design is realized in a red-emissive fluorophore 14 as scaffold for bovine serum albumin
(BSA) sensor, where TPA is directly linked on the meso-position of 1,3,5,7-tetramethyl substituted
BODIPY core, and two benzoic acid-containing vinyl groups are attached on the other two phenyl
rings of the TPA group [39]. There are two emission bands of the THF solution of 14 at 525 and
652 nm, and emission is observed at 636 nm in the THF/water mixture of 14 with 90 vol% water
content. The fluorescence quantum yield of 14 has increased from 5% in THF solution to 10% in

Figure 18.5 Chemical structures of TPA-containing BODIPYs 11-17.
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the 90 vol% aqueous mixtures, revealing its AIE property. Meanwhile, the emission intensity at
525 nm decreases, due to the increased polarity of the solvent system. Based on this structure, a
new oxadiazole building block is modified on the stilbene moiety in TPA-BODIPY derivative 15
through a palladium-catalyzed Heck reaction [40]. The THF solution of 15 is absorbed at 500 nm,
while it exhibits a red emission peak at 647 nm as the main peak and a weak green emission peak
at 513 nm, and the fluorescence ®y at 647 nm is 11%. When small amount of water is added into
the THF solution, the polarity increases and both emission peaks are quenched. In 90 vol% aque-
ous mixtures, the emission maximum is shifted to 628 nm and the emission intensity approaches
the highest level. The solid powder of 15 shows strong red emission at 614 nm.

A Cs;-symmetric, TPA-decorated BODIPY compound 16 is also synthesized with three
2-formyl-1,3,5,7-tetramethyl BODIPY units linked at each phenyl ring of the TPA core through a
phenyl-ring spacer to furnish an electron donor-acceptor structure [41]. Compound 16 absorbs at
495 nm and emits at 538 nm in THF solution, and the solution fluorescence ®r value is 21%. When
more than 20 vol% of glycerol is added into the DMSO solution of 16, the emission intensity is
enhanced, which becomes ~2.3-fold higher in the DMSO/glycerol mixture with 90 vol% glycerol
than that in DMSO solution. It is also demonstrated that 16 shows fluorescence response toward
F~ and CN™ through the preferential binding of F~ and CN™ at the boron center of BODIPY core
to cause decomposition, which could potentially be developed as a fluorescent sensor for
such anions.

Except for meso-position linkage, the TPA moieties could also be attached to other positions on
BODIPY core structure. For example, compound 17 with two electron-donating TPA groups
attached on the 2- and 6-positions of the electron withdrawing BODIPY core and a phenyl ring
substituted on the 8-position of BODIPY are synthesized through Suzuki cross-coupling [42]. AQ4
In acetonitrile solution of 17, faint emission is observed at 668 nm with a shoulder peak at 412 nm
and the &g value of 0.3%. When water is added into the acetonitrile solution, the emission intensity
of 17 is dependent on the water fraction: when small amount of water below 60 vol% is added, the
fluorescence intensity increases upon the addition of water and reaches maximum in 60 vol%
aqueous mixture; when f,, is further increased from 60 to 90 vol%, the emission intensity is gradu-
ally decreased due to the simultaneous formation of crystalline particles and amorphous particles.
Furthermore, the low cytotoxicity of 17 enables its application in HeLa cells as a biocompatible
fluorescent probe.

18.2.4 Benzodithiophene-containing BODIPYs

Benzodithiophene is a useful class of synthons for the design of D-A type systems, which is a suit-
able ambient stable donor owing to its planar structure, deep lying HOMO levels, and facilely
tuned optical properties through structural modification [43, 44]. The combination of benzodith-
iophene and BODIPY could afford strong electron donor-acceptor structures with electron-rich
benzodithiophene served as electron donor and electron-poor BODIPY unit served as electron
acceptor, which could bring interesting photophysical property, especially solvent polarity-sensitive
luminescence. A series of regioisomeric benzodithiophene-containing BODIPYs 18-23 were
reported by Sengupta et al., which possessed twisted electron donor-acceptor structure and TICT
characteristics (Figure 18.6) [43-45]. For compounds with one BODIPY moiety and one benzo-
dithiophene moiety from compound 18 with these two groups substituted on the meso-position of
a benzene ring to compound 19 with these two groups substituted on the para-position of a
benzene ring, a slightly red-shifted emission at 647 nm is observed for compound 19 compared
with that of 18 at 638 nm in chloroform solutions. When the solvent polarity decreases from THF
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Figure 18.6 Chemical structures of benzodithiophene-containing BODIPYs 18-23.

to 99 : 1 of hexane/THF, compound 19 exhibits an obvious hypsochromic shift to about 523 nm,
indicating the locally excited emission in nonpolar solvents, and TICT emission in polar sol-
vents [45]. For compounds consisting of two BODIPY units and one benzodithiophene unit, the
para-substituted isomer 21 has a similar bathochromic shift at 698 nm in the emission maximum
of THF solution compared with that of the meso-substituted isomer 20 at 662 nm. However, the
solvent-dependent emission behavior is quite different. In THF solution, 21 possesses large twisted
angles between BODIPY and phenyl spacer, as well as between phenyl spacer and benzodithio-
phene unit, which possesses a large pseudo-Stokes shift of about 194 nm and a positive fluores-
cence solvatochromism, indicating the formation of TICT state; while 20 does not display any
TICT emission, probably because there is weak electronic coupling between the donor and accep-
tor through the m-phenylene connection. Compounds 18-20 show a typical AIE effect. In general,
a decline in fluorescence intensity first occurs when small amount of water is added into the THF
solution because the increasing solvent polarity may promote TICT process and nonradiative deac-
tiviation; large volume of water then causes aggregates formation and emission enhancement. For
compounds with one BODIPY core and two benzodithiophene units linked directly on the BODIPY
core from 3,5-position (22) and 2,6-positions (23) without any spacer between the electron donor
and acceptor, they both possess high structural rigidity and involve photo-induced electron trans-
fer process with fast decay and short lifetime. The efficient electron transfer in compound 23
quenches its fluorescence with a nonradiation deactivation process. Compound 23 (lifetime
~0.46 ns) shows a faster decay compared to that of 22 (~3.16 ns), suggesting that 23 possesses more
efficient photo-induced electron transfer than 22.

18.2.5 Chiral BODIPYs

Chiral luminophores are a group a fascinating material, owing to their potential applications in
circularly polarized luminescence (CPL), which has attracted growing attention in the develop-
ment of new optical devices, advanced display technologies, and enantioselective sensors [46, 47].
Despite that many different chiral luminescent materials have been developed for their potential
application in CPL, materials with red-emissive CPL signals in the aggregated states have been
rarely reported. One strategy to realize red-emissive solid-state CPL signal is to integrate AIE
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functional group and chiral groups into BODIPY compounds. For example, with electron donor
and acceptor structure, BODIPY derivatives could be red emissive. The introduction of typical
AlEgen, TPE, would bring strong aggregated state emission to BODIPY, and an optically active
1,10-binaphthol (BINOL) can endow the compound with a chiral configuration, hence lead to CD
and CPL signal.

Based on this strategy, Zhu et al. reported two chiral enantiomers (R)-24 and (S)-25 with two TPE
groups linked at the 2,6-positions of BODIPY core through a C=C bond spacer and the R-BINOL
and S-BINOL moieties attached on the boron atom through boro-ester bonds in (R)-24 and (S)-25,
respectively (Figure 18.7) [48]. Their maximum absorbance wavelength in dichloromethane
solution is located at 580 nm, and they exhibit emission at 618 nm in dichloromethane, which are
typical red-emissive luminophores. Moreover, these molecules both possess typical AIE properties,
which show low fluorescence quantum yield of 1.4% in dichloromethane solution and up to 58.2%
high ® value in the dichloromethane/hexane mixed solution with 90 vol% hexane. Besides, their
CD peaks appear at 580 nm, suggesting the successful transfer of chirality from BINOL to BOBIPY
moiety. Most importantly, the mirror-image red-color CPL signals from these compounds were
induced by intramolecular energy transfer and these two compounds exhibit CPL signals at 630 nm
with the optical anisotropy factor (g,,) values of about 0.002, which are comparable to the reported
organic CPL materials (10>-10"%), suggesting their potential application as CPL materials [49].

Similarly, Tang et al. reported a pair of chiral enantiomers (R)-26 and (S)-27 with the TPE moiety
directly attached on the meso-position of BODIPY core and the R-BINOL and S-BINOL attached
on the boron atom through boro-ester bonds in (R)-26 and (S)-27, respectively [50]. In both com-
pounds, TPE moiety acts as a dark energy donor and BODIPY as an energy acceptor. Both com-
pounds emit strong green fluorescence at 517 nm in THF with a fluorescence quantum yield of
89%. The emission is gradually enhanced with the addition of hexane into THF, suggesting typical
AIE characteristic. Moreover, two CD absorbance bands at 340 and 507 nm are observed for (R)-26

(S)-25

Figure 18.7 Chemical structures of chiral BODIPYs 24-27.
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and (S)-27, corresponded to the TPE and BODIPY moieties, respectively, indicating that the chirality
of TPE and BODIPY groups are induced by BINOL. As expected, a mirror image of CPL signals

AQ5,6  with g, values of -0.0027 (R)-26) and 0.0041 (S)-27) are observed from their THF solutions. No
obvious change happens when water is added. They exhibited high fluorescence quantum yield
and large pseudo-Stokes shift of 167 nm via dark through-bond energy transfer, which overcomes
the background interference between excitation and emission.

18.2.6 Metal-containing BODIPYs

Transition metal could also be introduced into BODIPY derivatives to afford a series of multifunc-
tional optical materials with variable photophysical properties, considering that metal-based com-
plexes are widely used in host-guest chemistry, sensing, and anticancer treatment, etc. [51]. Of all
the metal complexes, Pt(II) diimine acetylide complexes are known to possess unique photophysi-
cal characteristics including long triplet excited-state lifetime and high triplet quantum efficiency,
due to their heavy-atom-induced, strong-spin orbital coupling. Attracted by these advantages of
Pt(IT) complexes, Pt(I[)-BODIPY complexes 28 and 29 with BODIPY-containing acetylide ligand
and carbazole or fluorene-containing bipyridine coordinated on the Pt(II) ion are designed and
synthesized (Figure 18.8) [52]. In acetonitrile solutions of 28 and 29, only weak emission at about
510 nm is observed. When poor solvent water is gradually added, the emission intensity is signifi-
cantly increased, which reaches maximum in 50 vol% aqueous mixture. Further addition of water
has leads to decrease of emission intensity. The triplet excited-state lifetimes of complexes 28 and
29 exhibit similar trend, which are gradually increased with the increment of water and reach
2.5 ps (28) and 1.4 ps (29), respectively, in 60 vol% aqueous mixture. It is noted that their decline of

Figure 18.8 Chemical structures of metal-containing BODIPYs 28-31.
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output energy density occurs with the increment of the incident energy density, suggesting the
occurrence of reverse saturable absorption in these Pt(II)-BODYPY complexes.

Supramolecular complexes of Ru(II) and Ir(III) are also well-studied as potential anticancer
agents. Hence, it is beneficial to construct BODIPY-containing Ru(II) and Ir(III) complexes to
endow unique fluorescence behavior to the supramolecules with the coexistence of monomeric
and aggregated species. A group of Ru(II) and Ir(IIl) complexes are reported with BODIPY-
containing pyridine, quinone, and benzene ring/cyclopentadiene ions coordinated on the metal
ions to form multinuclear metal complexes [53]. The complexes 30 and 31 both exhibit strong
absorption band at about 520 nm in CH;CN solution originated from the n-z* transition of
BODIPY moiety. Besides, the complexes inherit an emission peak at ~537 nm from BODIPY moi-
ety in CH;CN solution and show a typical AIE feature when the complexes are aggregated inside
the cell. The anticancer feature from Ru(II) and Ir(III) further endows these complexes with highly
selective anticancer activity and strong interaction with DNA and RNA, demonstrating an effective
strategy for the construction of fluorescent anticancer medicine.

18.2.7 BODIPY-containing Polymers

AIE polymers with improved processability can also be prepared from BODIPY-containing build-
ing blocks through a series of polymerization methods including free-radical polymerization,
Sonogashira polycoupling, and Suzuki-Miyaura polycoupling. For example, polymer 32 is a ran-
dom copolymer synthesized from the radical copolymerization of BODIPY monomer (BO) and
styrene (St) (Figure 18.9) [54]. Multicolor and efficient emission in the aggregated state can be
realized by tuning the length of polystyrene spacer. By changing the content of BO from 100 to
0.042 mol%, the emission color of 32 can vary from red to green in the wavelength range of
549-757 nm, and the fluorescence quantum yield also increases accordingly from 5 to 88%, owing

Figure 18.9 Chemical structures of BODIPY-containing polymers 32-37.
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to the elongated distance among the BO fluorophores. When the content of BO is 0.042 mol%, the
maximum emission is located at 538 nm in THF solution with the ®p value of 65%. In bulk film
state, 32 shows a maximum emission peak at 545 nm with the ®r value of 75%.

Recently, an AIE-active conjugated polymer 33 with red emission at 610 nm in dichloromethane
solution is prepared through palladium-catalyzed Sonogashira coupling reaction from a chiral
BODIPY monomer and TPE-containing diyne monomers, whose nanoparticles are found to pos-
sess excellent photostability, remarkable biocompatibility, and so on [55]. In these conjugated poly-
mers, long, flexible aliphatic alkyl chains are frequently introduced on BODIPY moieties to
increase the solubility of the resultant polymers. When hexane is added to the dichloromethane
solution, the emission intensity of 33 gradually increases and reaches sixfold higher in 90 vol%
hexane mixture than that in pure dichloromethane solution. Furthermore, another group of con-
jugated polymers 34-37 are prepared through Suzuki coupling polymerization of BODIPY, TPE,
fluorene, carbazole, or bithiophene building blocks to afford AIE polymers with electron donor-
acceptor structures [56, 57]. Take polymer 34 for example, with the water fraction in THF/water
mixture increasing from 0 to 40%, 34 exhibits an obvious fluorene emission signal, which decreases
and completely disappears when f, > 60 vol%; On the other hand, the emission peak at 575 nm
gradually increases upon the addition of water and reach a ®r value of 16% with the f,, of 80 vol%.
Compared with polymer 34 with BODIPY, TPE, and fluorene moieties, when the fluorene group is
replaced by a strong electron-donating carbazole moiety in polymer 35, a relatively weak emission
and obvious red-shift is observed in their emission from 578 to 598 nm. This simple tuning of poly-
mer composition is hence demonstrated to be a convenient strategy to develop AIE-active low-
potential electrochemiluminescence (ECL) materials with low potential and high ECL emission.

18.2.8 Other BODIPY Derivatives

There are also several other BODIPY derivatives incorporated with unique functional groups that
are reported to possess AIE feature with their structures shown in Figure 18.10 [58-63]. For exam-
ple, a piperazine-bridged naphtalimide BODIPY compound 38 is reported which absorbs at 498 nm
and emits at 626 nm in THF solution [58]. The electron donor/acceptor system of compound 38
could induce TICT process in polar environment and hence show solvatochromism effect. The
strongest emission of 38 was observed in nonpolar solvent hexane at 521 nm, which is gradually
red-shifted and quenched upon increasing of solvent polarity and emits faintly at 640 nm in polar
solvent methanol. In THF/water mixtures, the emission intensity does not affect much when
0-70 vol% water is added into the THF solution, while the emission intensity is enhanced signifi-
cantly with a red-shift in the emission maxima from 70 to 99 vol% aqueous mixtures, and the ®g
value of 99 vol% aqueous suspension (15.5%) is much higher than that of the THF solution (8%),
accompanying with a 113-nm red-shift. The solid powder of 38 emits at 630 nm with the @ value
of 13.39%, which is enhanced than its solution, demonstrating its AIE property. In another work,
a unique 2,2’-biindenyl moiety is introduced into BODIPY 39, whose fluorescence is sensitive to
solvent and molecular alignment in crystal states [59]. In nonpolar solvent toluene, a single sharp
emission peak is observed at 529 nm, while in polar solvent THF, besides the emission peak around
524 nm, a new emission peak emerges at 665 nm. When small amount of water is added into THF
solution, the red emission at 665 nm is quenched, and the emission band at 543 nm gradually
increases and reaches maximum in 70 vol% aqueous mixture. Compound 39 can form polymorphs
from different solvents: orange-emissive crystals can be obtained from chloroform and red-emissive
crystals can be afforded in dichloromethane, demonstrating tunable solid-state emission color
from 582 to 661 nm. In addition, the solid-state emission color of these compounds could be tuned
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Figure 18.10 Chemical structures of other BODIPY derivatives 38-43.

from blue to red (417-661 nm) by the variation of substituents on the 2,2’'biindenyl units. Moreover,
compound 40 with a pyrazoline unit linked at 8-position of BODIPY is built from a condensation
reaction, which absorbs at 500 nm and emits at 638 nm in THF solution [60]. When small amount
of water (10 vol%) is added to the THF solution of 40, the emission is quenched and red-shifted due
to the increased polarity induced TICT process; when more than 70 vol% water is added, the emis-
sion of 40 recovers, owing to the AIE effect of the compound and the strongest emission is observed
in 99 vol% aqueous mixture. Compound 40 can also self-assemble to form nanoparticles with
excellent photophysical properties, prominent water-dispersibility, and stability, as well as distin-
guished biocompatibility.

An AlE-active cyano-diphenylethylene-conjugated BODIPY compound 41 is prepared as a pH
probe from the condensation reaction of 4-hydroxybenzene acetonitrile and 4-(diethoxymethyl)
benzaldehyde, which absorbs at 505 nm and emits at about 530 nm in THF solution [61]. Upon
addition of water into the THF solution of 41, the emission is quenched and the fluorescence
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intensity is then gradually increased after large amount of water is added and eventually reaches
maximum at 80 vol% aqueous mixture, accompanying with a 138-nm red-shift. The phenol moiety
of 41 can be easily deprotonated to phenolate anion under basic condition, and the electron-rich
substituents usually quench the fluorescence of BODIPY, and large pH values could hence decrease
the fluorescence intensity. With the pH-dependent fluorescence response, a pH sensor based on
compound 41 is designed as CO5* detector among 13 kinds of common anions both in solution
and by tested strips. On the other hand, compound 42 with two methoxyl group-substituted
quinoline-conjugated BODIPY structure is found to emit at about 434 and 530 nm in methanol
solution [62]. The addition of water into methanol solution of 42 gradually quenches the emission,
until 80 vol% water is added to induce two new emission bands peaked at 567 and 614 nm. Similarly,
the fluorescence lifetime of 42 is also enhanced from 1.10 ns in methanol to 3.89 ns in water/
methanol mixture with 90 vol% water content, indicating the formation of nanoaggregates of 42.
The nanofibers of 42 can be further encapsulated with BSA matrix to afford nanoparticles for
in vivo cell imaging. In another work, a pH-sensitive proton acceptor benzimidazole unit is substi-
tuted on 2-position of BODIPY to afford compound 43 [63]. In neutral PBS buffer, dual emissions
are observed for 43: the emission peak at 510 nm is attributed to the intrinsic emission from
BODIPY core, together with another red peak at about 595 nm. When the pH of solvent is decreased
from 7.2 to 6.5, the emission peak at 625 nm is quenched while that at 488 nm is increased. This
could also be observed under UV lamp irradiation by naked eyes, the emission color changes from
red to bright green upon acidification from pH value of 6.0-1.0. The solid state of 43 emits at
645 nm. The application of 43 in intracellular pH calibration by ratiometric imaging will be intro-
duced below.

Except for classical BODIPYs, there are different variations on the BODIPY core, which could
also afford AIE-active BODIPY analogues. A few examples are shown in Figure 18.11. Based on
the three fused ring structures from classical BODIPYs, if the carbon atom at the 8-position of
the BODIPY core is replaced by a nitrogen atom, AIE-active boron-difluoride complexes could
still be designed [64, 65]. For example, compound 44 with a planar aza-boron-diquinomethene

CgHyy O

49

Figure 18.11 Chemical structures of other BODIPY analogues 44-49.
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core and two phenothiazine chromophores attached is synthesized by a one-step Buchwald-
Hartwig coupling reaction, which possesses switchable emission ranging from blue to yellow to
red in THF/water mixtures. The THF solution of 44 emits blue light at 480 nm while its solid
powder emits yellow light at 540 nm, and its 90 vol% aqueous solution emits at 610 nm with
increased emission intensity compared with the solution. The single crystal structure of com-
pound 44 indicates a highly vertical twisted conformation between the phenothiazine rings and
the planar aza-boron-diquinomethene core, which adopts a H-type stacking aggregation via
intermolecular C-H---F, z—z, and C-H---x interactions, leading to TICT effect and red-shifted
emission. The appearance and emission color of 44 can also be switched via multiple external
stimuli such as grinding, vapors of organic solvents, acid, or base. Another red-emissive sym-
metric triphenylethene-modified pyrrolopyrrole aza-BODIPY molecule 45 with eight fused rings
is found to emit faintly in THF solution at 697 nm with the ® value of 1.1%, and in CH,Cl, solu-
tion at 699 nm with the ®r value of 0.4%. However, when 90 vol% hexane is added in the CH,Cl,
solution of 45, the nanoaggregate absorbs at 690 nm and emits intensely at 710 nm with the ®g
value of 18.8%. The introduction of AIEgen triphenylethylene can break its panel-like structure
to inhibit their z—z stacking and endow compound 45 aggregation-enhanced emission feature in
NIR region.

The pyrrole ring on the BODIPY core could also be replaced by other aromatic rings such as
thiophene [66, 67]. For example, a benzothiazole-enamide-based boron difluoride complex 46 is
synthesized through the reaction of benzothiazole-enamide-based unsymmetric N,N-bidentate
ligands with boron trifluoride etherate. Compound 46 emits weakly in THF solution at 448 nm
with the fluorescence quantum yield of 2%, and emits intensely in the solid state at 555 nm with
a high @ of 23%. The emission intensity of 80 vol% aqueous solution of 46 in THF/water mix-
ture is significantly increased with the ®g value of 20%, which is 10 times higher than that in
pure THF solution. In addition, compound 46 is capable of sensing acidic gas by reversible
changes of fluorescence, which may potentially serve as acidic vapor sensor. Another pyridyl-
enamido-based organoboron complex 47 also shows AIE property, which possesses weak emis-
sion at 513 nm in CH,Cl, solution with the ®r value less than 1%, and strong emission at 577 nm
in the solid state with a high ®r value of 10%. In THF/water mixtures with gradual addition of
water, the emission maxima dramatically shifts from 513 to 583 nm, owing to the AIE enhance-
ment of TICT state. An acidic/basic gas-triggered solid-state emission change is also observed for
compound 47. A filter paper coated with 47 emits orange light under UV irradiation, which
changes to green upon exposure to HCI vapors as a result of the protonation of the amino group.
The propeller-shaped conformations in compounds 46 and 47 significantly prevents the forma-
tion of the undesirable z-z stacking between two planar BODIPY cores in solid or aggregated
state, leading to typical AIE effect.

When one of the two coordination atoms linked on boron atom in BODIPY core has changed
from nitrogen to oxygen atom, the resultant compounds could also be designed to be AIE active [68,
69]. For example, a benzothiazole-hydrazone chelate-based bisboron complex 48 is reported to
emit at 560 nm in the solid state. Compounds 46-48 generally show weak emission in solvents
with low viscosity because the intramolecular rotation has facilitated nonradiative process which
consumes excited-state energy and quenches emission. Their emission can be dramatically
enhanced by either increasing the solvent viscosity or molecular aggregation in the solid state. Last
but not least, a quinoxaline-f-ketoiminate boron-difluoride complex 49 is reported with tunable
emission. It emits at 617 nm in CHCI; solution with a ®p value of 10%. While its emission behavior
does not change much in the solid state, a reversible on-off solid-state emission switching of 49
can be realized by acid/base vapors fuming processes.
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18.3 Structural-property Relationship

While there are a great number of AIE-active BODIPY luminophores been reported, their photo-
physical properties such as conjugation, steric hindrance, the type, number, and position of substi-
tution groups are highly dependent on their structures, which will be discussed with detailed
examples as shown below. Most examples discussed here are based on the largest AIE-active
BODIPY family: TPE-containing BODIPY compounds.

18.3.1 Conjugation Effect

First, the conjugation effect on the AIE property is investigated from a series of TPE-containing
BODIPYs 50-52 with different linking bridge groups (C-C, C=C, C=C) prepared from the
palladium-catalyzed cross-coupling reactions such as Suzuki coupling, Heck reaction, and
Sonogashira reaction, respectively [70]. THF/water mixtures are used to study their aggregation-
dependent emission behaviors. Compound 50 with C-C single bond spacer possesses emission
peak at 524 nm with a shoulder peak at 650 nm in THF solution, which is decreased upon the
addition of water; compound 51 with C=C spacer possesses the best conjugation among all the
three compounds, which mainly emits at 640 nm in THF solution and the increased intensity upon
the addition of large amount of water; compound 52 with C=C bonds spacer with the conjugation
in between C-C and C=C spacer mainly emits at 529 nm, whose intensity is decreased upon the
addition of water, accompanying with a newly emerged strong emission peak at about 600 nm
(Figure 18.12). In these emission spectra of THF/water mixtures, the green emission peak around
524 nm is attributed to the emission from LE state of the molecules, while the red emission peak
around 640 nm is attributed to the emission from TICT state. Increasing the water content in these
aqueous mixture generally increases the TICT emission intensity of 51 and 52, while it decreases
the LE emission intensity of 50 and 52. Meanwhile, the fluorescence quantum yields (®r) of 50-52
are determined, suggesting that the solid-state fluorescence quantum yields of 51 and 52 are 27 and
7.5%, respectively, which are much higher than the @ values of 50-52 in THF solution in the range
of 0.1-0.3%. Hence, compound 51 with the best conjugation of all the three molecules possesses an
AlE-active TICT emission peak, compound 50 with poor conjugation spacer possesses a LE emis-
sion peak which is ACQ, and compound 52 possesses both AIE-active TICT emission and ACQ-
active LE emission. The green and red dual emission of 52 enables its application as fluorescent
visualizer for intracellular imaging.

18.3.2 Number and Position of Substitutes

The effect of the number of TPE groups and their substituted positions on BODIPY core on the AIE
property are also studied from a series of BODIPY-TPE derivatives [71, 72]. For example, one or two
TPE groups are attached on the 3,5-positions of BODIPY core through C=C spacer in compounds
53 and 54; an additional TPE group is directly attached on the meso-position of the BODIPY core in
55-57, and their emission in THF/water mixtures is systematically studied (Figure 18.13) [71]. As
can be seen from the fluorescence image, the THF solutions of 53, 54, 56, and 57 all emit red light in
the wavelength range of 610-690 nm, which are generally quenched upon addition of water, sug-
gesting that aggregation causes fluorescence quenching in these compounds. However, compound
55 with only one TPE group on the meso-position of BODIPY possesses an ACQ green emission at
530 nm and an AIE red emission at 620 nm. When water is gradually added into the THF solution,
the fluorescence of 55 changes from green to orange. It can be concluded that TPE substitution
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Figure 18.12 Chemical structures of 50-52. Photoluminescence spectra of (a) 50, (b) 51 and (c) 52 in
THF/water mixtures with different water fractions (f,). Source: Reproduced from Ref. [70]. Copyright 2012
Royal Society of Chemistry.

group on the meso-position of BODIPY core contributes little to the conjugation but benefits AIE
effect, which shows bathochromically shifted, strong emission and large Stokes shift in the aggre-
gated states. On the other hand, when TPE substitutions are installed on 3- or 5-position of BODIPY
through a vinyl bridge, the conjugation is enhanced and a big coplanar z-conjugated system can be
formed, which may significantly red-shift the absorption and emission maxima and result in poor
emission in the aggregated or solid states. Another example is the comparison of BODIPY-TPE
derivatives 58, 59, and 60. Two TPE units are directly linked at the 2,6-positions of BODIPY core in
58 and 60, while one TPE moiety is linked at the 8-position of BODIPY core through a phenyl bridge
in 59 and 60 (Figure 18.14). The absorption maxima of 58 and 60 are located at 534 nm, which are
red-shifted compared with that of 59 at 500 nm in THF solution, demonstrating that the conjuga-
tion length is noticeably more extended by covalently attaching z-conjugated substituents at
2,6-positions of BODIPY ring than that at 8-position (Figure 18.14a). Similarly, the emission peaks
of 58 and 60 are located at 583 and 584 nm, respectively, which are bathochromically shifted than
that of 59 at 516 nm (Figure 18.14b). The @ value of 60 is 44%, which is higher than those of 58
(38%) and 59 (28%), and with an increase in the number of TPE units, the two-photon absorption
(TPA) and two-photon excited fluorescence (TPEF) properties are improved. The THF solution of
60 shows the best nonlinear optical property among these TPE-decorated BODIPYs when excited
with laser pulses at 810 nm, and its orpa and orpgr values are 264 and 116 GM, respectively.
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Figure 18.13 Chemical structures of 53-57. Fluorescence photographs of (a) 53, (b) 54, (c) 55, (d) 56,and
(e) 57 in THF/water mixtures with different water fractions (f,,) taken under UV illumination. Source:
Reproduced from Ref. [71]. Copyright 2015 American Chemical Society.
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Figure 18.14 Chemical structures of 58,59 and 60. (a) Absorption and (b) photoluminescence spectra of
TPE-decorated BODIPY luminogens (58,59, 60) in dilute THF solutions. Source: Reproduced from Ref. [72].
Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Three meso-ester group-substituted BODIPY dyes 61-63 are also designed to investigate the
influence of the position of AIE functional units TPE or triphenylethene on the BODIPY core [73].
The normalized absorption and emission spectra of 61-63 in THF solutions are shown in
Figure 18.15. Compound 61 with two TPE units linked on the 3,5-positions of BODIPY core
through a C=C bridge possesses absorption maximum at 673 nm and emission maximum at
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Figure 18.15 Chemical structures of 61-63. (a) Absorption and (b) photoluminescence spectra of 61-63
in dilute THF solutions. Source: Reproduced from Ref. [73]. Copyright 2015 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

691 nm with the fluorescence quantum yield of 4.7% in THF solution. When two triphenylethene
moieties are directly linked on the 3,5-position of BODIPY core in 62, the absorption maximum of
THEF solution is significantly blue-shifted to 619 nm, while the emission maximum does not change
much and the emission efficiency increases with the fluorescence quantum yield of 6.4%. If the
two triphenylethene moieties are directly linked on the 2,6-position of BODIPY core in 63, the cor-
responding THF solution absorbs at 572 nm, emits at 630 nm, and its ®g value is 2.9%, which is
blue-shifted compared with both 61 and 62. The thin film of 63 is emissive at 642 nm and the ®g
value of its crystal is 10.0%, which indicate its AIE property, while 61 shows obvious ACQ effect,
suggesting that the substitution position at 3,5-site is beneficial to the elongation of the conjuga-
tion, but can easily lead to AIE-inactive. Most importantly, further functionalization and chemical
modification of 63 can be conducted on the a-methyl position through Knoevenagel condensation,
and the ester groups on the meso-position of 61-63 can undergo hydrolysis to afford carbonyl acid
group, which may be developed to AIE-active NIR dye for bioimaging and sensing. If the ester
group in 61 is replaced to phenyl group in 64, the compound is also ACQ, whose solution emits at
725 nm with the ®p value of 78% in THF solution, which is decreased to 8% at 690 nm in the aggre-
gated state in THF/water mixture with 80 vol% of water, owing to the good conjugation of C=C
spacer linked BODIPY and TPE groups that may form a large coplanar structure and possess strong
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Figure 18.16 Chemical structures of 64-65. Photoluminescence spectra of (a) 65 and (b) 64 in THF/water
mixtures with different water fractions (f,,). Photoluminescence spectra were recorded with (a) 480 nm and
(b) 600 nm excitation wavelength. Source: Reproduced from Ref. [74]. Copyright 2019 The Chemical Society
Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

intermolecular z-z staking interaction to quench the fluorescence (Figure 18.16) [74]. Compound
65 with 3,5-triphenylethene-substituted phenyl group attached on the meso-position of BODIPY
core is also ACQ, which emits brightly in the solution state at 543 nm with the ® value of 68% and
quenches to 33% in the aggregated state in THF/water mixtures with 80 vol% water content.

18.3.3 Substitution Group

Besides TPE-related structures, triphenylamine (TPA) units can also effectively reduce the emis-
sion quenching of D—A type fluorophores in the aggregated state, and hence it is another impor-
tant functional group which can bring AIE property into BODIPY derivatives [75, 76]. The effects
of substitution types and positions on the AIE property are also investigated with the emission
spectra of a series of TPA-BODIPY conjugates 66-69 upon addition of different amounts of water
in THF solution (Figure 18.17) [75]. Compound 66 with two TPA group attached on the 2,6-position
of BODIPY core is a typical AlE-active compound: 66 shows weak red emission maximum at
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Figure 18.17 Chemical structures of 66-69. Photoluminescence spectra of (a) 66 (b) 67 (c) 69 and (d) 68

in THF/water mixtures with different volume fractions of water (f,,). Source: Reproduced from Ref. [75].
Copyright 2019 American Chemical Society.
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645 nm with a low-fluorescence quantum yield of 7% in THF solution. Upon addition of poor
solvent, the fluorescence intensity of 66 gradually increases and the ®g reaches 23% in THF/water
mixture with 90 vol% of water. When the two TPA groups are replaced by N-phenyl carbazole moi-
eties in compound 67, it becomes ACQ which may be because of the existence of planar carbazole
that reduces the intramolecular motion and energy loss in solution, indicating that the introduc-
tion of TPA units is crucial to convert BODIPY to AIE-active. To verify the role of TPA group, an
additional TPA moiety is introduced at the meso-position of 67 to afford 69, which has successfully
turned the compound to AIE-active. The THF solution of 69 emits intense fluorescence at 571 nm
with a relatively high-quantum efficiency of 15%. When water content in the THF/water mixture
increases, emission intensity of 69 is first weakened in the presence of less than 30 vol% water frac-
tions, then the emission intensity at 586 nm is increased gradually to reach the highest level in the
presence of 90 vol% water with the ®r value of 18%. Furthermore, compound 68 with three TPA
units is a typical ATE compound that emits faintly at 649 nm and the emission is intensified upon
the addition of water, proving that the introduction of TPA units is beneficial to AIE property. In
solid state, the fluorescence quantum yields of these compounds are 22% (66), 13% (67), 24% (68),
and 30% (69), respectively.

Moreover, three different functionalized TPA group bearing BODIPYs 70-72 are compared with a
reference compound 73 (Figure 18.18) [76]. The THF solutions of compounds 70-73 possess similar
absorption maxima at about 501 nm and emission maxima at about 517 nm, which possess small
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Figure 18.18 Chemical structures of 70-73. (a) UV absorption spectrum for 70-73 in

THF. (b) Photoluminescence spectrum of 72 at the concentration of 1 x 107 M in different solvents.
Source: Reproduced from Ref. [76]. Copyright 2015 Elsevier Ltd.
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electronic coupling between the TPA donor and BODIPY acceptor in both the ground state and
excited state. Although these TPA-BODIPY derivatives exhibit similar photophysical properties in
solution, their emission behaviors in the solid state show significant difference owing to the differ-
ent intermolecular interactions and molecular packing associated with the diverse TPA modifica-
tions. Compounds 70 and 71 only show weak AIE effect and upon the addition of large amount of
water into their THF solution, a new weak emission peak appears at 600 nm but with very little fluo-
rescence enhancement. On the contrary, when more than 60 vol% water is added into the THF solu-
tion of 72, the emission maximum is red-shifted to 631 nm, accompanying with significantly
enhanced fluorescence intensity. With the restriction of intramolecular twisting motions and charge
transfer between TPA and BODIPY moieties, compounds 72 and 73 exhibit obvious aggregation-
and crystallization-induced emission effect, which possesses high absolute fluorescent quantum
yields of 12.30 and 19.47% in their crystalline states, respectively, in comparison with the values of
70 (1.37%) and 71 (3.40%). The emission behavior of these compounds in the crystalline states highly
depends on the existence of the z—z stacking interaction between two neighboring BODIPY fluoro-
phores. With the cooperation of the intermolecular N-H---F or O-H---F hydrogen bonding in the
crystals of compounds 70 or 71, respectively, the dimeric structures of these two compounds show
a partial or strong face-to-face z—r interaction between two parallel BODIPY fluorophores, which
only show weak AIE effect. On the other hand, in the crystalline states of 72 and 73, there is no
effective face-to-face 7z—z stacking interaction between BODIPY luminophores observed.

18.3.4 Alkyl Substitutes on BODIPY Core

The number and position of alkyl groups substituted on the BODIPY core such as methyl group
may also affect the photoluminescence behavior of the luminophores. A BODIPY-TPE derivative
7 is reported with a TPE unit directly linked on the 8-position of BODIPY core. Based on the struc-
ture of 7, two methyl groups are attached on the 3,5-position of BODIPY in compound 55 and two
methyl groups are attached on the 1,3,5,7-positions of BODIPY in compound 74 (Figure 18.19) [33].
Compound 7 without any methyl group possesses a LE state emission peak at 524 nm and a TICT
state emission peak at 630 nm in THF solution. The addition of small amount of water into the
solution leads to emission quenching of both peaks, however, after more than 90 vol% water is
added, the peak intensity at 630 nm almost doubles, while the emission peak at 524 nm disappears,
suggesting that the TICT state emission of 7 is AIE-active (Figure 18.19a). Similar phenomenon is
observed for compound 55 with two methyl groups at 3,5-position of BODIPY, but the fluorescence
enhancement of TICT peak is much weaker compared with that of 7 (Figure 18.19b). On the con-
trary, compound 74 with four methyl groups only possesses an ACQ-active LE peak, and the TICT
emission can barely be observed (Figure 18.19c). Moreover, 7 possesses TICT emission peak both
in THF solution and film state, 55 possesses TICT emission only in thin film state, and 74 only has
a TICT shoulder emission in the thin film state. These results suggest that the introduction of
methyl groups on BODIPY core can inhibit the intramolecular charge transfer behavior. Theoretical
calculation and single crystal structure of 7 further proved that effective charge transfer from TPE
to BODIPY took place. It not only possesses AIE characteristics, solvatochromic properties, and a
large Stokes shift over 100 nm but also shows bright-red emission in both solution and solid state.

Another class of BODIPYs with three TPE units incorporated on the 2,6,8-positions of BODIPY
core and H (76), methyl group (77), and ethyl groups (78) substituted on the 3,5-position of BODIPY
are designed to study the effect of substitution groups (Figure 18.20) [77]. Compared with the corre-
sponding mono-TPE-substituted BODIPYs 7, 55, and 75, these tri-TPE-substituted BODIPYs 76-78
show significant red-shift in the absorption and emission spectra. As introduced before, compound 7

0005258433.INDD 516 @ 11143/2021 16:21:03



(a) (b)
E 5
s 8
2 =
‘D ‘@
c o
2 L
£ £
— —
o o
515 560 605 650 695
Wavelength (nm)

()

E

8

2

‘®

c

2

£

-

o

500 530 560 590 620 650

Wavelength (nm)

Figure 18.19 Chemical structures of 7,55,and 74. Photoluminescence spectra of (a) 7, (b) 55 and (c) 74
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Figure 18.20 Chemical structures of 7,55,75-78. Photoluminescence spectra of (a) 76, (b) 77,and (c) 78
in THF/water mixtures with different water fractions (f,,).
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emits at 670 nm in THF solution, which shows an obvious AIE effect in THF/water mixtures with
more than 80 vol% water. Different from that, the THF solutions of 55 and 57 possess typical BODIPY
emission at about 530 nm, which gradually red-shift to 609 nm (55) and 640 nm (75) with gradual
addition of water. The addition of alkyl substituents may prevent the formation of aggregates in
aqueous mixtures with high water content. The THF solutions of 76-78 emit at 689, 646, and 648 nm,
respectively. With gradual addition of water in the THF/water mixture, their emission intensity gen-
erally first decreases with less than 50 vol% water content, which then increases to reach maxima in
90 vol% aqueous mixture, and further increased to 1.40-1.53 times compared with that in THF solu-
tions. In general, the addition of two TPE units have caused a more pronounced AIE effect, owing to
the increased number of rotors compared with the mono-TPE-substituted BODIPYs. Notably, the ®r
values of thin films obtained from THF solutions of 77 and 78 have reached 68 and 98%, respectively.

18.3.5 AlEgens Attached Through Nonconjugated Spacers

Except the abovementioned conjugated spacer between BODIPY and TPE/TPA, these electron
acceptors and donors could also be connected through nonconjugated spacers to build energy
transfer systems with fluorescence resonance energy transfer (FRET) or dark resonance energy
transfer (DRET) processes involved. FRET is a process that describes energy transfer between an
excited-state donor fluorophore and a ground-state acceptor fluorophore linked together by a non-
conjugated spacer [78]. DRET process is identical with FRET process in terms of molecular designs
and energy-transfer mechanism, but differs from FRET process in that the donor moiety is non-
fluorescent or weakly fluorescent, which might be called as a “dark donor” [79, 80]. For example,
a series of TPE-containing BODIPYs 83-85 with one, two, or three TPE units connected to the
BODIPY core through flexible alkyl chain are designed and synthesized from click chemistry [81].
The photophysical properties of these compounds are compared with their precursors 79-81 and
the model compound 82 in THF solution (Figure 18.21). In these compounds, TPE groups serve as
dark energy donor and BODIPY group acts as emissive energy acceptor in the DRET process, and
the energy transfer efficiency of 83-85 depends on the number of TPE groups. While all the three
compounds possess similar absorption maxima at 500-504 nm and emission maxima at 506-511 nm
in solution, their emission efficiencies have gradually increased from 9 to 18% along with the
increasing number of TPE groups in THF solution. In THF/water mixtures with 98 vol% water
content, high emission intensity at 511 nm and large pseudo-Stokes shifts about 193 nm are
observed when compound 85 is excited with 315 nm light, which is associated with the FRET pro-
cess; while in THF solution where TPE group serves as a nonemissive dark donor; similar strong
emission and large pseudo-Stokes shift are recorded owing to the DRET process. Therefore, two
energy-transfer processes have been combined in these molecules to give high fluorescence with
large pseudo-Stokes shifts in both solution and aggregated states.

Similarly, a series of diphenylacrylonitrile-containing BODIPYs with one, two, or three AIE
units attached on BODIPY structure through flexible chain are reported, and the energy transfer
process between diphenylacrylonitrile and BODIPY are studied in solvents with different polari-
ties (Figure 18.22), suggesting that two energy-transfer processes FRET and DRET are responsible
for the fluorescence enhancement of diphenylacrylonitrile-connected BODIPY compared with
compounds 86-89 [82]. The comparison of photoluminescence spectra of 90-92 with their precur-
sors 86-89 in THF solutions suggests that the strong emission at about 520 nm observed under the
excitation with the absorption maximum of diphenylacrylonitrile chromophore at 330 nm is
attributed to the DRET process from the dark donor of diphenylacrylonitrile moiety to the emissive
acceptor BODIPY moiety. When water is added into the THF solution, the fluorescence intensity is
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Figure 18.21 Chemical structures of 79-85. Photoluminescence spectra in THF solution of (a) 82,79,and
83; (b) 82,80,and 84; (c) 82,81, and 85. Source: Reproduced from Ref. [81]. Copyright 2016 Wiley-VCH

Verlag GmbH & Co. KGaA, Weinheim.

enhanced with increasing amount of water, suggesting the FRET process between these two
chromophores. The pseudo-Stokes shift for both DRET and FRET processes is 190 nm. Increasing
the number of diphenylacrylonitrile moieties from 90 to 92 results in improved fluorescence quan-

tum efficiency.

18.3.6 Other Substitution Structures

Other AIE-active BODIPYs without typical AIEgens have also been reported. For example, three
thioether group-containing quinoline-based BODIPYs with different substituents (—H, —CHj, or
—OCH3;) 94-96 are studied (Figure 18.23) [83]. A reference compound 93 with similar structure
but a chloro substitute is also studied which is not AIE-active. When Cl is replaced by thioether
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Figure 18.22 Chemical structures of 86-92, Photoluminescence spectra in 1 x 107> M THF solution of (a)
86,89,and 90; (b) 87,89,and 91; and (c) 88, 89,and 92. Source: Reproduced from Ref. [82]. Copyright 2017
Royal Society of Chemistry.

group with larger steric hindrance, the intramolecular rotation of quinoline unit can be better
restricted. Compounds 94-96 exhibit almost identical absorption maxima at ~507 nm and emis-
sion maxima at ~530 nm in methanol solution, and they show similar response toward addition of
water. When more than 70 vol% water is added into the methanol solution, the original emissions
at ~530 nm are quenched, while new emission peaks emerge at about 571 and 612 nm. With the
addition of 90 vol% water, a decrease in absorbance of compounds 94-96 is observed along with a
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Figure 18.23 Chemical structures of 93-96. Fluorescence spectra of (a) 95 and (b) 96 in methanol/water
mixture with different volume fractions of water (f,). Source: Reproduced from Ref. [83]. Copyright 2012
Royal Society of Chemistry.

level-off tail in the visible region and the solution color turns from yellow to red, probably attrib-
uted to the formation of nanoaggregates. The nanoaggregate morphologies can be tuned from
nanoballs in 94 and 95 to reticulated nanofibers in 96.

Last but not least, the introduction of AIEgen into BODIPY derivatives cannot guarantee AIE
property of the resultant compounds [84]. For example, a series of triphenylacrylonitrile or TPE-
containing BODIPYs 99-101, and 4-ethynylbenzonitrile substituted BODIPY 98 are synthesized
through Pd-catalyzed Sonogashira cross-coupling reaction, resulting in C=C bond bridged AIE
moiety and bare BODIPY structures (Figure 18.24). The planarization-induced extensive z—z
stacking and strong D—A interaction result strong fluorescence quenching in the aggregated states,
and none of these compounds is AIE-active. In general, compared with model compound 97, the
installation of electron-donating group at the meso-position of BODIPY results in hypsochromi-
cally shifted absorption and emission spectra, while the incorporation of electron withdrawing
group at the position results in bathochromically shifted absorption and emission spectra. The
fluorescence quantum yields of triphenylacrylonitrile-substituted BODIPYs 99 and 100 are higher
than TPE-substituted BODIPY 101, indicating that the cyano group has minimized the CT interac-
tion and hence increased the emission efficiency.
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Figure 18.24 Chemical structures of 97-101. Photoluminescence spectra of 97-101 in THF. (Inset shows
enlarged view of emission spectra of 101). Source: Reproduced from Ref. [84]. Copyright 2015 American
Chemical Society.

18.4 Application

With the unique structure and photophysical property of BODIPY derivatives, they have found a
series of practical applications, and the examples as chemosensor and bioprobe are discussed in
the later sections.

18.4.1 Chemosensor

The electron donor/acceptor structure of most BODIPY derivatives have endowed the compounds
susceptible nature which are sensitive to a range of different external stimuli, and are reflected on
the emission behavior to furnish fluorescence sensors.

For example, two phenothiazine moiety-containing BODIPY derivative 44 with strong electron
donor and acceptor structure is reported to exhibit multistimuli responsive characteristics, includ-
ing grinding, organic solvent, acid or base vapors (Figure 18.25a) [64]. The THF solution of 44
absorbs at 440 nm and emits at 473 nm with a @ value of 12%. The yellow solid powder of 44 pos-
sesses intense emission at 540 nm upon UV irradiation, which is switched to an orange powder
with red emission at 635 nm after simple grinding. The color and emission of the ground powder
of 44 are recovered after further exposure to CH,Cl, vapor, demonstrating the reversibility of the
piezochromic effect of 44. With the protonation-deprotonation affected structure and lumines-
cence, together with the mechanofluorochromism property of 44, a simple, convenient, and effi-
cient technology for information encryption and decryption is designed (Figure 18.25b). In the
encryption stage, the “writing” information is hidden by tartrazine and cannot be observed either
under ambient light or under UV light, while in the decryption stage, the yellow fluorescence of
the characters “ZHJ” can be revealed clearly after exposing the test paper to triethylamine vapor
for 10 minutes. These features have enabled the potential application of this BODIPY derivative in
fluorescence sensing, detection, and security protection.

Besides mechanical force, the emission behavior of BODIPY derivatives is also sensitive to vis-
cosity and temperature. For example, compound 21 with two BODIPY moieties linked on each end
of benzodithiophene core is found to possess various excited-state conformations which may lead
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Figure 18.25 (a) Photographic images of 44 in response to mechanical grinding under irradiation of
ambient light and UV light at 365 nm; (b) photographic images of information encryption and decryption.
Source: Reproduced from Ref. [64]. Copyright 2014 Royal Society of Chemistry.

to viscosity-dependent emission (Figure 18.26) [45]. Restricting the rotation of molecular rotors in
viscous media such as a series of methanol and glycerol mixtures enhances fluorescence intensity.
Increasing the ratio of glycerol in the mixed solution, both solvent polarity and viscosity are
increased. While the former generally lead to red-shifted and quenches emission, the latter is dom-
inant which usually restricts the intramolecular rotation and thereby leads to enhanced locally
excited emission at about 425 nm exclusively. Furthermore, the temperature-dependent fluores-
cence of compound 21 is measured in THF solution, suggesting that the emission of 21 is highly
sensitive to temperature. When the solvent temperature is increased from -20 to 50 °C, the TICT
emission band is gradually blue-shifted from about 660 to 645 nm with significantly raised emis-
sion intensity. The readily tunable emission of 21 in the red region and prominent viscosity- and
temperature-sensitive emission endow the compound as promising ratiometric viscosity and tem-
perature sensor.

BODIPY derivatives with proton donor or acceptor commonly possess pH-dependent emis-
sion which can hence be developed as pH sensors. For instance, TPA-containing BODIPY 72 with
o-carboxyl-benzoylhydrazone is reported as a solid-state fluorescence detector for HCI vapor with
high stability and emission efficiency (Figure 18.27) [76]. The emission of thin film of 72 is moni-
tored upon exposure to air, suggesting that it’s high photostability after exposure to air for one
week. However, upon exposure to HCI vapor for 10 minutes, the emission of 72 is quenched by
85%, probably because the binding of HCI with 72 through the protonation of the imine group in
addition to the N atom from TPA moiety may promote the intramolecular twisting motion with
concomitant change of the molecular packing in the thin film state and the TICT process, which
caused the fluorescence quenching. The single crystal of 72 emits at 570 and 632 nm with the @
value of 12.3%. After fuming with HCI vapor for 10 minutes, the emission at 570 nm almost
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Figure 18.26 (a) Viscosity-dependent fluorescence emission spectra of 21 in glycerol/methanol mixtures
with different glycerol fractions (fyy); (b) temperature-dependent fluorescence emission spectra of 21 in
THF. Source: Reproduced from Ref. [45]. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

disappears and the emission at 632 nm also decreases. The fast fluorescence “on-off” response
toward HCI vapor has made the compound desirable solid-state-fluorescent sensor for acidic vapor
detection.

With the unique structure of BODIPY core, a few analytes are expected to have strong interac-
tion with boron site and bring influence on the emission behavior of the compounds, especially
nuclephilic anions such as F~ and CN™ [85]. A Cs;-symmetric compound 16 with three 2-formyl
BODIPY branch linked on a TPA core is reported to selectively and simultaneously detect F~ and
CN™ with distinct color and fluorescence change among a series of different ions including CI~,
Br, I, HSO, , NO5~, Cl0,~, NO,~, S,™, and CO;*~ through the decomposition of BODIPY core
(Figure 18.28) [41]. Strong emission of 16 is observed at 524 nm in THF/water mixture (v/v, 98/2),
and addition of F~ into the solution leads to a slight blue-shift to 519 nm and the emergence of a
new emission peak at 471 nm. When 34 equivalents of F~ is added, the emission intensity at
471 nm is increased by 8.3-fold while that at 524 nm is quenched by 89%. Similar for CN~, when
34 equivalents of CN™ is added, the emission intensity at 475 nm is increased by 20.9-fold while
that at 524 nm is quenched by 94%. The preferential binding of F~ and CN™at the boron center of
BODIPY core may cause detachment of stable difluoroboron bridges in BODIPY core due to a
nucleophilic substitution to break a B-N bond and generate B-F, B-C=N, and N-H bonds, respec-
tively, resulting in decomposition of the fluorophore, which is responsible for the fluorescence
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Figure 18.27 (a) The fluorescence emission property of 72 in thin film form after exposing to HCl vapor
for 10 minutes; (b) the photographs of 72 before and after exposing to HCL vapor under natural light (top)
and UV lamp at 365 nm (bottom), respectively. Source: Reproduced from Ref. [76]. Copyright 2015

Elsevier Ltd.

(@)

Figure 18.28 (a) Color and (b) emission changes of 16 test strips before and after addition of F~,and
CN™ under illumination with UV light at 365 nm. Source: Reproduced from Ref. [41]. Copyright 2016
Elsevier BV.

response. A test strip is fabricated by immersing filter paper into the THF solution of 16 and dry-
ing, which is directly used for F"and CN™ probing. The obvious color change from orange to yellow
and emission change from dark to cyanine are observed by immersing the test strip in solution of
F~. On the other hand, immersing the test strip in solution of CN™ can change the appearance of
the paper to white and the emission to blue, suggesting distinguishable different change upon the
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detection of these two ions. Similar color and fluorescence changes are also observed in solution
state. Therefore, the colorimetric and fluorometric test strip of 16 can be used to differentiate inter-
fering cyanide and fluoride ions simultaneously in a convenient way.

18.4.2 Bioimaging

With the advantages of stable spectral properties, high fluorescence quantum yield, high-molar
extinction coefficient, tunable emission, high photo- and chemical stability, and good biocompat-
ibility, the major applications of BODIPY derivatives are found in biological imaging and probing.

For example, compound 40 with a pyrazoline attached on the meso-position of BODIPY core can
self-assemble to form red-emissive nanoparticles for bioimaging (Figure 18.29) [60]. The photo-
physical properties of 40 is studied in THF/n-hexane mixtures with different ratios, and the emis-
sion of 40 gradually changes from red to green with increasing fraction of n-hexane, suggesting
that the LE state emission becomes dominant in such low polar mixed solution. The nanoparticles
of 40 emits at 623 nm. Surprisingly, the cell-staining process with nanoparticles of 40 is ultrafast,
which only takes five seconds-incubation at room temperature to observe apparent fluorescence in
the cells. When the incubation time extends from five seconds to 10 minutes, the intracellular fluo-
rescence gradually increases, indicating the nanoparticles could be continuously endocytosed and
accumulated in the cytoplasm. Furthermore, long-term fluorescence signal tracking in vivo for
about 12 days is also realized. The bright red fluorescence, ultrafast cell staining ability, and long-
term in vivo tracking competence outline the great potential of these AIE-active BODIPY compounds
for monitoring biological processes. Fluorescent nanoparticles built from AIE-active BODIPY dyes

(a) AIE effect (b) TICT effect

Sunlight uv f» 0 10 20 30 40 50 60 70 80 90 99

() Ultrafast cell imaging Long term bioimaging

0 day 12 day

Figure 18.29 (a) Photograph of 40 powder under sunlight and UV light. (b) The photograph of 40 at
different ratios of THF/n-hexane under 365 nm lamp irradiation. (c) CLSM images and relative fluorescence
intensity of Hela cells incubated with the nanoparticles of 40 for different times. (d) in vivo fluorescence
imaging of the nanoparticles of 40 in the anesthetized mouse performed in the Maestro 500FL in vivo
optical imaging system. Source: Reproduced from Ref. [60]. Copyright 2016 Royal Society of Chemistry.

}‘ab, THE = 500 nm
40 }\,em‘ THF = 638 nm
PF, THF=8.1%
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and amphipathic polymeric matrixes have also designed for long-term bioimaging [75]. The
nanoparticles prepared from TPA-BODIPY derivative 68 exhibit bright red emission at 650 nm and
high-fluorescence quantum yield of 26% in aqueous media, which can be internalized by HeLa
cells by simply shaking the culture media with cells for about five seconds at room temperature,
demonstrating an ultrafast and easy-to-operate staining protocol (Figure 18.30). Most importantly,
these nanoparticles exhibit excellent long-term imaging capabilities both in vitro and in vivo for
over 14 days. In another example, a deep-red-emissive TPA-BODIPY derivative 15 modified with
two oxadiazole units is used for living cell imaging of MDA-MB-231 cells (Figure 18.31) [40]. The
THEF solution of 15 absorbs at 500 nm, while dual emissions are observed at 647 and 513 nm with
the ®f value of 11%, and the red emission increases with the addition of large amount of water.
Compound 15 is easily internalized by MDA-MB-231 cells, and the bright red fluorescence is
clearly observed from the viable cells under fluorescence microscope, suggesting no apparent tox-
icity of the dye. Moreover, in THF/water mixture with 90 vol% water, the fluorescence intensity of
15 is strengthened continuously with the increasing concentration of BSA to reach 4 times
enhancement, indicating its function as bioprobe for BSA.

Ultrafast
_>
" Cell imaging

AIE NPs

0 hour l

Figure 18.30 Ultrafast and noninvasive long-term bioimaging. (a) Long-term cell tracing images of 87
nanoparticles at 37 °C for 6 hours and then subcultured for 0 and 15 day. (b) in vivo fluorescence images of
the tumor-bearing mouse subcutaneously injected with 68 nanoparticles in 0 and 14 day. Source:
Reproduced from Ref.[75]. Copyright 2019 American Chemical Society.
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Figure 18.31 Laser confocal fluorescence microscope photos of 15 coincubation with MDA-MB-231 cells.
(a) Cells photo of 15 in bright field; (b) cells photo of 15 in red field. Laser excitation wavelength: 552 nm.
Source: Reproduced from Ref. [40]. Copyright 2017 Elsevier B.V.

The intracellular pH environment could also be imaged by BODIPY dyes. For example, BODIPY
43 modified with a benzimidazole group on its 2-position is designed for ratiometric pH imaging
with a dual excitation/dual emission model in A549 cells at different pH condition [63]. When the
pH value is decreased from 6.5 to 3.8, the green channel images excited with 488 nm light disclosed
that the intrinsic emission is enhanced, whereas the emission in red channel images excited with
543 nm light decreases gradually at the same time, suggesting the ratiometric pH-sensing ability of
43. Synchronization of lysosome disruption with cellular acidification in the crystalline silica-
induced silicosis is observed directly by costaining A549 cells with LysoTracker and 43, which
reveals that the small particle-induced cellular acidification is associated with particle size and
chemical nature of the particle. Compound 43 can hence be used for imaging in cell acidification
caused by crystalline silica exposure. In another example, piperazine-containing, naphthalimide-
BODIPY derivative 38 is designed as pH probes for selective lysosome tracking in living cells [58].
The confocal images of HeLa cells after treatment with 38 and counter staining with LysoTracker
Red DND-99 suggest that the green emission from 38 matches well with the red signal from
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Figure 18.32 Confocal images of Hela cells after treatment with 38 and counter staining with
“LysoTracker™ Red DND-99” Source: Reproduced from Ref. [58]. Copyright 2019 Royal Society of Chemistry.

LysoTracker Red (Figure 18.32). Both signals are distributed in the perinuclear region, and colo-
calization of the probes can be clearly seen with yellow spots in the merged image. The BODIPY
probe thus shows good biocompatibility and potential of long-term monitoring of the lysosomal
morphology, which may track physiological and pathological changes during various cellular
processes.

Besides pH condition, BODIPYs could also be used for imaging biothiols such as cysteine (Cys),
homocysteine (Hcy) and glutathione (GSH) in living cells, which have attracted extensive inter-
est because of their vital roles in a variety of physiological processes [38]. For example, TPA-
containing BODIPY compound 12 with a cyano and a bromo group attached on the TPA moiety
and a p-aminophenylthio group located at the 3-position is used for imaging biothiols in living
A549 lung cancer cells (Figure 18.33). Compound 12 is found to be nearly nonemissive. When it is
treated with GSH, only a slight fluorescence enhancement is observed; however, upon treatment
of Cys or Hcy, the fluorescence intensity is raised by 1081 and 1126 folds, respectively, which dem-
onstrate good selectivity and sensitivity toward Cys and Hcy over GSH and other amino acids in a
wide pH range from 2 to 10 in aqueous buffers. The fluorescence imaging behavior is also demon-
strated in living A549 lung cancer cells. When A549 cells are incubated with 12 after preincubation
with Cys, bright emission can be observed in both green and red channels; when the cells are
pretreated with thiol-blocking agent, only weak emission can be observed. Besides exogenous bio-
thiols, the probe can also detect endogenous biothiols in living A549 lung cancer cells.

H,S could also be detected in vivo by BODIPY dyes. A H,S-responsive BODIPY derivative 9 bear-
ing a TPE group and a chloro atom at the 3-position has shown ratiometric fluorescence and NIR-II
emission light-up upon H,S activation for in vitro and in vivo imaging (Figure 18.34) [36].
Compound 9 possesses an absorption maximum at 550 nm in Tris/CH3;CN buffer solution. The
good spectral overlap between the emission of TPE and absorption of BODIPY facilitates efficient
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Figure 18.33 (a-d) Confocal fluorescence and bright-field images of A549 cells incubated with probe 12
after preincubation with Cys. (e-h) Confocal fluorescence and bright-field images of A549 cells incubated
with probe 12 after preincubation with N-ethylmaleimide (NEM). (i-1) Confocal fluorescence and bright-
field images of A549 cells incubated with probe 12. Source: Reproduced from Ref. [38]. Copyright 2017
Elsevier Ltd.

Figure 18.34 The mechanism for H,S-mediated radiometric, NIR fluorescence light up and their
bioimaging H,S in Living Cells. (a) HCT116 cells pretreated with AOAA followed by incubation with probe 9.
(b) HCT116 cells incubated with probe 9. (c) HCT116 cells pretreated with SAM followed by loading with
probe 9.

FRET process to quench the emission. In the presence of H,S, the Cl-group is substituted by HS-
group, which has resulted in an obvious red-shift of the absorption spectra of BODIPY and hence
attenuated the FRET process. More importantly, after being activated by H,S, new fluorescence at
new emission at 920 nm is observed from the dye, and the fluorescence tail extends to 1300 nm,
indicating potential second near-infrared (NIR-IT) imaging. The incubation of HCT116 cells and 9
for 30 minutes afforded a bright and stable emission signals in the blue channel and a relatively
weak emission in the red channel with ratio of 2.82 : 1. When a cystathionine-p-synthase (CBS)
inhibitor, aminooxyacetic acid, is added to inhibit the H,S production, the emission intensity ratio
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from blue channel to red channel has dropped to 0.70 : 1; in contrast, when an allosteric CBS
activator, S-adenosyl-L-methionine, is added to promote the production of H,S, the ratio increased
to 3.59 : 1. These results indicate that probe 9 can serve as a potential sensor to detect endogenous
H,S rapidly and specifically, which can potentially be used for imaging of H,S-rich cancer cells
and tumors.

Transition metal species could also be probed by AIE-active BODIPY dyes other than small
molecular bio-analytes. An AIE-active BODIPY derivative 2 with an allyl ester group installed on
the 8-position of BODIPY with improved water solubility is designed as a two-channel responsive
probe for palladium in aqueous solution (Figure 18.35) [30]. The pink solution of 2 possesses a
broad absorption peak at 516 nm and a sharp absorption peak at 587 nm, with an orange fluores-
cence peaked at 591 nm. After treatment with 20 uM of Pd(PPhj),, the solution color changes to
yellow, the absorption peak significantly blue-shifts to 495 nm, and the emission color changes to
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Figure 18.35 (a) Absorption spectra recorded for 10 uM solutions of 2 upon addition of Pd(PPhsz)4

in phosphate buffer solution at 25 °C. (b) Fluorescence emission spectra of 2 upon addition of Pd(PPhs),4
in phosphate buffer solution. (c) Confocal fluorescence images of 2 to Pd(PPhs)4 in HelLa cells.

Source: Reproduced from Ref.[30]. Copyright 2019 Elsevier Ltd.
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green with the emission peak located at 513 nm. Pd(0) may trigger the cleavage of meso-ester group
to meso-carboxylate anion to cause the significant emission enhancement at 513 nm. Furthermore,
compound 2 is also suitable for imaging of intracellular Pd(0) in a dual-channel responsive man-
ner. When the dye is incubated with HeLa cells, intense red fluorescence is observed through the
red channel, and almost no emission can be observed from the green channel. When Pd(0) is coin-
cubated, bright-green emission is turned on in the green channel, accompanying with a decrease
in fluorescence intensity in the red channel.

18.5 Conclusion

In this chapter, diverse AIE-active BODIPY derivatives — the widely explored organic luminescent
materials with unique photophysical properties in the aggregated state are summarized. The popu-
lar approach to turn BODIPY compounds to AIE-active is to introduce AIEgens such as tetraphe-
nylethene and triphenylamines to the BODIPY derivatives through conjugated or nonconjugated
linkages. Besides the advantages of photophysical properties inherited from BODIPY structures
such as high molar extinction coefficient, narrow emission peak, high photostability, these AIE-
active BODIPYs also enjoy satisfied aggregated state emission. TICT processes are generally
involved in these BODIPYs with electron donor/acceptor structures, resulting in red-shifted emis-
sion. It should be noted that the introduction of AIEgens into the BODIPY structure does not
guarantee the AIE property of the resultant compounds. The systematic structure—property rela-
tionship study of the photophysical properties of these AIEgen-modified BODIPYs reveals that the
emission behavior and aggregation-induced emission property of these BODIPYs are highly
dependent on the substitution position and the linking spacers. Generally, AIEgen attached on the
meso-position of the BODIPY core is effective to bring AIE property. With careful design of the
molecular structures, these AIE-active BODIPYs can show fluorescence sensitivity toward a series
of external stimuli including mechanical force, organic vapors, acid or base, viscosity and tempera-
ture, anions such as F~ and CN~, H,S, biothiols, palladium species, and so on, which can find
potential applications as smart materials and in vitro or in vivo bioprobes. Through combination
of AIE property and the unique photophysical property of BODIPYs, the luminescent materials are
expected to find large potential in diverse application fields.
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