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Abstract: Excited-state intramolecular proton-transfer (ESIPT) compounds and intramolecu-
lar charge-transfer (ICT) compounds have attracted attention due to their interesting and even
unique emission properties. The intense and environment-sensitive emission showed by some
members of the two families has been exploited in fluorescent probes for various forms of
environmental sensing. In this paper, we summarize our recent study on the utilization of
novel ESIPT and ICT compounds with intense emission as fluorescent probes after an intro-
duction to the ESIPT and/or ICT processes and related photophysics mechanism.
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INTRODUCTION

Luminescent compounds presently dominate the field of molecular probes for chemical analyses and
bioassay because they offer advantages of high detection sensitivity, low background noise, and wide
dynamic ranges [1]. These advantages will be particularly evident in the development of modern opti-
cal analytical equipment demanding high accuracy. Organic fluorescent compounds display high
absorptivity and fluorescence quantum yields, which contributes to the reason that they are the most
important family of luminescent probes. Dyes such as coumarin, cyanin, fluorescein, or rhodamine
derivatives play a key role in commercial fluorescent labels owing to their easy modification and low
cost [2]. Additionally, a number of boron-dipyrromethene (Bodipy) derivatives have been reported as
luminescent probes since they show intense emission and narrow emission bands [3]. However, fluo-
rescence of these common probes is often weakened or even quenched at high concentrations, which
limits the effective ranges of their applications.
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In the past decade, there has been growing interest in the development of excited-state intra-
molecular proton-transfer (ESIPT) compounds as probes for chemicals and biomolecules [4]. The main
reason is probably that these compounds have unique and beneficial photophysical characteristics, such
as unusually large Stokes shifts and outstanding environment-sensitive spectral changes [5]. It is well
known that typical ESIPT molecules exist exclusively in an enolic form (E) in the ground state. Upon
photoexcitation, extremely fast tautomerism from the excited enolic (E¥) to the excited keto (K*) form
occurs on a sub-picosecond time scale. After decay of K* to the ground state, the K form transforms to
the initial E form through reverse proton transfer mediated by intramolecular hydrogen bonds. The dif-
ferent species between absorbing and emitting in the intrinsic four-level photocycle (E-E*-K*-K) offer
a high probability to address the disadvantage of fluorescence concentration quenching that is suffered
by almost all of the available luminescent probes. On the other hand, ESIPT involves a proton-transfer
process that is easily affected by changes in surrounding conditions, leading to sensitive spectral
responses. Naturally, various ESIPT structure centers (e.g., flavone, azole, benzazole, etc.) and sub-
stituent groups have been used to fabricate several luminescent probes that are utilized in sensing appli-
cations for polarity, pH, anions, and cations [6].

As another well-known adiabatic mechanism, intramolecular charge transfer (ICT) has been uti-
lized to design fluorescent probes that display large Stokes shifts without self-reabsorption [7]. In gen-
eral, the ICT process requires a conjugated system containing an electron donor moiety (amino, alkoxy,
few sulfur-containing groups, etc.) and an electron acceptor moiety (cyano, carbonyl, or even m-system,
etc.). In the ground state, ICT molecules exhibit relatively small CT characteristics (e.g., small dipole
moment). Upon electronic excitation of ICT systems by light, an electronic redistribution that entails
CT from donor to acceptor occurs, resulting in the transient alternation of excited-state properties. The
energy difference between the lowest Franck—Condon excited state and the excited ICT state causes the
desired large Stokes shifts. The significant changes of dipole moment render the CT emission with high
sensitivity to the environment conditions, enabling the development of environment-sensitive lumines-
cent probes. At present, applications of ICT compounds are growing in various probe fields [8].

The nature of the excited states of ESIPT and ICT dyes is more diverse than those of common
organic luminophores, resulting in rich photophysical properties with high dependence on local envi-
ronment. The intrinsic advantage of the large Stokes shifts makes these two classes of dyes ideal can-
didates for use as fluorescence probes. However, most ESIPT dyes exhibit low to very low fluorescence
efficiency except for a few flavone- and imidazole-containing examples [9]. Furthermore, the fluores-
cence quantum yield of ICT emission is generally very low in a highly polar environment. Since weak
fluorescence emission is detrimental to practical application, many efforts have been made to address
the problem and develop novel intense luminescence probes. In the following section, we will summa-
rize our recent works on the understanding of emission properties of the ESIPT and ICT molecules and
how these properties are used to design desirable fluorescence probes.

RESULTS AND DISCUSSION
Aggregation-induced emission enhancement (AIEE) of the ESIPT compounds

Several research groups have reported very different organic systems with varying degrees of AIEE
characteristic since Tang et al. found that a series of silole derivatives are non-emissive in dilute solu-
tions but become highly luminescent in aggregate states [10]. Our research began with a typical ESIPT
compound, N,N'-bis(salicylidene)-p-phenylenediamine (p-BSP) 1 [11]. p-BSP is a member of the sali-
cylideneaniline (SA) family, which is known for photochromic properties [12]. The fluorescent quan-
tum yield of p-BSP was only 0.001 in methanol solution, but the fluorescent intensity was impressively
increased by more than 60 times when p-BSP was fabricated to nanoaggregates in water (Fig. 1). The
relevant absorbance was red-shifted from 370 to 383 nm, suggesting the formation of J-aggregation or
J-type stacking. The appearance of excitation spectra of the aggregates was very analogous to that of
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Fig. 1 Fluorescence emission spectra of p-BSP nanoparticles (1.0 x 10~ M in molecule) in water at different aging
time and p-BSP in methanol solution (1.0 x 10~ M, multiplied by a factor of 30). Reproduced from ref. [11], with
permission of the American Chemical Society.

absorption spectra, indicating that the fluorescence originates from sole species. In the good solvents
such as tetrahydrofuran (THF) and methanol, the p-BSP molecule should be nonplanar and may
undergo some conformational changes. The two halves of the molecule were much less coupled due to
the free rotation around the single bond. Upon addition of massive water, p-BSP molecules aggregated
together due to their poor water solubility. Molecular mechanics force field computations with MM+
parametrization demonstrated that aggregation induced the planarization of p-BSP and restricted their
rotations, which hampered the formation of radiationless photochromic species. Therefore, the
enhanced emission of p-BSP was attributed to the combined effects of molecular planarization,
restricted molecules rotations, together with J-aggregate formation. Considering that the red-shifts of
absorbance were relatively small, the latter two may be the main factors for AIEE phenomenon.

The AIEE phenomenon of p-BSP is very impressive, but the fluorescent quantum efficiency
(0.063) of aggregates is still not high enough for most luminescent applications. Moreover, the appear-
ance of aggregates would change spontaneously from spherical to rod-like and finally to belt-like,
accompanying the gradual decrease of fluorescent intensity. The relatively low fluorescent efficiency
and the unstable structure limited potential practicality of the aggregates. Since the vibration and twist
of the C=N bond would be the two most likely routes of nonradiate decay of p-BSP excited state, we
developed two novel members of 2-(2'-hydroxyphenyl) benzothiazole-based (HBT-based) ESIPT com-
pounds, N,N'-di[3-hydroxy-4-(2'-benzothiazole) phenyl] isophthalic amide (DHIA) 2 and N,N'-di[3-
hydroxy-4-(2'-benzothiazole) phenyl] 5-fert-butyl-isophthalic amide (DHBIA) 3, in which the C=N
bond was fixed on the ring plane [13].

Both compounds were found to exhibit AIEE phenomena, which fluorescent efficiencies were
increased from about 0.002 in THF solutions to 0.029 (DHIA) and 0.19 (DHBIA) in aggregates (Fig. 2),
respectively. Whatever the case, the emission was always green originated from K* tautomer, while the
emission from E* was so weak and considered negligible. Following our earlier studies on the AIEE
phenomenon, the significant emission enhancement in aggregates was considered firstly as result of
restriction of intramolecular rotations (RIR). In solution, the free rotation of end-substituted HBT units
around the single bonds could effectively quench the excited states. While in the aggregate state, the
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Fig. 2 Photographs of DHIA (a) and DHBIA (b) with concentrations both of 5.0 x 10~ M in THF dilute solution
(left) and in aggregates under irradiation at 365 nm. Reproduced from ref. [13], with permission of the American
Chemical Society.

intramolecular rotation and torsion were greatly impeded and therefore the nonradiative decay channel
was effectively restricted, which in turn populated the irradiative state of the excited molecules and
resulted in a great increase of fluorescence. We noticed that the degrees of their fluorescence enhance-
ment were quite different, while the AIEE of DHBIA was much more prominent. Since the structural
difference between DHIA and DHBIA was only the substituent at the central ring of which orbit was
not involved in the fluorescent state, there were other factors besides RIR that have impact on the AIEE
phenomenon. The noteworthy discrimination of DHIA and DHBIA in the absorption spectra and their
aggregate shapes allowed us to hypothesize that DHIA and DHBIA might present different aggregation
modes. To minimize the total energy of the packing system, DHIA showed a parallel face-to-face
H-aggregation with full m—r stacking as the primary alignment (Fig. 3a). The distances between mole-
cules were 3.5 A according to the molecular mechanics calculation, which was a common interval in
planar aromatic system in crystal stacking. However, for DHBIA, the molecules were not able to pos-
sess an energy-favored full parallel m—m stacking but showed typical slip-stacking due to the steric
restriction imposed by bulky fert-butyl groups (Fig. 3b). In this case, the distance between two HBT
subunits of two adjacent molecules would be restrained at 3.4 A, which indicated an intensified -
stacking between the tail HBT arm of one molecule and the head HBT arm of another molecule.
Meanwhile, the simulated result showed that the whole molecular structure became more planar in the
stacking mode. In scanning electron microscopy (SEM) observations, the appearances of DHIA and
DHBIA aggregates were cube- and rod-like, respectively. The growth tendency of two aggregates cor-
related well with their simulated aggregation fashions. After the investigation of the photophysical
processes, the packing mode was found to affect the fluorescence efficiency as well as the ESIPT quan-
tum efficiency. The ratios of inherent fluorescence efficiency of K* between aggregates and solution
were similar in DHIA and DHBIA, indicating the similar effects of RIR. However, the ratio of quan-
tum efficiency of ESIPT process depended on the packing mode. The H-aggregation in DHIA increased
the internal conversion rate of the E* state, reducing the ESIPT efficiency, while for DHBIA, the reverse
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Fig. 3 Simulated stacking modes of DHIA (a) and DHBIA (b) molecules utilizing n— stacking of HBT subunits.
Reproduced from ref. [13], with permission of the American Chemical Society.

was true. Since the total fluorescence efficiency was the product of ESIPT efficiency and inherent
fluorescence efficiency of K*, the different degrees in their emission enhancement were caused by their
different aggregation modes, which was only due to the steric effect of a single tert-butyl group substi-
tuted to the DHBIA molecule.

Subsequently, an ESIPT compound N-(4-(benzo[d]thiazol-2-yl)-3-hydroxyphenyl)-benzamide
(BTHPB) 4 was synthesized to further understand the AIEE mechanism [14]. The chromophore moi-
ety of BTHPB was the same as that of DHIA and DHBIA. The dilute solutions in organic solvents pre-
sented weak fluorescence, the quantum efficiency of which was just only 0.018. However, BTHPB
showed apparent AIEE property and the emission efficiency was observed as high as 0.27 in the aggre-
gates. The aggregates fluorescence energy and band shape were consistent with that of solution, sug-
gesting that they came from the same excited state. The different quantum efficiency implied the dif-
ferent formation processes and/or radiationless decay routes of the excited states. Viscochromism
experiments with mixtures of cyclohexane and paraffin oil demonstrated that the AIEE of BTHPB pos-
sibly originated from restriction of molecular torsions and rotations, e.g., RIR effect. According to the
first-principles linear-coupling-model calculations, a reliable qualitative method to explore internal con-
version nonradiative decay processes, the aromatic vibration and the rotation between the
hydrobenzol[d]thiazole group and the cyclohexadienone ring that undertook the ESIPT process were the
major radiationless decay routes (Fig. 4). In general, only molecular torsions and rotations but not vibra-
tions were restrained effectively by tight packing of the molecules. Therefore, the restriction of molec-
ular rotations should be the predominant factor of AIEE. Besides calculations, the micro- and femto-
second transient absorption experiments also offered evidence for consideration. In generally accepted
ESIPT mechanism of HBT-type compounds, the excited state K* relaxed with two competitive
processes: decay to the K ground state and nonradiative decay to the long-lifetime trans-keto photo-
product. Transient absorption measured with flash photolysis showed that trans-keto photoproduct of
BTHPB with lifetime 500 ps only existed in solutions rather than in aggregates. The ultrafast absorp-
tion spectra also confirmed that the trans-keto photoproduct never formed after the ESIPT process when

Fig. 4 The scheme of major nonradiative decay route of BTHPB 4. Reproduced from ref. [14], with permission of
the Royal Society of Chemistry.
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BTHPB molecule was restrained. The effects of aggregation on the fluorescence efficiency were not
always promising; ESIPT efficiency in aggregates was only half of that in solution. The decrease prob-
ably resulted from the strong intermolecular interactions of the E forms in aggregates on account of the
considerable changes of absorbance in the aggregates (Fig. 5). It indicated that the efficiency of the
ESIPT process could not be simply assumed as 100 % and the total AIEE observation was the combi-
nation of the positive and negative aggregation effects. The results implied that designing luminescent
compounds with higher emission efficiency in the solid (or aggregates) should be balanced by the inter-
molecular interactions.
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Fig. 5 Absorption and fluorescence spectra of BTHPB in cyclohexane and water. Concentration: 1.0 x 107 M.
Excitation at 360 nm. Reproduced from ref. [14], with permission of the Royal Society of Chemistry.

Fluorescence response of the ESIPT compounds

Since the proton-transfer process can be inhibited by an intermolecular hydrogen bond formed with sur-
rounding molecules, the ESIPT process is generally sensitive to environments that contain proton donor
and/or acceptor. Thus, the emission characteristics of ESIPT compounds are expected to be environ-
ment-dependent. Some ESIPT compounds may exhibit dual luminescence bands that can be adjusted
with various solvents or even circumambient pressure, temperature conditions [15]. Also, different
ESIPT molecules will have different responses to environmental elements. In principle, a molecule with
more than one proton donor/acceptor pair should show a more profound emission nature with environ-
mental change. We designed a novel triple-luminescence ESIPT compound N-salicylidene-3-hydroxy-
4-(benzo[d]thiazol-2-yl) phenylamine (SalHBP) 5 containing two ESIPT subunits. SalHBP could emit
blue or green or yellowish green or even nearly white light with conditions of various environment pres-
sures, temperature, or different polarity solvent since its intramolecular hydrogen bond can be perturbed
by surrounding factors [16].

The fluorescence spectra of SalHBP in meTHF at various pressures are shown in Fig. 6. At ambi-
ent pressure, the emission of SalHBP solutions was very weak and showed two peaks with maxima at
420 and 538 nm. Increasing pressure to about 5 kbar, the emission at 420 nm increased by almost
~3 times. Until the pressure increased to ~10 kbar, a new shoulder emission peak that could not be
detected at ambient pressure was formed around 500 nm. This peak increased immediately after the
pressure was enhanced and became obvious at 15.9 kbar and further increased until 31.2 kbar. With
higher pressure up to 38.9 kbar, the peak around 538 nm increased significantly and the fluorescence of
the ~500 nm peak prevailed. Note that the iso-emissive point around 530 nm was detected from 31.2 to
54.2 kbar, implying a conformational transition between two fluorescent species. On the basis of spe-
cial structure, SalHBP molecules were expected to exhibit three possible emission bands. The three
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Fig. 6 The fluorescence spectra of SalHBP in meTHF at various pressures. Reproduced from ref. [16a], with
permission of the American Chemical Society.

emission bands around 420, 500, and 538 nm were assigned to enol-enol (EE), keto-enol (KE), and
enol-keto (EK) characteristics. The assignments of these three emissions were confirmed by the analy-
sis of emission and excitation spectra of the SalHBP solution. Since pressure would have a few effects
on the ESIPT reaction rate, the response of EE luminescence to pressure was only correlated with the
population of ESIPT reaction molecules. The essential condition for EE emission was the formation of
intermolecular hydrogen bonds. The radial distribution function analysis of molecular dynamic simula-
tions demonstrated that pressure reduced the intermolecular distances and increased the number of
intermolecular hydrogen bonds. Because rotation and in-plane bending vibration were the most possi-
ble radiationless deactivation routes of KE tautomers according to the first-principles linear-coupling-
model calculations, the increasing viscosity induced by pressure was the main reason for the KE emis-
sion enhancement with increasing pressure. The bending and stretching motions of bonds participated
in the nonradiative decay process of EK tautomer. Because most of the bonds were located outside the
molecule, pressure would restrict the bending motions and decreased internal conversion decay rate
more or less. Additionally, increasing pressure would increase the population of molecules that could
have ESIPT reaction to EK tautomer and decrease the probability that was from EE to KE tautomer
simultaneously. The pressure-dependent, switchable colorful fluorescence made the SalHBP rather
unique and possibly suitable for the important applications that include tristable switches and other opti-
cal devices (Fig. 7).

Fig. 7 Photographs of SalHBP under 9.8 kbar (left), 25.2 kbar (middle), and 51.1 kbar (right). The diameter of the
light spot is about 300 wm. Centers of light spot are overexposure. Reproduced from ref. [16a], with permission of
the American Chemical Society.
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The fluorescence spectra of SalHBP in various solvents are shown in Fig. 8. SalHBP exhibited a
significant change in both fluorescence shape and intensity with different solvent environments. At
ambient temperature, SalHBP showed two peaks with maxima at ~420 and ~538 nm in meTHF solu-
tion, but only one emission band at ~538 nm was observed in nonpolar MCH solution. Similarly,
SalHBP also exhibited two emission bands in protic solvent methanol. But the emission in the high-
energy area increased more than one order of magnitude compared to that of the meTHF solution. With
decreasing temperature, the main emission band around 420 nm was enhanced only about 4-fold from
280 to 140 K in alcoholic mixture. Conversely, a remarkable increase of emission band at ~500 nm was
observed when the temperature was below 180 K. In nonpolar MCH solution, SalHBP exhibited only
a wide broad emission band, which maximum blue-shifted gradually from ~538 to ~500 nm with tem-
perature decrease from 280 to 140 K. In the case of meTHF solution, SalHBP exhibited three emission
bands with a peak at about 420, 500, and 538 nm at low temperature. According to the Car—Parrinello
molecular dynamics simulations and time-dependent density functional theory calculations, three pos-
sible emission bands of SalHBP solutions could be obtained from five excited-state rotameric isomers.
The luminescent color was determined by populations of the rotameric isomers. In protic solvent, the
inter-inter EE2 was the main luminescent state due to strong intermolecular hydrogen-bonding forma-
tion with solvent molecules, leading to intense blue emission. In nonpolar solvent, intra-intra KE and
EK rotamers were the most preferred ones, which resulted in the green emission with a wide band. In
polar solvent, the relatively high polarity of solvent increased the population of conformations with
large excited-state dipole moment, almost all rotamers were present in great population, activating all
the three emission bands. As observed above, SalHBP presented apparent blue (CIE1931 0.20, 0.16),
green (CIE1931 0.32, 0.46), and yellowish-green (CIE1931 0.33, 0.42) light in alcoholic, nonpolar and
polar solutions, respectively, the luminescent color of which was temperature-independent. This com-
pound provided a possible route for fabricating a white-light-emitting source with a single component
luminescent material.

800

700 inMcH x20 3 —e— in alcoholic mixture
—e— in Methanol = in MCH
600 —A— in meTHF X20 A inmeTHF
500 =
3 A
© 4004 g
= 2
S 300 s
2 £
£ 200
1004
04
-100 iJ T T T T T T T T T T T T | SR
350 400 450 500 550 600 650 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig. 8 Normalized fluorescence emission spectra of SalHBP (1.0 x 10~> M) in various solvents at room temperature
(left) and 140 K (right). Excitation at 360 nm. Reproduced from ref. [16b], with permission of the American
Chemical Society.

Figure 9 shows the colorful emission from SalHBP dispersed in copolymer (mole ratio of
HEMA:VP 3:7), PS, and PMMA. A commercial UV-emissive light-emitting diode (LED) (365-375
nm) illuminated weak blue light. A thin transparent polymer layer was coated onto the LED head. Upon
illumination, these LEDs generated white, bluish-green, and yellowish-green light, respectively. On the
chromaticity diagram, these emissions showed Commission Internationale de L’Eclairage (CIE) coor-
dinates at (0.29, 0.35), (0.26, 0.38), and (0.30, 0.42), in which the white emission was close to that of
pure white light (0.33, 0.33). In PS, the case of SalHBP was similar to that in MCH where two intra-
moleculer hydrogen bonds of SalHBP exist most of the time, and the emission originated from two
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ESIPT excited-state configurations and presented a green light for low polarity of PS. In PMMA, with
higher polarity compared with MCH, PS, and meTHF, PMMA could increase the population of the tau-
tomer with longer wavelength emission. So in PMMA, yellowish-green light was observed upon illu-
mination. As SalHBP dissolved in HEMA-VP copolymer, the case was more complicated. Each
excited-state conformation with different luminescence mentioned above was populated in the copoly-
mer. This phenomenon was also explained by balance between intra- and intermolecular hydrogen
bonds. Both HEMA and VP presented a great chance to form an intermolecular H-bond with dissolved
SalHBP. But the possibility decreased when the monomer was polymerized to polymer for the limita-
tion of free motion of the macromolecules. Suitable limitation resulted in a suitable population of the
conformations with different color emission. By tuning the ratio of HEMA to VP in the copolymer, the
coated LED generated pseudowhite light that was a combination of all emissions from several confor-
mations of SalHBP, covering the whole visible range from 400 to 700 nm. Apparently, SalHBP can be
considered as a potential luminescent material for environmental polarity detection.

Fluorescent probe with the aggregates of the ESIPT compound

As mentioned previously, the ESIPT compounds show significant AIEE phenomenon. Their lumines-
cence is closely correlated with populations of intra- and intermolecular hydrogen bonds that can eas-
ily be affected by the microenvironment. On the basis of our understanding of luminescence behaviors
of the ESIPT compounds, we have developed a fluorescent probe that is capable of detecting fluoride
ions in aqueous solution [17]. The sensor, which showed a high sensitivity, operated through the spe-
cial affinity between fluoride ions and silicon, and provided two independent modes of signal trans-
duction based on fluoride-dependent changes of fluorescence color (color metric mode) or intensity
(power metric mode), respectively.

Fluoride anion, as the smallest anion, is an essential element in the human body and plays an
important role in healthy and environmental issues, such as urolithiasis, fluorosis, and pollution of
nuclear plants [18]. The U.S. Environmental Protection Agency (EPA) has set a maximum contaminant
level (MCL) of 4 mg L~! (4 ppm) in drinking water. Considerable efforts have been devoted to design
F-selective fluorescent probes [19]. Unfortunately, the incompatibility with aqueous environments is
one of the main drawbacks that restrict the application of these probes. We chose an ESIPT compound
N-(3-(benzo[d]thiazol-2-yl)-4-(hydroxyphenyl)benzamide (3-BTHPB) 6 and its silylated derivative
N-(3-(benzo[d]thiazol-2-yl)-4-(tert-butyldiphenyl silyloxy)phenyl)-benzamide (BTTPB) 7 as probe
dyes (Scheme 1).

HO
@N\ Na/THF
S o]

—_— -
room temperature

HN
3-BTHPB
yellow fluorescence

HN
BTTPB

violet fluorescence

Scheme 1 The synthesis of BTTPB, and the sensing mechanism of chemosensor BTTPB for detecting NaF.
Reproduced from ref. [17], with permission of Wiley-VCH.
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3-BTHPB showed two emission bands originated from the E and K forms at 418 and 560 nm,
respectively. The ratio of the two bands was determined by the number of molecules that could undergo
ESIPT reactions. However, only bright K-form yellow emission was observed in the aggregates. The
BTTPB showed only blue—violet fluorescence, which was almost identical to the emission of the enol
form of 3-BTHPB. With the aid of cetyltrimethylammonium bromide (CTAB) as a surfactant, BTTPB
and 3-BTHPB, both of which were not soluble in water, were applied in aqueous environment. In 2 mM
CTAB, BTTPB was in aggregated state and exhibited only one emission band with a maximum at
418 nm. Upon addition of fluoride ions, the blue—violet emission band decreased and a new emission
band located at 560 nm simultaneously appeared and increased gradually, indicating the Si—O bond of
BTTPB was immediately cleaved and 3-BTHPB was simultaneously released (Scheme 1).
Furthermore, the combination of small micelle sizes and the mobility of organic molecules in the
micelles made the interaction between BTTPB and fluoride ions facile. Addition of 0.95, 1.9, and
3.8 ppm of fluoride ions caused the dispersion fluorescence color to change from blue—violet to violet,
pink—purple, and to pink—white, respectively. In color metric mode BTTPB/CTAB/water system was
sufficiently sensitive for practical detection of fluoride ion in drinking water, standards of which are 1-4
ppm. With the selective excitation wavelength at 385 nm, BTTPB was nonfluorescent due to no
absorbance at this wavelength, while the intensity of the yellow emission of 3-BTHPB increased dras-
tically with fluoride ion concentration. The detection limit of the BTTPB dispersion system for fluoride
ions was measured to be about 100 ppb. This result showed that in power metric mode the dispersion
system had a very good sensitivity for the detection of aqueous fluoride ions. In both modes, the sens-
ing process was rapid and took only 200 s, and offered excellent differentiation from other common
anions such as H,PO,~, AcO~, or NO3‘.

Fluorescence sensors for fluoride ion detection are usually solution-based. This approach is
inconvenient since the sensors cannot be used as efficient tools under special circumstances, such as for
in situ on-site detection. To facilitate the use of our system, we prepared test papers of BTTPB by
immersing a filter paper in the solution of BTTPB in THF (2.0 x 103 M) and then drying it by expo-
sure to air. For the detection of fluoride ions in water, the test paper was immersed in a fluoride-con-
taining aqueous solution (containing 2 mM CTAB) and then exposed to air to remove water and to avoid
further fluorescence color changes. The CIE 1931 (x,y) chromaticity diagram of the test papers after
immersion in solutions of NaF with different concentrations for 3 min are shown in Fig. 10. Apparently,
the easy-to-prepare test paper can be utilized to roughly and quantitatively detect and estimate the con-
centration of fluoride ions.

Fluorescent temperature probe with the boron-containing ICT compound

ICT compounds have been widely used as fluorescent probes, but rare works exist to use ICT dye as a
probe for local temperature. In general, the luminescence quantum yield of organic compounds
decreases with increasing temperature due to the thermally induced radiationless transition [20]. Only
a few compounds (Rhodamine 110, DMABN, PIPBN, etc.) exhibit a luminescence intensity mainte-
nance or even an enhancement from lower temperature to room temperature [21]. The DMABN and
PIPBN belong to the twisted ICT (TICT) compounds with dual fluorescence emission. The TICT
process is concomitant with a luminescence colorimetric change that results from the shift of the ther-
mal equilibrium between local excited-state emission (LE) and the TICT excited-state emission.
However, it is difficult to apply the reported TICT compounds in thermal probe. Almost all TICT com-
pounds have only moderate luminescent quantum yields and the luminescence decreases to very low
levels at higher temperature, possibly resulting from free thermal vibrations of acceptor/donor subunits.
Recently, several arylboron compounds were found to have high luminescence quantum yields, even
above room temperature [22]. Three-coordinate boron is inherently electron-deficient and thus is a
strong m-electron acceptor. In contrast to other strong m-acceptors such as the nitro group, the boron
does not involve in the main nonradiative decay process. Therefore, a luminescent triarylboron mole-
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Fig. 9 Photos of (a) a reference UV LED (365-375 nm) without illumination, (b) the illuminating reference LED,
(c) the same LED coated with a thin layer of SalHBP HEMA-VP copolymer solution without illumination, (d) the
illuminating LED shown in part c, (e) the same LED illuminating a coated thin layer of SalHBP PS solution, and
(f) the same LED illuminating a coated thin layer of SalHBP PMMA solution. Reproduced from ref. [16b], with
permission of the American Chemical Society.

0 ppm 095ppm 1.9 ppm 3.8 ppm

Fig. 10 CIE 1931 (x,y) chromaticity diagram of the test paper for detecting NaF with different concentrations
derived from fluorescence spectra. From left to right, NaF concentration: 0, 0.38, 0.95, 1.9, 3.8, 9.5, 19, 38, 95 ppm;

and photos of the test papers after immersion into different concentrations of NaF. Reproduced from ref. [17], with
permission of Wiley-VCH.

Wavelength(nm)

T : ’
Fig. 11 (a) Temperature dependence of maximum emission wavelength of DPTB; (b) CIE chromaticity diagram

showing the temperature dependence of the (x,y) color coordinates of DPTB. Reproduced from ref. [23], with
permission of Wiley-VCH.

cule, dipyren-1-yl (2,4,6-triisopropylphenyl) borane (DPTB) 8 was designed and synthesized for tem-
perature probe [23].

DPTB shows temperature-dependent green-to-blue luminescence with a very high quantum yield
(at least 0.64) over a wide temperature range (—50 to 100 °C) with high stability and reversibility in the
solvent of 2-methoxyethyl ether (MOE). The corresponding wavelength shift per degree centigrade is
as large as 0.30 nm, which can be readily measured by using a modern UV/vis fluorescence spectrom-
eter, and is thus indicative of an accuracy better than 1 °C (Fig. 11a). The system color shifts can also
be easily observed by the naked eye and captured by a single charge-coupled device (CCD) camera, the
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accuracy is calculated to be approximately 2 °C (Fig. 11b). This intense thermosensitive emission over
a wide range conquers the limitation that high temperatures induce a low signal/noise ratio, thus sug-
gesting that DPTB is an excellent candidate for a reliable and absolute luminescent temperature probe.
The mechanism for the thermosensitive emission was proposed. The DPTB exhibits an abnormally
wide luminescence band that is identified as dual luminescence by its decay lifetime measurements. The
components with shorter- and longer-wavelength luminescence bands are assigned to the emissions
from the LE and TICT states of DPTB, respectively. Similar to the case of other dual-luminescent TICT
compounds, the temperature strongly influenced the dynamic equilibrium between the LE and TICT
excited states of DPTB. The luminescence color was determined by the population of two distinct
excited-state conformations. The lower-energy TICT excited state is preferentially occupied with
decreasing temperature, and, as expected a bathochromic shift of the luminescence is observed. Upon
heating the system, the molecular motion that crosses the thermal barrier between the two excited states
increases the population of the LE state, thus resulting in a hypsochromic luminescence. The applica-
bility of this luminescent probe for detecting the temperature distribution in a certain area, as is often
required in the automobile and aircraft industries, was examined. The DPTB-MOE solution was sealed
in a sandwich structure PVC—porous PP-PVC film. The thickness of the film is 60 mm, making the film
flexible and easy to adhere to the surface to map the temperature distribution. Considering the excited-
state conformation changes in a time range of pico- or nanoseconds, the edge roughness of the pattern
is only determined by the thermal diffusion coefficient of the conductive media. The edge roughness of
the DPTB-MOE system is estimated to be 30-40 um when the image capture time is set to 10 ms,
indicative of a high spatial resolution. Therefore, the thin-film system containing DPTB-MOE can be
used as a fluorescent probe for in situ large-area temperature measurement.

CONCLUSIONS

Over the past few decades, many luminescent organic compounds have been exploited in the develop-
ment of probes for the immediate surrounding environment. The ESIPT and ICT compounds have
attracted much interest for the production of probe materials owing to their rich photophysical proper-
ties. Their intrinsically large Stokes shift addresses the problem of self-reabsorption and makes them
attractive candidates for probe applications. To date, various approaches have been explored to improve
their luminescent quantum efficiency. In this article, we summarized our efforts on understanding their
photophysical processes and fabricating practical probes by taking their beneficial properties. The AIEE
of ESIPT compounds was mainly caused by the restricted intramolecular motion as well as the larger
population of intramolecular hydrogen bonds. The luminescence difference between intra- and inter-
molecular hydrogen-bond tautomers of ESIPT aggregate provided a selective and sensitive colorimetric
route to detect fluoride anion in water. The visible colorful difference and high luminescence efficiency
over a wide temperature range endowed the TICT boron-containing compound with the ability of sur-
rounding temperature detection. To explore the potential of these compounds in probe application, it is
necessary to undertake more basic photophysical research on related dyes with diverse forms, especially
after we found that the different stacking modes were possibly responsible for different extents in the
emission enhancement. Furthermore, in our continuing efforts to design and expand research, more
luminescent ESIPT and ICT compounds with new functions will be discovered and used as sensors and
probes for environments.
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