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Isatin-phenylhydrazone derivatives and their corresponding BF, complexes were efficiently synthesised
by a three-step reaction starting from isatin and phenylhydrazine hydrochloride. The fluorescence
properties of the isatin-phenylhydrazone derivatives and derived BF, complexes were investigated in
different organic solvents, in the solid state and in mixed solvent solutions of THF and H,O. These
fluorescent dyes exhibited low fluorescent intensity in solution but a high fluorescent intensity as ag-

gregates and in their solid state due to the interesting aggregation-induced emission enhancement
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AIEE state. Information supporting this inference was supported by single crystal X-ray analysis.
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1. Introduction

BF, complexes are known as fluorescent dyes: they exhibit high
fluorescence quantum yield, excellent photostability and sharp
fluorescence spectra [1] and are often applied to electrochromic
display systems [2], solar cells [3], liquid crystals [4], optical
storage devices [5] and laser dyes [6]. Solid state emissive BF;
complex dyes, in particular, have garnered much attention from
many research groups because of their fundamental importance
and practical applications in optoelectronic devices such as: field-
effect transistors [7], live-cell imaging [8], organic light-emitting
diodes (OLEDs) [9], and fluorescent sensors [10]. In 2001 Tang's
group first reported that the luminescence of silose molecules was
stronger in the aggregate state than that in the solution state [11]
because of the phenomenon of aggregation-induced emission
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enhancement (AIEE) [12], which is now attracting increasing
research attention. These compounds which have the AIEE char-
acteristics exhibit weak luminescence or have almost no emissions
in their solution state, but show highly emissive behaviour in their
aggregated and solid states. Only a limited number of organic
fluorescent dyes have been reported as displaying AIEE charac-
teristics, these include for example: 1,4-di[(E)-2-phenyl-1-
propenyl]benzene (PPB) [13], siloles [11b,14], thienylazulene [15],
arylethene derivatives [16] and salicylaldehyde azine derivatives
[17]. Therefore exploration of new AIEE fluorophores remains of
interest.

However, most boron complexes hardly fluoresce in the solid
state owing to the formation of delocalised excitons or excimers,
which may cause enhanced non-radiative deactivation of the
excited state [18], better known as aggregation-caused quenching
(ACQ) [19]. In our current work readily synthesised boron fluoride
complexes of isatin-phenylhydrazone were found to exhibite good
AIEE characteristics. The results showed that isatin derivatives and
their BF, complexes displayed attractive luminescent properties in
the solid state and were induced to emit intense fluorescence with
aggregate formation.
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2. Experimental
2.1. General

All of the chemicals used in the current study were purchased
from commercial vendors and used as received without further
purification, unless otherwise noted. All solvents were purified and
dried using standard methods prior to use. Fourier transform-
infrared (FTIR) spectra were performed using Thermo Nicolet
6700 spectrophotometer. Nuclear magnetic resonance ('H, >C and
19F NMR) spectra were recorded on a Bruker AM 500 spectrometer
(Bruker) with chemical shifts reported as ppm at 500, 125 and
376 MHz, respectively, (in CDCl3, TMS as internal standard). Fluo-
rescence spectra were obtained with a F-7000 Fluorescence Spec-
trophotomete in a solution of 100 uM. UV—Vis absorption spectra
were measured on a UV-2550.

2.2. Preparation of compounds 1a—1b

A mixture of isatin (10.0 mmol, 14722 g), ethyl bromide
(10.0 mmol, 1.0905 g) and anhydrous K,CO3 (14.5 mmol, 2.0 g) in
DMF (10 mL) was stirred vigorously for 12 h at room temperature and
complete reaction was detected by TLC analysis. The reaction mixture
was poured into water (100 mL) and the precipitate was concen-
trated to give crude product and recrystallized from EtOH [20].

2.2.1. 1-ethylindole-2,3-dione (compound 1a)
Red solid. Yield 1.7110 g, 98%. Mp: 91-92 °C (ref: 94 °C) [20].
GC—MS: 175.0.

2.2.2. 1-benzylindole-2,3-dione (compound 1b)
From isatin and benzyl chloride as an orange-yellow solid. Yield
2.3467 g, 99%. Mp:132—133 °C (ref: 132 °C) [21]. GC—MS: 237.0.

2.3. Preparation of compounds 2a—2b

A mixture of 1a (5.0 mmol, 0.8755 g), phenylhydrazine hydro-
chloride (5.0 mmol, 0.7325 g) in DMF (10 mL) was stirred vigor-
ously at room temperature overnight. The reaction mixture was
poured into water (100 mL) and extracted with ethyl acetate
(3 x 20 mL). The combined organic layer was dried with MgSO,4 and
the solvent was removed under reduced pressure. The residue was
purified by silica gel chromatography eluting (silica gel, ethyl ace-
tate: petroleum ether = 1:5) leading to phenylhydrazone derivative
2a as a yellow solid [22].

2.3.1. 1-ethylindole-3-phenylhydrazone (compound 2a)

Yellow solid. Yield 0.8220 g, 62%. Mp: 78—79 °C. 1TH NMR
(500 MHz, CDCl3) & 12.83 (s, 1H), 7.68 (d, 1H, ] = 7.5 Hz), 7.38—7.37
(m, 4H), 7.31-7.29 (m, 1H), 7.14—711 (m, 1H), 7.08—7.05 (m, 1H),
6.93(d, 1H,J = 7.9 Hz), 3.89 (q, 2H, ] = 7.3 Hz), 1.35 (t, 3H, ] = 7.3 Hz).
GC—MS: 265.0.

2.3.2. 1-benzylindole-3-phenylhydrazone (compound 2b)
Yellow solid. Yield 1.3566 g, 83%. Mp: 138—139 °C. 'H NMR
(500 MHz, CDCl5): d 12.84 (s, 1H) 7.69 (d, 1H, ] = 7.3 Hz) 7.68—7.37

R = Et, 1a, 98%
R =Bz, 1b, 99%

PhNHNHz HCI

DMF rt

(m, 4H), 7.36—7.30 (m, 4H), 7.30—7.28 (m, 1H), 7.22—7.13 (m, 1H),
7.13=7.07 (m, 2H), 6.82 (d, 1H, | = 7.9 Hz), 5.02 (s, 2H). 13C NMR
(125 MHz, CDCl3): 3 162.27 (2C), 142.63 (1C), 140.18 (1C), 135.83
(1C), 129.46 (2C), 128.88 (2C), 127.96 (1C), 127.75 (1C), 127.29 (2C),
126.76 (1C),123.29 (1C), 122.67 (1C), 121.46 (1C), 118.95 (1C), 114.42
(1C), 109.35 (1C), 43.24 (1C).

2.4. Preparation of compounds 3a—3b

To a stirred solution of 2a (0.5 mmol, 0.1328 g) in degassed
anhydrous dichloromethane (20 mL), EtsN (10 mmol 1.5 mL) was
syringed under nitrogen atmosphere. After stirred for 20 min,
BF3-OEt; (10 mmol, 1.25 mL) was successively added by syringe.
The mixture was stirred at room temperature overnight and com-
plete reaction was detected by TLC. The mixture was quenched with
water (20 mL), and extracted with dichloromethane (3 x 20 mL).
The organic layer was dried with MgSO4 and the solvent was
removed under reduced pressure. The residue was purified by silica
gel chromatography eluting (silica gel, ethyl acetate: petroleum
ether = 1: 10) to afford clean complex 3a as a orange-yellow solid.

2.4.1. 5-ethyl-3,3-difluoro-2-phenyl-3,5-dihydro-2H-[1,3,4,2]
oxadiazaborinino[6,5-b] indol-4-ium-3-uide (compound 3a)
Orange-yellow solid. Yield 0.1253 g, 80%. Mp 163—166 °C. FTIR
(KBr, cm~1) 2987.2, 1608.4, 1508.5, 1321.0, 1282.5, 1210.1, 1135.9,
1023.3, 761.8, 545.8, 432.0. 'H NMR (CDCls, 500 MHz): & 7.90—7.88
(m, 1H), 7.85—7.83 (m, 2H), 7.47—7.44 (m, 2H), 7.40—7.39 (m, 2H),
7.39—7.36 (m, 1H), 7.35—7.26 (m, 1H), 4.19 (q, 2H, ] = 7.4 Hz), 1.53 (t,
3H, J = 7.4 Hz). 3C NMR (CDCls, 125 MHz):  152.84 (1C), 145.16
(1C),136.02 (1C), 128.94 (2C), 126.85 (1C), 126.54 (1C), 124.88 (1C),
123.29 (1C), 121.56 (1C), 120.72 (1C), 119.01 (2C), 110.74 (1C), 36.72
(1C), 13.45 (1C). 'F NMR (CDCl3, 376 MHz): 3 —130.94 (s,
1F), —131.00 (s, 1F). HRMS (ESI-TOF) found: [M + H]" 314.1273,
molecular formula C1gH14BF2N30, requires [M + H]" 314.1271.

2.4.2. 5-benzyl-3,3-difluoro-2-phenyl-3,5-dihydro-2H-[1,3,4,2]
oxadiazaborinino[6,5- bjindol-4-ium-3-uide (compound 3b)

Deep-yellow solid. Yield 0.3758 g, 84%. Mp: 145—149 °C. FTIR
(KBr, cm™~1) 3060.5, 1634.0, 1508.1, 1458.1, 1266.7, 1183.4, 1133.0,
1023.8, 881.3, 757.9, 555.4. 'H NMR (500 MHz, CDCl3): & 7.89—7.86
(m, 3H), 748 (t, 2H, J = 1.9 Hz), 7.45-7.28 (m, 8H), 7.17 (d, 1H,
J = 7.4 Hz), 5.27 (s, 2H). 3C NMR (125 MHz, CDCl3): & 153.14 (1C),
145.20 (1C), 136.28 (1C), 133.48 (1C), 129.30 (2C), 128.92 (20),
128.72 (1C),127.67 (2C), 127.11 (1C), 126.59 (1C), 125.03 (1C), 123.13
(1C), 121.58 (1C), 120.90 (1C), 118.95 (1C), 114.46 (1C), 111.62 (1C),
45.52 (1C). '9F NMR (CDCls, 376 MHz): 8 —130.96 (s, 1F), —131.02 (s,
1F). HRMS (ESI-TOF) found: [M + H]" 376.1436, molecular formula
Cz]H]GBF2N30, requires [M + H]Jr 376.1427.

3. Results and discussion
3.1. Synthesis

Preparation of the substituted isatin-phenylhydrazone de-
rivatives (precursor 2) and their corresponding boron complexes
(BODIHY 3) is shown in Scheme 1. To inhibit the H atom on the N

R=Et 2a, 62% R = Et, 3a, 80%

R =Bz, 2b, 83% R = Bz, 3b, 84%

Scheme 1. The synthesis of the precursor 2 and the BODIHY 3.
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Fig. 2. Fluorescence emission spectra of the precursor 2 (lex = 400 nm) and the

BODIHY 3 (Jex = 435 nm) in the solid state (PMT Voltage: 600 V).
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Fig. 4. Absorption (a) and fluorescence emission spectra (b) of the precursor 2
(4ex = 400 nm) (100 uM) and the BODIHY 3 (4ex = 435 nm) (100 pM) in THF solution
and “aggregate” (THF/water, 1:9, v/v) states (PMT Voltage: 900 V).

atom in the isatin which will affect the reaction, a series of sub-
stituents (ethyl, benzyl) were introduced at first as electron-
donating groups and also to act as bulky steric groups. The N-
alkylation isatin was accomplished by the reaction of isatin and

crystal of 3a 3a at 166 'C
(365 nm)

Fig. 3. The colour of compound 2a and 3a in the solid state and crystal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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alkyl bromide in the presence of K»CO3 (1.4 equiv.) in DMF at room
temperature; precursor 2 was prepared by condensation of the
isatin derivative with phenylhydrazine hydrochloride (1 equiv.) in
DMF at room temperature which resulted in a 62% (2a) and 83%
(2b) yield. The BODIHY 3 was produced, with a yield of 80% (3a) and
84% (3b) yield, by using an excess of BF3-OEt, in DCM with Et3N as
the base and purification by column chromatography (silica gel, EA:
PE = 1:10). The structures of the boron complexes were fully
characterised by FTIR, 'H NMR, 3C NMR, GC—MS, and HRMS
analysis.

3.2. Fluorescence properties

The fluorescence properties of 2a, 2b, 3a, and 3b were examined
under different conditions such as: in different organic solvents, in
their solid states, and in a mixture in solution of THF and H,0. The
AIEE characteristics of 2a, 2b, 3a, and 3b were investigated in THF/
water (from 10:0 to 1:9, v/v) and shown in Figs. 5 and 6. Optical
data in different solutions for all compounds are gathered in Table 1.

3.2.1. Fluorescence in solution

The solvent effect on the absorption and fluorescence properties
of phenylhydrazone derivatives (2a, 2b) and their corresponding
boron complexes (3a, 3b) were examined (see Fig. 1, Table 1). As
shown in Fig. 1 and Table 1, the precursor 2 showed a sharp
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absorption peak at approximately 400 nm along with a vibrational
peak. The maximum absorption wavelength (An.x) of BODIHY 3
(435 nm) was more bathochromic than the precursor 2 (400 nm)
and the Amax of these compounds were barely affected by solvent
polarity, suggesting that the dipole moments of the molecules in
their ground and excited states were almost equal [23]. The molar
absorption coefficient (¢) of BODIHY 3 underwent a slight change in
different organic solvents and had the highest value in THF which
was its best solvent. The fluorescence quantum yields (&) of
BODIHY 3 were below 0.01 in organic solvents so these compounds
hardly exhibited fluorescence in solution.

3.2.2. Fluorescence in the solid state

As shown in Fig. 2, although BODIHY 3a, 3b and their precursor
phenylhydrazone 2a, 2b all exhibited AIEE, in BODIHY 3a, 3b the
effect was more apparent than precursor 2 in their aggregate or
solid states. The BF» complex 3 displayed a red shift (c. 50 nm)
compared with precursor 2, 2a (598 nm), 3a (646 nm), 2b (584 nm),
and 3b (632 nm) (see Table 1). The complexation of BF, enhanced
the molecular rigidity and coplanarity of BODIHY 3, which caused
the red shift. The colour of precursor 2a and BODIHY 3a in their
solid state and the crystals of 3a by direct visualization and UV lamp
(365 nm) are shown in Fig. 3. Under UV black light excitation
(dex = 365 nm), precursor 2a appeared green and BODIHY 3
appeared bright orange-red while the natural colour of 2a was
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Fig. 5. Absorption (a, b, ¢) of dilute solution of compound 3b (100 uM) with different duration for 0 h (a), 1 h (b), 24 h (c) and fluorescence spectra (d) of compound 3b (100 pM)
with duration for 3 h in THF/water mixtures with different water contents. Inset shows fluorescence titration curve of compound 3b in the THF/water mixtures (lex = 435 nm, PMT

Voltage: 900 V).



506 J. Zheng et al. / Dyes and Pigments 113 (2015) 502—509

orange and 3a was red. Crystalline 3a appeared bright rose-pink
with a visible red shift under the UV lamp (365 nm) due to the
different molecular stacking of the powdered and crystalline forms.
Moreover, no fluorescence could be observed under the UV lamp
(365 nm) when BODIHY 3a was in its molten state at a temperature
greater than 166 °C: this may have been due to the destruction of
the configuration of 3a as it melted at which point it could undergo
free intramolecular rotation.

3.2.3. Fluorescence in the aggregated state

The AIEE characteristics of compounds 2a, 2b, 3a, and 3b were
investigated in a mixture of THF and water (see Fig. 4). In THF
compounds 2a and 2b, 3a, and 3b were well-dispersed and dis-
played structured absorption spectra and weak fluorescence
emissions in their solution state. However, when they were in a
poor solvent (THF/water (1:9, v/v)), no absorption in the visible
region of their absorption spectra clearly suggested the formation
of an aggregated state, and strong fluorescence emission was
observed consequently with the maximum fluorescence wave-
lengths (Fpax) of precursor 2 at about 580 nm and that of BODIHY
3 at about 620 nm. In comparison, the AIEE effect of BODIHY 3 was
much stronger than that of the precursor 2.

To determine whether precursor 2 and BODIHY 3 have AIEE
characteristics, the UV—Vis absorption spectra and fluorescence
spectra of compound 3b were measured in a series of THF/water
mixtures with different volume fractions of water, since compound
3b was soluble in THF but not in water (see Fig. 5). Compared with
the UV—Vis spectrum of compound 3b in different mixtures of THF
and water over different test durations (quasi-instantaneous, 1 h,
and 24 h), the maximum absorption wavelength and intensity were
practically unchanged in the dilute THF solution (435 nm). How-
ever, an obvious blue shift (¢. 35 nm) in the maximum absorption
peak (435 nm (quasi-instantaneous), 420 nm (1 h), and 400 nm
(24 h)) was observed when water was added (10—70% (v/v))
gradually, but the intensity underwent no significant change. When
the water fraction was between 80 and 90%, the maximum ab-
sorption peak had the same blue shift, along with a rapidly
decreased absorption intensity until this levelled-off to a tail (90%)
in the visible region of their absorption spectra (see Fig. 5(a—c)).
This phenomenon of the absorption intensity rapidly decreased
with the increase of the water fraction may have been due to Mie
scattering caused by nanoparticles [24]. Upon photoexcitation (see
Fig. 5(d)), the dilute THF solution of compound 3b showed a fluo-
rescence spectrum with an emission peak at 604 nm despite its
luminogen concentration remaining unchanged at 1 x 10~% M over
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Fig. 6. Effect of water volume fraction on the AIEE fluorescence intensity (peaks in
fluorescence spectra) of the precursor 2 (Aex = 400 nm) (100 uM) and the BODIHY 3
(Aex = 435 nm) (100 uM) in THF/water. (PMT Voltage: 900 V).

Table 1
Optical data measured in different solutions.

Dye Matrix Aabs (mMax) (nm) e(MT-cm™) Aem (Max) (nm)

2a CHCl; 402 21,670 584
Solid 598
2b CHCl3 403 19,260 568
Solid 584
3a CHCl; 437 26,590 620
DCM 435 26,900 612
THF 433 27,160 612
EtOH 432 27,560 612
MeCN 429 27,230 608
Solid 646
3b CHCl; 437 23,220 606
DCM 435 24,470 618
THF 435 28,170 604
EtOH 430 16,090 604
MeCN 431 18,260 602
Solid 632

the 3 h test duration. Increasing the water content to 70% (v/v) in
the solution containing 3b, the fluorescence properties were almost
the same until the water content reached 70% (v/v), because com-
pound 3b was soluble in the THF/water mixtures at a lower water
content (<70% (v/v)). However, as the water content increased to
over 80% (v/v) in the THF/water mixture, the fluorescence intensity
dramatically increased: the absorption intensity decreased rapidly
(80—90%). Similar results were observed for compounds 2a, 2b, and
3a. Since water was a poor solvent for compounds 2a, 2b, 3a, and
3b, the molecules of these compounds must have aggregated in the
THF/water mixture system at those higher water contents (80—90%
(v/v)). Therefore, the BODIHY 3a, 3b and their precursor phenyl-
hydrazone 2a, 2b were AIEE active. More interestingly, according to

Fig. 7. (a) The colour of compound 2a, 2b, 3a and 3b under the UV lamp (365 nm),
S = THF solution, A = aggregate (THF:water = 1:9, v/v). (b) The colour of compound 3b
under the naked eye and the UV lamp (365 nm), S = EtOH solution, A = aggregate
(EtOH: water = 4:6, v/v). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Dependence of the fluorescence intensity of compound 3a (100 uM) to
aggregating time in THF/water (1:9, v/v). Inset shows fluorescence titration curve of
compound 3a to aggregating time in THF/water (1:9, v/v) (Aex = 435 nm, PMT Voltage:
900 V).

the different solubilities of the compounds in the solvent, an AIEE
effect also occurred at different volume fractions (see Fig. 6), such
as compound 3b for which this occurred at 70% volume fraction of
water in the THF/water mixtures and 50% in the EtOH/water mix-
tures due to the better solubility in THF than in EtOH. With further
increased water content to greater than 80% in the THF/water
mixtures and 60% in the EtOH/water mixtures, the fluorescence of
3b will be decreased due to precipitation. The AIEE effect occurred
at 70% volume fraction of water for 2b and 3a, but at 80% for 2a in
the THF/water mixtures. This phenomenon was observed under the
UV lamp (365 nm) (see Fig. 7).

To investigate the process of this AIEE phenomenon further, the
relationship between the fluorescence intensity of compound 3a
and the aggregating time in the THF/water mixtures at 90% volu-
metric water content was studied. The mixture solutions of 3a were
configured by water which was immediately added to the THF
solution of 3a and ultrasonicated (at 100 Hz) at room temperature.
The fluorescence was detected from the outset to 1 h at five minute
intervals (see Fig. 8). The result showed that the fluorescence was
enhanced uniformly with respect to time for the first 20 min, and
reached a maximum value thereafter. It was assumed that, initially,
the ultrasonication caused an increased chance of a valid collision
occurring due to the dye molecules clustering together to form tiny

particles, and then the portion of the dye molecules remaining in
the solvent mixture was gradually deposited onto the initially
formed particles in a way similar to recrystallisation. Before 20 min
had elapsed, compound 3a, which dissolved in the solution, was
precipitated completely; the fluorescence enhancement did not
increase further. Thus, the size and orderliness between compound
3a molecules in the aggregates can be increased in time: this was
more propitious at enhancing restricted intramolecular rotation
effects.

3.3. Crystal structure of 3a

To understand what was happening in the aggregation, single
crystals of 3a was obtained by recrystallisation from methylene
chloride and petroleum ether. The X-ray analysis of the crystals of
3a (see Fig. 9) showed that the molecule was almost planar (the
dihedral angle between the isatin ring and the phenyl ring was
4.5°) and had an intramolecular H-bond between the BF, group and
the phenyl ring (C—H ... F, 2.823 A) that may further assist in
restricting its rotation. The extended structure showed that 3a
adopted a head-to-tail one-dimensional arrangement along the
crystallographic c-dimension (see Fig. 9) and the thus formed two-
dimensional layers aggregated through m—m interactions (4.125
and 4.353 A) along the crystallographic b-dimension (see Fig. 9).
The m—m= interaction between the isatinyl and phenyl rings of the
two different molecules was most probably responsible for the red
shift observed with the crystals of 3a compared to its film.

Fluorophore, in this isatin-phenylhydrazone structure con-
nected the isatin ring and aromatic moieties by rotatable N—N
single bonds, exhibited free intramolecular rotation in the single
molecule state, but this rotation was inhibited in the aggregated
state. Because intramolecular rotation could be an effective mech-
anism for fluorescence quenching, such fluorophores generally
show AIEE characteristics [ 17]. Strong AIEE effects were observed in
these corresponding BF, complexes (3) due to the formation of a
planar molecule with hydrazone moieties forming six-membered
rings under the action of the BF, complex.

4. Conclusion

In conclusion, a new family of BF,-Hydrazone derivatives (3)
containing isatin were developed that showed enhanced fluores-
cence upon their aggregation. In particular, these complexes dis-
played unusual aggregation-induced emission enhancement in the
mixed solvent of THF/water or ethanol/water. Moreover, solvent-
and time-influenced photoluminescene of AIEE in this mixture and

Fig. 9. Crystal structure of compound 3a (CCDC 998356). Left: ORTEP drawing. Right: A 3D-stacking structure of 3a.
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solution for BODIHY 3 were observed and rationalised on the basis
of X-ray crystallographic studies. These series of compounds could
be applied to the design of OLEDs, live-cell imaging and fluorescent
Sensors.
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