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Aniline oligomers have been widely used in many fields due to their excellent physicochemical properties. Owing to strong
intermolecular interactions, their emission is always weakened or quenched when they are in high concentration or aggregated
state, which greatly limits their fluorescent applications. Inspired by the concept of aggregation-induced emission (AIE), herein
we introduced large steric groups onto the aniline oligomer to prevent the formation of packing structure. In particular, diphenyl
vinyl group was bonded with oligomeric tetraaniline by a facile synthetic procedure with high yield. The obtained aniline
oligomer derivative exhibited typical AIE features, which was also confirmed by density functional theoretical calculation. More
importantly, this AIE oligomer was able to detect Fe'' ions selectively and quantitatively. The fluorescence intensity decreased
linearly along with the increment of F ¢’ concentration. Moreover, we demonstrated that this AIE oligomer could stain live
bacteria, such as E. coli and S. aureus efficiently. All these results suggest that such a readily accessible and multifunctional

tetraaniline derivative provides a new platform for the construction of fluorescent materials.
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1 Introduction

Fluorescent materials have received intensive attention due
to their rapid progress in various fields, such as organic light-
emitting diodes, chemical and biological sensors, and
fluorescent imaging [1-3]. However, fluorescent materials
often present a fluorescence quenching phenomenon in ag-
gregated state, which is so-called aggregation-caused
quenching (ACQ). The emission intensity is weakened or

*Corresponding authors (email: chryan@ust.hk; lcgao@buaa.edu; jyang@buaa.edu)

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

even disappears under the condition of aggregation [4],
which makes many potential molecules rejected by practical
applications.

In 2001, Tang’s group [5] coined a concept of aggregation-
induced emission (AIE). When the molecules gathered to-
gether, their fluorescence was enhanced because of the re-
striction of intramolecular motions (RIM) mechanism [6,7].
Since then, great effort has been made on designing new AIE
luminogens (AIEgens). A variety of AIE fluorophores have
been developed, such as tetraphenylethene [8], siloles [9],
pyrroles [10], and distyrylanthracene derivatives [11-13],
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and they have been applied in many fields such as fluores-
cence probes, bioimaging and mechano-fluorochromic ma-
terials [14-21]. However, traditional AIEgens are mainly
synthesized by the McMurry reaction or lithium reaction
[22,23] in somehow violent conditions or with limited yield.

On the other hand, aniline oligomers are cheap and easily
prepared with special chain structure and excellent physical
properties which make them a wide application prospect in
electrochromic devices, electromagnetic shielding, metal
anticorrosion and stealth technology [24-26]. However,
most aniline oligomers suffer from the ACQ effect, for the
reason that there exist different intermolecular interactions
simultaneously, including n-n attractions, hydrophobic in-
teractions, and hydrogen-bonding. Inspired by the AIE me-
chanism, introduction of steric groups onto the aniline
oligomers could reduce the formation of packing structure,
and thus it could be a solution for the ACQ problem.

Herein, a large diphenyl vinyl steric hindrance group was
bonded with a tetraaniline in a simple synthetic route. The
diphenyl vinyl groups worked as the aromatic rotors, pre-
venting the destructive intermolecular n-n stacking interac-
tions. In the solution state, the fluorescence emission of
resulting tetraaniline derivative was weak but highly en-
hanced in the aggregated state, that is, the aniline oligomer
with ACQ feature was transformed into AIE characteristics.
Meanwhile, the new AIEgen possessed a highly fluorescence
selectively towards Fe'" for “turn-off” response and a “turn-
on” bioimaging for bacteria. The AIE-type tetraaniline de-
rivative could act as a new system for multifunctional AIE
fluorophores with readily accessible synthesis and functio-
nalization, which was encouraging for the development of
novel fluorescent materials for scientific discoveries and
technological innovations.

2 Experimental

2.1 Materials

4,4'-Diaminodiphenylamine sulfate hydrate and diphenyl-
acetaldehyde was purchased from TCI Shanghai (China). 4-
Fluoronitro-benzene was purchased from Innochem (China).
Camphorsulfonic acid was purchased from Adamas (USA)
and 10% Pd/C was from Acros (Belgium). Stock solutions
containing metal ions of K, Na', Ca2+, Mg2+, Zn2+, Mn2+,
cd™, Co™, cr'’, NI, Pb™", AI'", Fe’", Eu’", Fe’", Ag" and
Cu”" were prepared in distilled water. Other reagents were
purchased from Beijing Chemical Factory (China). All re-
agents and solvents were used without further purification.

2.2 Instruments

'H NMR spectra were completed on a Bruker AV400 spec-
trometer (Germany) using deuterated dimethyl sulfoxide
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(DMSO-dj) as solvent at 25 °C. Fourier transform infrared
(FTIR) spectra were recorded on NEXUS-470 spectrometer
(Nicolet, USA) using KBr pellet technique. UV-Vis ab-
sorption spectra were measured on a TU1901 UV-Vis
spectrometer (Persee, China) at room temperature. MALDI-
TOF MS measurements were carried out on Bruker Autoflex
IIT SmartBeam (Germany). Fluorescence spectra were ob-
tained using F-7000 fluorescence spectrophotometer (Hi-
tachi, Japan). Laser confocal scanning microscopy images
were collected on a Zeiss laser scanning confocal microscope
(LSM7 DUO, Germany).

2.3 Synthesis

2.3.1 N,N-bis(4"-nitrophenyl)-4,4"-diaminodiphenylamine
(NOy-Ani,NO,)

4,4'-Diaminodiphenylamine hydrate  (9.22 g,
31 mmol) and triethylamine (9.95 g, 98 mmol) were dis-
solved in 50 mL of DMSO at room temperature, and 4-
fluoro-nitrobenzene (11.03 g, 78 mmol) was added in se-
quence. The mixture was stirred at 90 °C for 72 h under
nitrogen atmosphere to avoid amine oxidation. After the
mixture was cooled to room temperature and poured into
stirred water, the resulting precipitates were collected and
purified by reprecipitation from tetrahydrofuran (THF) to
give desired NO,-Ani-NO, as brown powder (11.62 g, yield
85%). FTIR (KBr, cm ): 3356 (N-H); 2975, 2913, 2848 (C—
H, Ar); 1600, 1297 (NO,); 1113 (C-N); 831, 750, 694 (C-H,
Ar). 'HNMR (400 MHz, DMSO-dj), 6, ppm: 9.12 (s, 2H, C—
NH), 8.22 (s, H, C-NH), 8.04 (d, 4H, Ar-H), 7.16-7.10 (m,
4H, Ar-H), 6.90 (d, 4H, Ar—-H). MS (MALDI-TOF): m/z,
440.9 (M calcd 441.1).

sulfate

2.3.2 N,N"-bis[(4"-nitrophenyl)-N,N',N"-tris(2,2-diphe-
nyl-vinyl)-4,4'-diaminodiphenylamine (NO,-B3-Ani,~NO,)
NO,-Ani,-NO, (0.882 g, 2 mmol), camphorsulfonic acid
(0.02 g, 0.08 mmol) and diphenyl acetaldehyde (1.177 g,
6 mmol) were dissolved in THF (30 mL), and the resulting
mixture was heated to reflux for 24 h under nitrogen atmo-
sphere with stirring. Then the solvent was removed by rotary
evaporation, and the left crude product was purified by re-
crystallization from ethyl acetate (EA) to give NO,-B;-Ani,-
NO, as red powder (1.70 g, yield 87%). FTIR (KBr, cmfl):
3058, 2920, 2853 (C-H, Ar); 1586, 1311 (NO,); 1502
(C=C); 1113 (C-N); 840, 750, 699 (C-H, Ar). '"H NMR
(400 MHz, DMSO-dy), d, ppm: 8.08 (d, 4H, Ar—H), 7.13—
7.34 (m, 30H, Ar-H), 6.87 (d, 4H, Ar-H), 6.78 (d, 3H,
CH=C), 6.55-6.60 (m, 8H, Ar—H). MS (MALDI-TOF): m/z,
975.3 (M caled 975.3).

2.3.3 N,N"-bis(4"-aminophenyl)-N,N',N"-tris(2,2-diphenyl
vinyl)-4,4'-diaminodiphenylamine (NH,-Bs-Ani,~NH,)
NO,-B;-Ani-NO, (1.0 g, 1.02 mmol) and 10% Pd/C (0.1 g)
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were dispersed into ethyl alcohol, and added into the three-
neck flask with magnetic stirring under nitrogen atmosphere.
Then 10 mL hydrazine hydrate was added dropwise into the
flask. After it was stirred and refluxed for 24 h, the mixture
was filtered to remove Pd/C, and then the filtrate was col-
lected and cooled to room temperature to separate the product
NH,-B;-Ani,-NH, as yellow powder after dried in vacuo at
50 °C (0.83 g, yield 89%). FTIR (KBr, cm '): 3291, 3045
(NH,); 1500 (C=C); 1256 (C-N); 830, 764, 697 (C-H, Ar).
'"H NMR (400 MHz, DMSO-dj), 6, ppm: 7.30—7.00 (m, 30H,
Ar-H), 6.85 (s, 3H, CH=C), 6.57-6.40 (m, 16H), 4.84 (s, 4H,
NH,). MS (MALDI-TOF): m/z, 915.3 (M caled 915.4).

3 Results and discussion

3.1 Synthesis

For the aniline oligomers, e.g., trianiline and tetraaniline,
their dilute N,N-dimethylformamide (DMF) solution showed
strong luminescence. With gradual increase in the fraction of
water, the emission became weakened, as shown in Figure
S1 (Supporting Information online), presented typical ACQ
feature. In order to hamper their intermolecular interactions,
large steric groups, i.e. diphenyl vinyl groups, were in-
troduced, considering both the function and ease of synth-
esis, as shown in Scheme 1. In detail, the nitro-capped
tetraaniline derivative NO,-Ani,-NQO, was synthesized ac-
cording to the references [24-26]. Then the nitro-capped
diphenyl vinyl-substituted tetraaniline derivative NO,-B;-
Ani,-NO, was synthesized by Schiff base reaction of sec-
ondary amine groups of NO,-Ani~-NQO, and aldehyde groups
of diphenyl acetaldehyde. Finally, amino-capped tetraaniline
derivative NH,-B;-Ani,-NH, was obtained by hydrazine
hydrate Pd/C-catalytic reduction of NO,-B;-Ani,-NO,. The
amino terminal groups enable the AIEgen additional func-
tions, such as reaction points for condensation polymeriza-
tion. The resulting products were obtained after easy
purification, with relatively high yield and confirmed by
FTIR, 'H NMR and MALDI-TOF MS (presented in Figures
S2-S4).
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Scheme 1 Synthetic route of NH,-B;-Ani,-NH,.
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The thermal behaviors of NH,-B;-Ani,-NH, were mea-
sured by thermogravimetric analysis (TGA) and differential
scanning calorimeter (DSC), and depicted in Figure S5. The
TGA curve displayed a high thermal stability of NH,-B;-
Ani,-NH, with 5% weight loss occurring above 400 °C,
while the DSC trace presented one peak at 231 °C which
should be assigned to the melting temperature of NH,-B;-
Ani,-NH,. All these results illustrated that NH,-B;-Ani,-
NH, had a good thermal stability.

3.2 UV-Vis
spectra

absorption and fluorescence emission

The UV-Vis absorption and fluorescence emission spectra of
NH,-B;-Ani-NH, in different solvents were presented in
Figure 1(a). Compared with its precursor NH,-Ani,-NH,
(Figure S6), the UV-Vis absorption and fluorescence emis-
sion peaks of NH,-B;-Ani,-NH, are red-shifted due to the
contribution of diphenyl vinyl groups. Furthermore, two
typical UV-Vis absorption bands at about 340 and 400 nm
were presented which corresponded to m-m transitions of
ethylene-phenyl conjugation structure and amino bonds, re-
spectively. Meanwhile it gave similar absorption maxima in
different solvents, indicating little change of dipole moments
at its ground state in different solvents [21]. However, NH,-
B;-Ani,-NH, exhibited weak emission in different solvents
with solvent polarity dependence (Figure 1(b)). As illustrated
in Table 1, the emission maximum was red-shifted from 494
to 534 nm and the band was broadened with increasing the
solvent polarity from nonpolar toluene to polar DMF. The
Stokes shift of NH,-B;-Ani,-NH, was increased with in-
creased solvent polarity, producing a distinct maximum.
These results were ascribed to the domination of in-
tramolecular charge transfer (ICT) process.

3.3 AIE properties

The fluorescence spectra of NH,-B;-Ani,-NH, in DMF/H,0
mixture with concentration of 1.0 mM were presented in
Figure 2(a)). Upon the excitation at 390 nm, NH,-B;-Ani,-
NH, in pure DMF solvent exhibited weak emission at about
534 nm. When the water fraction (f,,) increased from 0% to
30%, the fluorescence intensity changed little. However, the
fluorescence intensity of NH,-B;-Ani,-NH, was dramati-
cally enhanced with increased f;, from 30% to 80%. The
fluorescence intensity reached maximum at £,=90%, which
was 7.5-fold higher than that in the pure DMF solvent. This
result confirmed that NH,-B;-Ani,-NH, was a typical AIE
fluorophore.

Furthermore, the emission peak wavelength of NH,-B;-
Ani,NH, changed a little when the water was less than 30%,
and then displayed hypsochromic shifted from 534 to
505 nm with the increase of non-solvent water up to 40%, as
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Figure 1 (a) UV-Vis absorption and (b) fluorescence spectra of NH,-B;-
Ani;-NH, in different solvents. Concentration: 1.0 mM; excitation wave-
length: 390 nm (color online).

Table 1 Photophysical properties of NH,-B;-Ani,-NH, in different sol-
vents

Solvent Aaps (NM) App (nm) Stokes shift (cm ™)
Toluene 343 494 8912
Dichloromethane 341 507 9602
EA 338 509 9939
THF 342 513 9747
DMF 338 534 10859

shown in Figure 2(b)). The hypsochromic shift was caused
by the increased hydrophobicity of the local environment in
the formed aggregates, which was consistent with the results
in references [27-29]. As the aggregates have already
formed, then the emission peak wavelength remained basi-
cally same (~505 nm) when the water fraction ranged from
40% to 90%.

For better understanding the AIE feature of the NH,-B;-
Anii-NH,, its electronic structures were theoretically cal-
culated by density functional theory (DFT). The optimized
molecular geometries and frontier orbitals were calculated
and presented in Figure 3. The highest occupied molecular
orbital (HOMO) was distributed on the chain backbone of
tetraaniline motifs and partly localized on diphenyl vinyl
groups. Because of the electron-donating amino group, the
lowest unoccupied molecular orbital (LUMO) was mainly on
the middle of diphenyl vinyl and tetraaniline part. Both
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Figure 2 (a) Fluorescence spectra of NH,-B;-Ani,-NH, in DMF/H,0
mixture with different water fractions (inset: images of NH,-B;-Ani,-NH,
in DMF/H,0 mixture with 0%-90% water content under 365 nm UV
lamp); (b) plots of relative fluorescence intensity (//;) and fluorescence
maximum of NH,-B;-Anis-NH, versus the water fraction in DMF/H,0O
solution (/,: fluorescence intensity of NH,-B;-Ani,-NH, in pure DMF;
concentration: 1.0 mM; excitation wavelength: 390 nm) (color online).
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Figure 3 HOMO and LUMO spatial distributions of NH,-B;-Anis-NH,
and NH,-Anis-NH, (color online).

HOMO and LUMO energy levels of AlEgen were more
downshifted than that for its precursor NH,-Ani,-NH,, ow-
ing to the contribution of diphenyl vinyl groups (—4.26 vs.
—4.01 eV for HOMO, and —0.80 vs. 0.09 eV for LUMO of
NH,-B;-Ani-NH, and NH,-Ani,~NH,, respectively). Based
on the optimized structure, it was clear that the AIEgen
adopted nonplanar conformation. The diphenyl vinyl groups
were highly twisted out from aniline plane. These twisted
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aromatic rotating units would serve as rotors to quench the
fluorescence non-radiatively in the solution state, and pre-
vent the molecules from detrimental n-n stacking in the ag-
gregation, resulting in the AIE phenomenon [30,31].

3.4 Metal ion detection

To evaluate the possible metal ion detection capability of
NH,-B;-Ani-NH,, its luminescence behaviors in the DMF/
H,O solution were studied under different metal ion stimuli.
The fluorescence responses of NH,-B;-Ani-NH, to various
cations, such as K+, Na+, Ca2+, Mg2+, Zn2+, Mn2+, Cd2+, C02+,
cr’, Nit', Pb*", A", Fe’', Eu’’, Fe’', Ag" and Cu™”, were
examined under the same experimental condition. As shown
in Figure 4(a, b), only F ¢’ induced an obvious fluorescence
weakened under the given condition, indicating that this
AlEgen was highly selective to Fe'', whereas other metal
ions had no significant change in the emission intensity. In
other word, NH,-B;-Anis-NH, showed no response to the
common anions, and its excellent Fe’* selectivity implied its
potential application for the sensing of Fe’'. In addition, the
fluorescence of NH,-B;-Ani,-NH, was decreased by Fe'*
but increased by Fe’" at the same concentration (Figure 4(b)),
suggesting NH,-B;-Ani,-NH, was also capable of differ-
entiating Fe'' and Fe™'.

It is well known that Fe'" is a necessary element for living
organisms, which plays an essential role in metabolism and
many enzyme reactions. The concentration of Fe’* must be
balanced in human body, and insufficient or excess Fe' may
lead to a variety of illnesses such as anemia, diarrhea and
hepatic cirrhosis [32,33]. Therefore, the Fe' ion detection
ability of the AlEgen is valuable. Especially, this fluores-
cence detection technology is convenient, with low cost and
high selectivity, which provides potential application in the
Fe'" detection [34,35].

In order to quantitatively evaluate the F ¢’ detection
ability, the emission spectra of NH,-B;-Ani,-NH, solution
mixed with different concentrations of Fe’™ were in-
vestigated (Figure 5(a)). The remarkable monotonic wea-
kened fluorescence intensity was observed as the Fe'
concentration increased. And the Stern-Volmer plot was
constructed by applying Stern-Volmer equation (Eq. (1)) to
understand Fe’* quenching mechanism and the quenching
efficiency, where /; and / were the original fluorescence in-
tensity and quenched intensity in presence of the quencher
[Fe3+], and Kgy was the Stern-Volmer quenching constant.
% = 1+K,,[Fe’'] (1)

The Kgy value was 8.28x10° M™' with the correlation
coefficient (Rz) above 0.95 calculated from the plot of 1,//
values versus the concentrations of Fe’* ions (Figure 5(b)).
The higher value of Kgy indicated the efficient interaction
between the Fe' ions and fluorophore. The deviation from
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Figure 5 (a) Fluorescence spectra of NH,-B;-Ani,-NH, in DMF/H,0 (v/
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the linearity of the plot with an upward curvature indicated a
combination of the static and dynamic quenching mechanism
for NH,-B;-Ani,-NH, [36-38].

Moreover, UV-Vis spectra were conducted to obtain more
information on the binding form of sensor NH,-B;-Ani,-
NH, with Fe''. As shown in Figure 6(a), NH,-B;-Ani-NH,
exhibited two absorption bands at about 340 and 400 nm.
Upon the addition of F ¢ tol equiv., the absorption band at
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Figure 6 (a) UV-Vis spectra of 0.2 uMNH,-B;-Ani,-NH, and the NH,-
B;-Ani,-NH, with the addition of Fe'* (1 equiv.) in DMF/H,0 (v/v=1:1)
solution; (b) photo image for the NH,-B;-Ani,-NH, suspension in DMF/
H,O with Tyndall effect and the NH,-B;-Ani,-NH, in DMF/H,0 without
Tyndall effect after the addition of Fe'' (color online).

~400 nm decreased obviously, and a new absorption band
was developed at ~480 nm, indicating a weak interconver-
sion between uncomplexed and complexed species had oc-
curred [39]. NH,-B;-Ani,-NH, suspension in DMF/H,0
exhibited Tyndall effect (Figure 6(b)), while disappeared as
Fe'' was added, indicating that the aggregated AIEgen was
gradually disaggregated. The intramolecular rotation was
inspired, and sequentially the corresponding fluorescence
intensity was reduced significantly. However, under the same
conditions, no change occurred when other ions were added
into the NH,-B;-Ani,-NH, suspension. The fluorescence
intensity of diphenyl vinyl-substituted tetraaniline derivative
without amino-capped group (B;-A;) did not change sig-
nificantly as well in response to Fe' (Figure S7), indicating
that fluorescence quenching of NH,-B;-Ani,-NH, induced
by Fe'" was due to the formation of interaction between
amino and Fe'".

The binding stoichiometry of NH,-B;-Ani,-NH, and Fe’*
was determined by Job’s method [40], in which the total
concentration of two binding partners ([F e3+]+[NH2-B3-
Ani,-NH,]) was remained constant, while their molar frac-
tion was varied in the range of 0-0.8. As shown in Figure 7
(a), the change in Job’s plot happened at [Fe3+]/([Fe3+]+
[NH,-B;-Ani,-NH,])=0.3, implying that Fe'" and NH,-B;-
Ani,-NH, formed a complex with a molar ratio of 1:2, which
resulted in the reduced AIE emission intensity in NH,-Bs-
Ani,-NH, aggregates, and the possible stoichiometry was
shown in Figure 7(b).

3.5 Bacterial imaging

We further explored the application of the new AIEgen NH,-
B;-Ani,-NH, in bacterial imaging. Because of the fluores-
cence “turn-on” characteristic upon aggregation, AIE probe
could be used in bacterial imaging, which was important in
the healthcare, food processing, and medical hygiene [41].
Two kinds of typical bacteria, Gram-negative E. coli and
Gram-positive S. aureus, were detected. After incubation

with the AlEgen (1.0 uM in DMSO) for 30 min without
washing process, two kinds of bacteria were imaged under
laser scanning confocal microscope using 405 nm laser and
410-585 nm emission filter. The clear fluorescence images
of E. coli and S. aureus bacteria (Figure 8) indicated that the
AlEgen could bind to E. coli and S. aureus. The possible
reason should be that the AIEgen with positive charges was
bound onto the negative charged bacteria cell wall based on
the electrostatic interactions. Besides, the high fluorescence
intensity should be attributed to the restriction of in-
tramolecular motion induced by the trap of NH,-B;-Ani,-
NH, in the bacterial walls or membranes [42,43]. It was also
worth mentioning that NH,-B;-Ani,-NH, could image the
bacteria with high fluorescence in a wash-free medium.
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Figure 7 (a) Job’s plot for NH,-B;-Ani,-NH, and Fe** system (the total
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Figure 8 Confocal images of (a) E. coli and (b) S. aureus stained by
NH,-B;-Ani-NH,, respectively. Lasers: 405nm; emission filter:
410-585 nm; scale bar: 5 pm (color online).
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4 Conclusions

The amino-capped tetraaniline derivative NH,-B;-Ani,-NH,
substituted with diphenyl vinyl groups was firstly designed
and synthesized with high structural stability, large Stokes
shift and high yield. The enhanced emission behavior in
DMF/H,0 mixture with different water fractions indicated
that NH,-B;-Ani,-NH, was a typical AIE fluorophore. Its
optimized molecular geometries calculated by density
functional theory confirmed that the restricted intramolecular
rotation was the main reason for its AIE phenomenon. Im-
portantly, the fluorescence intensity of NH,-B;-Ani,-NH,
solution decreased with increased Fe'" concentration,
implying its capability for sensing of Fe''. Moreover,
NH,-B;-Ani-NH, could be used in the turn-on bioimaging
for bacteria, i.e. E. coli and S. aureus. And these results
suggested that the amino-capped tetraaniline derivative NH,-
B;-Ani,-NH, could provide a new platform of AIE fluor-
ophores for various high-tech applications.
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