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The aggregation-induced emission (AIE) phenomenon has attracted persistent attention in recent years.

Currently, the molecular design is mainly based on ring-shaped molecules. Hence, a novel strategy was
put forward to achieve conversion from aggregation-caused quenching to AIE in derivatives of aniline
oligomers using a new “chain-insertion” pattern. Studies of aniline oligomer derivatives indicate a

tunable insertion effect on the AIE behaviors of the derivatives. Fully substituted oligoanilines exhibited

typical AIE behavior, while partially substituted derivatives were AlE-inactive. In addition, luminescence
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wavelength and solid fluorescence in aniline derivatives can be effectively regulated by insertion and
chain length. The resulting model will contribute to simplified and systematic research into oligomer-
based AlEgens. Moreover, fully substituted anilines show a quantitative turn-on fluorescence response

towards bovine serum albumin (BSA) with a detection limit in the order of micrograms per liter. Thus,

rsc.li/frontiers-materials

Introduction

Currently, the design of new molecular systems with aggregation-
induced emission (AIE) is an active area of research in organic
luminescent materials." Conceptually presented and thoroughly
investigated by Prof. Tang’s group, the restriction of intra-
molecular motion is considered to be the main factor in over-
coming the notorious aggregation-caused quenching (ACQ)
phenomenon.” Accordingly, the modification of normal ACQ
luminogens is becoming an attractive strategy to convert ACQ to
AIE, which is mostly achieved with a twisted conformation and
suppressed -7 stacking.® Various AIE systems with decorated
aromatic rings, flexible chains and intramolecular rings on the
periphery have been successfully investigated, including deriva-
tives of coumarin, anthracene, naphthalene diimide, pyrrole,
porphyrin, pyridine and diketopyrrolopyrrole.*

However, from the perspective of linkage patterns between
matrixes and modified moieties, all the aforementioned AIE
systems are unitary in terms of their ‘“core-side pattern”
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fully substituted anilines show great potential for use as fluorescent probes in BSA sensors.

classification (Fig. 1a).” Thus, there is a need to design new
AlEgens with a new linkage pattern.

Long-chain organic molecules, which are as important as
cyclic ones, are rarely explored in the AIE field. However, these
molecules may provide another way to enrich the AIE family
with a new linkage pattern called the “chain-insertion pattern”
(Fig. 1a). Astoundingly, the ACQ compound 1,4-distyrylbenzene
can turn into an AIE molecule when methyl groups are inserted
into the ethylene chains.® In fact, heteroatom oligomer systems
play a key role in chain molecules. Helpfully, changes in chain
length and the insertion of substituents into conjugated frame-
works may lead to distinct optical behaviors related to color,
efficiency and mechanism of emission.”

However, the elucidation of heteroatom oligomer analogues
with different chain lengths and numbers of insertion units for
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Fig. 1 (a) Two patterns of fluorescent molecules with conversion from
ACQ to AIE. (b) Guideline for the preparation of non-planar conjugated
discrete oligoaniline derivatives.
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ACQ-AIE conversion remains a challenging task. On one hand,
extended conjugation through the empty p, orbital in heteroatom
oligomers is effective.®> On the other hand, differing from cyclic
molecules, a small number of insertions can only partially avoid
intermolecular stacking. Thus, it is of great importance to provide
an effective strategy to show the effects of chain length and
insertion groups on AIE heteroatom oligomer derivatives.

Oligoanilines are an important type of conjugated aromatic
oligomers.® Their planar n-conjugated aromatic rings are prone
to forming strong intermolecular n-n stacking when aggregat-
ing, resulting in apparent ACQ phenomenon. Thus, achieving
the definite and facile conversion from ACQ to AIE via a “‘chain-
insertion” pattern using oligoaniline chains is directly relevant to
the systematic expansion of heteroatom chain AIE compounds.

In this study, we proposed to avoid strong intermolecular
n-7 interactions by inserting nonplanar building blocks into
the oligomer structures. For the expected oligoaniline deriva-
tives, the following unknowns remain to be discussed: (1) the
appropriate groups to combine with planar frameworks under
facile synthetic conditions; (2) a detailed ACQ-AIE conversion
study revealing how the introduction of nonplanar blocks
affects the electronic distributions and the stereoscopic struc-
tures of oligoaniline derivatives; and (3) the effective influence
of extended p-m conjugation on the AIE effect after introducing
side conjugation of various types. Herein, we present the design
and synthesis of oligoaniline derivatives with various chain
lengths and insertion numbers. We also make efforts to explore
the above issues to obtain an applicable ACQ-AIE conversion
strategy for conjugated aromatic oligomers.

Results and discussion

Based on the aforementioned considerations, neutral aromatic
rings should be an appropriate choice. Single benzene is excluded
because the formed triphenylamine-type molecules have planar
geometries;'® hence, non-planar benzylbenzene is chosen instead
(Fig. 1b). Combining benzylbenzene with aniline oligomers can be
realized through joint enamines, which is known as Stork enamine
alkylation."* Aniline monomer (A1), dimer (A2), trimer (A3) and
tetramer (A4) were used to successfully synthesize a series of
oligoaniline derivatives that differed only in the aniline chain length
and the number of diphenyl enamine substituents (Scheme 1).
Moreover, based on Buchwald-Hartwig amination,"” the incon-
trovertible di-substituted tetramer derivative was also obtained for
comparison (Scheme 1).

Specifically, diphenyl enamine singly or partially substituted
aniline oligomer derivatives (i.e., B1-A1, B1-A2 and B2-A4) and
fully substituted aniline oligomer derivatives (i.e., B2-A2, B3-A3
and B4-A4) were prepared in good yields. All compounds were
characterized using mass spectroscopy and spectroscopic methods
(Fig. S1-S8, ESIY).

Photo-physical properties

The UV-vis absorption and PL emission spectra were obtained to
study the optical properties of the derivatives. Their normalized
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Scheme 1 Synthesis of oligoaniline derivatives substituted with diphenyl
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Fig. 2 Normalized absorption (a) and emission (b) spectra of B1-Al,
B1-A2, B2-A2, B3-A3, B2-A4 and B4-A4 in THF (concentration: 10 uM;
excitation wavelengths: 344 nm for B1-Al, 329 nm for B1-A2, 335 nm for
B2-A2, 340 nm for B3-A3, 338 nm for B2-A4 and 353 nm for B4-A4; EX slit:
5 nm; EM slit: 10 nm).

absorption and emission spectra in THF solution (10 uM) are shown
in Fig. 2. The basic spectroscopic parameters are summarized in
Table S1 (ESIY).

As shown in Fig. 2a, four classes of absorption bands were
observed between 310 and 360 nm. All aniline derivatives
(B1-A1, B1-A2, B2-A2, B3-A3, B2-A4 and B4-A4) exhibited strong
absorption capacities with molar extinction coefficients of
20550, 35900, 45900, 53667, 34300 and 31600 cm * mol !
L, respectively. The monomer, dimer, trimer and tetramer
derivatives showed different absorption bands with peaks at
312, 330/332, 342 and 339/353 nm, respectively. Meanwhile,
some shoulder absorptions appeared at approximately 350 nm
for B1-A1 and 365 nm for B2-A2; these bands were assigned to
mild intramolecular charge transfer (CT) from the electron-rich
aniline moiety to the relatively electron-deficient inserted
benzylbenzene group. The CT absorptions may be partially
merged with the red-shifted absorption band of the n-n* transi-
tion of the backbone when the aniline units and insertions are
sufficient."® Compared to their original oligomers, the absorp-
tion peaks of all compounds are red-shifted, indicating that the
electron clouds of the introduced groups can spread to the
oligomer chains through the ethylene-N bridges. In addition,
the absorption peaks of derivatives A1-A4 gradually become
bathochromic by about 10-20 nm as the number of chain units
increases. The slightly enhanced extent of conjugation was

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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attributed to moderately extended p-n conjugation. However, for
serial derivatives with specific oligomer chains, the effect of
insertion number was not progressive like that of chain length.

As the number of naked NH moieties was more than one,
the maximal absorption wavelength of B2-A4 is approximately
10 nm different from that of the fully substituted tetraaniline
B4-A4. Meanwhile, the maximum absorption wavelength of
aniline derivative B1-A2, which has just one naked NH moiety,
was similar to that of the fully substituted aniline dimer B2-A2.
The non-progressive effect of insertion number may be because
the effective conjugation content of these molecules was
achieved by introducing the proper quantity of conjugated
moieties.'* These results can help provide a methodology for
the molecular design of AIE compounds for future applications
from the viewpoint of positional relationships between
matrices and modifying factors.

The emission spectra of these compounds were recorded in
THF (10 uM), as shown in Fig. 2b. The emission spectra of all
aniline derivatives showed an emission peak in the range of
410-480 nm with different Stokes shifts ranging from 7450 to
9010 cm™'. The PL emission peaks of B2-A2, B3-A3 and B4-A4
were at 451, 467, and 472 nm, respectively, demonstrating
smaller Stokes shifts than the corresponding partially substi-
tuted aniline derivatives. Owing to the absence of conspicuous
D-A structures, the difference in Stokes shift was not large, and all
compounds exhibited moderate Stokes shifts of AL =90-150 nm.

Furthermore, the emissions of B1-A1, B1-A2, B2-A2, B3-A3,
B2-A4 and B4-A4 in the solid powder state were also measured,
revealing maximum emission peaks at 455, 469, 473, 481, 488
and 480 nm, respectively (Fig. S9, ESIT). The majority of the
aniline derivatives exhibited obvious red shifts in the solid state
comparing to in the solution state. When the degree of aggre-
gation was enhanced, well-organized and flatter conformations
formed by necessity, resulting in red shifts of the emission
peaks. As B2-A4 and B4-A4 were already bulky, their emission
wavelengths did not show marked differences between the
solid and solution states.

Aggregation-induced emission characteristics

The AIE properties of the aniline derivatives were explored. The
derivatives all dissolved in miscible solvents consisting of water
and THF with water contents ranging from 0 to 90 vol%. As
shown in Fig. 3a, for B2-A2, a tiny enhancement in emission
was observed when the content of water was less than 60 vol%.
In contrast, when the content of water was over 60 vol%, the
luminescence increased dramatically. Usually, in an AIE test,
the point of mutation indicates the formation of nano-
aggregates at that time.” The luminescence intensity of
B2-A2 solution containing 90 vol% water in THF increased by
six times compared to that of B2-A2 solution in pure THF,
showing typical AIE properties.'® The fluorescent images shown
in the inset of Fig. 3a visually demonstrate the difference in
emission of B2-A2 in THF/water mixtures containing 0 and 90 vol%
water. More specifically, obvious aggregation did not occur when
the content of water was below 70 vol%; thus, the PL intensity was
nearly unchanged. When the content of water reached 70 vol%,
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Fig. 3 (a) Emission spectra of B2-A2 in THF/water mixtures under excita-
tion at 335 nm (10 puM; EX slit: 5 nm; EM slit: 10 nm). Inset: Fluorescent
images of B2-A2 in THF/water mixtures containing 0 and 90% water.
(b) Plots of (I/lo) — 1 vs. water content for six aniline derivatives, where I is
the luminescence intensity in pure THF.

aggregation occurred, resulting in a fast increase in PL intensity
based on the RIM mechanism. Aggregation was convincingly
demonstrated by the Tyndall phenomena and Mie effect in the
UV absorption curve of B2-A2 at various proportions of THF
and water (Fig. S10, ESIT)."” When the content of water reached
90 vol%, heavy aggregation prevented vast non-radiative transi-
tions. On the other hand, the absorption capacity distinctly
increased. These factors resulted in a huge increase in PL
intensity. In addition, the locations of the emission bands for
different water contents were similar (~451 nm), indicating
that B2-A2 was totally neutral, and no strong intermolecular
interactions occurred during aggregation.

The emissions of B3-A3 and B4-A4 were similar to that of
B2-A2, indicating typical AIE behaviors (Fig. S11d and e, ESIT).
The turning points of B3-A3 and B4-A4 were observed at water
contents of 50% and 40%, respectively, consistent with the
increased molecular sizes of these derivatives. For B3-A3 and
B4-A4, the variation in emission band locations at different
water contents was small, with all bands located at approximately
466 and 476 nm. The slight change was mainly attributed to the
lack of the sole naked NH moiety.

In contrast to emission phenomena of B1-A1l, B1-A2 and
B2-A4 showed mild fluorescence changes with increasing water
percentage in THF (Fig. S11a-c, ESIT). The luminescence inten-
sities of these derivatives in 90% water were almost identical to
those in pure THF, indicating that AIE was inactive. Based on
the change in peak wavelength, B1-A1 was a neutral molecule.
In contrast, B1-A2 and B2-A4 exhibited huge variations in
amplitude reaching 37 and 49 nm, respectively. Considering
the AIE behaviors of the fully substituted anilines, we deduced
that a higher density of naked NH moieties in aniline deriva-
tives facilitates intermolecular interactions during aggregation,
resulting in shifts in emission wavelengths and harmful effects
to their AIE properties.

The fluorescent lifetimes and quantum yields of all aniline
derivatives in both the solution and solid states were also tested
and are presented in Fig. S12 and Table S2 (ESIt). For AIE-typical
aniline derivatives (B2-A2, B3-A3 and B4-A4), their fluorescent
lifetimes and quantum yields were both remarkably higher in
the solid state compared to in the solution state, which is beneficial
for real applications. For the AlE-inactive aniline derivatives
(B1-A1, B1-A2 and B2-Ad), due to the absence of adequate
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insertions to avoid nonradiative decay channels, their fluorescent
lifetimes were distinctly lower in the solid state compared to in the
solution state. The quantum yields of B1-A1, B1-A2 and B2-A4 were
low in both the solution and solid states, suggesting AIE inactivity.
These results indicate that the insertion number and chain length
have notable effects on AIE.

As suggested by the AIE mechanism based on restricted
intramolecular motion,'® in derivative B1-A1, the rotations of
the four phenyl groups dissipate the excitation energy, resulting
in weak emission in dilute solution. Free rotations cannot be
prevented during aggregation due to the small molecular
dimension and long ethylene-N principal chain, resulting in
AIE inactivity. For B1-A2 and B2-A4, which have only unsaturated
diphenyl moieties attached to the aniline chains, the number of
insertions is too low to provide sufficient steric hindrance to
restrain intramolecular motion and interaction during aggregation;
thus, the channel for consuming the excitation energy cannot
effectively be switched out. As a result, B1-A2 and B2-A4 show
subdued emission in both the solution and aggregated states. For
B2-A2, B3-A3 and B4-A4, the larger molecular sizes and sufficient
number of insertions suppress free motion and intermolecular
interactions, and the characteristic AIE phenomenon appears.

The AIE behaviors of all six aniline derivatives are summarized in
Fig. 3b. Intuitively, multi-substituted aniline derivatives exhibited
typical AIE characteristics, whereas mono-substituted aniline deriva-
tives as well as B2-A4 were AIE-inactive. As the aniline oligomers
(dimer, trimer and tetramer) are expressly ACQ molecules, we can
conclude that increased diphenyl enamine substituents and suc-
cessful ACQ-AIE conversion can be achieved with adequate inser-
tions. In brief, these results revealed the notable effect of diphenyl
enamine groups on the optical properties of aniline derivatives. The
findings provide guidance for the modification of undesirable ACQ
compounds with heteroatom chains.

Systematic study of aniline chain derivatives

Given the variety in insertion number and chain length, it is
difficult to study the effects of individual factors on the ACQ-AIE
process. Hence, based on monomers, dimers, trimers and tetra-
mers, we developed a systematic plot to describe the effects of
insertions for all aniline oligomers. Following the “chain-
insertion” pattern, the effects of insertion on the luminescence
behavior (fluorescence wavelength) and solid luminescence ability
(fluorescence quantum yield) are generally illustrated in an X-Y
scheme in Fig. 4. The performances of single-, partially and fully
substituted aniline derivatives are shown by the orange (circle),
purple (square) and blue (star) symbols, respectively.

The AIE ability of the aniline derivative becomes stronger as
the number of insertions increases. In other words, for fully
substituted aniline derivatives, the fluorescence quantum yield
increased from 0% to approximately 1.5% with increasing
insertion number. In our linear system, more insertions corre-
sponds to a more twisted conformation, which prevents n—n
stacking and increases the potential for ACQ-AIE conversion.
On the other hand, twisted conformations may be harmful to
the effective conjugation length, especially in the aggregated
state, which mainly determines the luminescent behaviors.
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Fig. 4 Systematic luminescence characteristics of all aniline derivatives
(Bm-An: m = insertion number; n = aniline units).

In fact, for molecules with heteroatom chains, the extended
conjugation lengths are easily saturated and disturbed as the
chain length and number of insertions increase.'® The emission is
blue-shifted with increasing number of insertions, which may be
attributed to a decrease in planarity. Thus, insertion has opposite
effects on solid luminescence ability and luminescence behavior
during aggregation. Precisely controlling the degree of insertion
may be an efficient way to achieve specific AIE behaviors in linear
aniline systems.

Single crystal structural analysis

To better understand the photo-physical properties of aniline
derivatives in the aggregated state, single-crystalline B2-A2 was
obtained by the slow diffusion of its n-hexane/THF (2:1 v/v)
solution. The crystallographic data can be obtained free of
charge from the Cambridge Crystallographic Data Centre with
serial number CCDC 1560810.1 The single-crystal structure in
Fig. 5a indicates an S-shaped chain with two m-connective
diphenyl enamines. In this symmetric B2-A2 crystal, the torsion
angle between adjacent aniline moieties is 67.2° indicating a
strong twisted conformation that restrains the free rotation of the
phenyl and diphenyl enamine segments during aggregation.>®
Moreover, some C-H---n hydrogen bonds exist between the
phenyl rings and protons on the vinyl groups with distances of
3.4-3.7 A. These bonds improve the stiffness of the entire
molecule and partially inhibit free intramolecular rotation.>"
The packing structure of B2-A2 is given in Fig. 5b. Due to the
loose molecular arrangement in B2-A2, planar intermolecular
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Fig. 5 Intramolecular C-H- - -m interactions (a), packing structure (hydrogen
atoms are deleted for clarity) (b), and intermolecular C—H- - -m interactions
(c) of B2-A2.
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interactions are hampered, and high congestion results from
the multiple diphenyl enamine modifications. In addition,
C-H- - -1 hydrogen bonds with lengths of 2.8-3.4 A are formed
between neighboring aniline derivative molecules (Fig. 5c).
These weak forces further assist in restraining molecular
motion, which reduces the non-radiative deactivation of
excitons and contributes to the AIE effect.”” These results
suggest that the twisting of main chains plays a key role in
ACQ-AIE conversion, and the presence of suitable inter-
positions that prevent the planar stacking of the main chain
may strengthen the AIE effect.

DFT calculations

To further explore the effect of insertion on ACQ-AIE conver-
sion, we studied the orbital energy levels and optimum config-
urations of the aniline derivatives (Fig. S13 (ESIf) and Fig. 6)
using density functional theory (DFT) at the B3LYP/6-31G(d)
level in the Gaussian 09 package.

The electronic densities of B1-A1 in both the HOMO and
LUMO levels are equally distributed, suggesting that fully
effective conjugation has been achieved in short-length aniline.
A twisted structure formed, and the torsion angle between
adjacent rings along the aniline chain reached 70.5° however,
the axis orientation has actually resulted in a flexible carbon
and nitrogen chain owing to the comparable side groups. In
fact, the steric effect is not adequate for the flexible carbon and
nitrogen chain, resulting in AIE inactivity.

The electron clouds of B1-A2 and B2-A2 in the HOMO level
are both spread over the entire molecules, whereas those in the
LUMO level are predominantly localized at the introduced
diphenyl enamine parts, indicating a certain degree of charge
transition. Furthermore, the conformation of B2-A2 is crowded,
preventing adverse intermolecular functions and contributing
to the AIE effect. However, some aniline rings still exist nakedly
in B1-A2 and tend to interact with the m planes of other nearby
molecules, resulting in more non-radiative pathways. Thus, the
steric effect of B1-A2 is insufficient for substantial changes to
the ACQ properties, resulting in AIE activity.

We then studied the diphenyl enamine-substituted aniline
trimer derivative B3-A3. As expected, the conformation of B3-A3
is strongly twisted; a4, o, and oz all reach 67° resulting in
strong AIE. In contrast to the A1 and A2 derivatives, the electron
clouds of B3-A3 are not able to spread across the entire
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Fig. 6 Optimal structures of the six diphenyl enamine-substituted aniline
derivatives (B1-Al, B1-A2, B2-A2, B3-A3, B2-A4 and B4-A4; o4, ap, a3 and
a4 dihedral angles between adjacent benzene rings in the aniline chain).
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segments, and only approximately two diphenyl enamine
groups work in both the HOMO and LUMO levels. This explains
the slight change in aniline derivatives with increased chain
length and insertion number, due to the existence of conjugate
validity, which is totally different from the AIEgens as a result of
a “core-side pattern.”

Due to the existence of continuous NH moieties, the struc-
ture of the tetramer derivative B2-A4 is relatively planar, and the
peripheral steric hindrance may not be sufficient to reverse
intrinsic planar interactions. In addition, the electron clouds of
the NH moieties in both the HOMO and LUMO are totally
separated, leading to distinct TICT phenomena. These results
agree with the large bathochromic shift (49 nm) observed in the
AIE test. The structure of B4-A4 is sufficiently twisty to ensure
AIE behavior. Moreover, as for B3-A3, the electron clouds of
B4-A4 cannot spread across the entire molecule in both the
HOMO and LUMO. Considering the electron clouds B2-A2 and
B3-A3, the large number of introduced diphenyl enamine
groups are not able to drastically increase the conjugacy of
the molecules. The effective conjugate lengths play an impor-
tant role, as indicated by the absorption peaks of B2-A2, B3-A3
and B4-A4 at 332, 342 and 353 nm, respectively.

We compared the structures of aniline derivatives in the
geometrical and excited states using B1-A1, B1-A2 and B2-A2 as
representative molecules (Fig. S14, ESIT). For B1-A1, the angles
between adjacent benzene rings are smaller in the excited state
than in the ground state. The planarity of the entire B1-A1l
molecule benefits from intermolecular m-n stacking and
strengthened non-radiative transition, which is harmful for
AIE. For B1-A2, the optimized structures in both the ground
state and excited state were similar, with some distinctions in
angles between adjacent benzene rings. The naked NH moiety
was detrimental to the AIE effect in B1-A2. For B2-A2, two
benzylbenzene insertions spread over the same side of aniline
chain in the ground state. In contrast, in the excited state, the
two benzylbenzene insertions were distributed bilaterally in the
aniline chain. The helical configuration was favorable for
impeding non-radiative energy dissipation, resulting in typical
AIE behavior. These results indicate that insertions signifi-
cantly affect the structures of aniline derivatives, resulting in
different emission behaviors.

BSA detection

The level of serum albumin (SA) is a pivotal parameter of
human health. As a homologous protein of SA, bovine serum
albumin (BSA) is comprehensively researched as a model
protein. Hence, efficient methods of BSA detection and quanti-
fication are particularly important. Unlike the undesirable ACQ
phenomenon, the aggregation of AIE dyes improves fluores-
cence, which expands the effective range of a probe.>* There-
fore, the typical AIE molecules B2-A2 and B3-A3 were applied
for BSA detection and quantification.

The selectivity of B2-A2 towards BSA was evaluated in a
solution of PBS buffer (pH = 7.4) and THF (1/9, v/v). The
standard BSA solution was prepared with a concentration of
670 mg ml~*, and 5 pl BSA solution was added in each of 14
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Fig. 7 (a) Emission spectra of B2-A2 solutions (10 pM; excitation wave-
length: 335 nm; EX slit: 5 nm; EM slit: 10 nm) containing various amounts
of BSA. (b) Fitted linear curve of luminescence changes in response to
different amounts of BSA.

experimental rounds. Thus, BSA was detected after the addition of
volumes ranging from 5 to 70 pl (concentrations ranging from
approximately 1.68-23.5 mg ml~'). With increasing BSA concen-
tration together with the slightly decreasing polarity of the solvent
mixture, the fluorescent intensity of the B2-A2 solution increased
gradually. The enhancement factor reached approximately 79 in
the presence of BSA at a concentration of 23.5 mg ml ', This
enhancement was attributed to mutual interactions between
oleophilic B2-A2 and the hydrophobic cavities of BSA.>* These
reactions hindered the intramolecular rotations of B2-A2, which
in turn hindered non-radiative transitions and further enhanced
fluorescence. Compared to the blank control, apparent aggrega-
tion was observed when 50 pl of BSA solution was added to the
B2-A2 solution (inset of Fig. 7). Meanwhile, an apparent enhance-
ment in fluorescence was observed by the naked eye under
365 nm ultraviolet light (inset of Fig. 7).

Noticeably, in many previous studies, the fluorescence peaks
changed significantly during BSAS detection.”® In this study,
the aggregation of B2-A2 and BSA did not result in peak
displacement. The lack of covalent interactions and electro-
static interactions due to the neutrality of B2-A2 may explain
this difference; this explanation was further confirmed by the
lack of response to changes in pH and ions. In other words, the
detection of BSA by aniline derivatives is not disturbed by
micro-molecules and the environmental conditions. Moreover,
based on the least-squares method, a large number of data
points were fitted. A linear relationship between the fluores-
cence enhancement (X) and BSA solution concentration (Y) was
observed: Y = 3.48X — 0.90. In consideration of the slight
influence of increased water content, the linear coefficient R
of 0.975 was sufficiently high. The detection limit for B2-A2 was
measured to be approximately 3.56 pg 17" (35 per slope) for a
precise turn-on bioprobe for the quantitative detection of BSA.

Furthermore, using a similar procedure, solutions of B3-A3
were also applied to detect BSA. As shown in Fig. S15 (ESIt),
B3-A3 also exhibited favorable detection properties for BSA. The
linear regression coefficient R* reached 0.962, and the detection
limit was approximately 4.78 ug 17'. These results reveal that
aniline derivatives with typical AIE properties are preeminent
detection molecules with high sensitivity and strong linear
relationships.

We also measured the responses of AIE-inactive compounds
(B1-A1, B1-A2 and B2-A4) towards BSA (Fig. S16, ESI{). Although
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the fluorescence intensities of the AIE-inactive compounds
(B1-A1, B1-A2 and B2-A4) first increased with the addition of
BSA, the emission responses were irregular. When the concen-
tration of BSA reached certain values (1.85, 8.38 and 11.73 mg ml ™"
for B1-A1, B1-A2 and B2-A4, respectively), the fluorescence inten-
sities decreased. These results further demonstrate the advantages
of B2-A2 and B3-A3 for the detection of BSA.

The time-dependent fluorescence spectra of B2-A2 and
B3-A3 were monitored in response to different BSA concentra-
tions. Due to the limited manipulation time, the time gap
between adjacent tests was at least 6 s, and the entire measure-
ment lasted 48 s. As shown in Fig. S17 (ESIT), as soon as BSA
was added, the maximum emission intensity was immediately
reached and maintained over an extended period. In contrast to
a typical colorimetric method with a rapid detection time of
approximately 10-55 s,2° this reaction was completed within
10 s, showing extremely fast response. This fast detection of
BSA can be applied to some emergency treatments, such as
hemorrhea and burns.

Selecting cholesterol, carbamide, glucose, r-arginine and
y-globulin as interfering components,”” the specificity of B2-A2
and B3-A3 for BSA in a simulated serum environment was further
studied. As shown in Fig. S18 (ESIt), all micro-molecules did not
interact with B2-A2 and B3-A3, as indicated by the negligible
variation in the maximum emission intensities. In addition, the
fluorescent intensities of B2-A2 and B3-A3, which were enhanced
by BSA, were not affected by the interfering micro-molecules. As
soon as y-globulin was added into the B2-A2 and B3-A3 solutions,
large precipitates appeared and quickly settled at the bottom of
the cell. Thus, the B2-A2 and B3-A3 solutions cannot be used to
detect y-globulin. When all compounds were mixed, despite the
effect of y-globulin precipitation, the fluorescent intensities of
B2-A2 and B3-A3 were still enhanced by 50%. These results
indicate that B2-A2 and B3-A3 have the ability to detect BSA in
complex environments. Further research on protein detection
using fully substituted anilines is underway.

Conclusions

In summary, a series of aniline derivatives substituted with
diphenyl enamine were successfully synthesized based on aniline
monomer, dimer, trimer and tetramer examples. Meticulous
control of insertions in the aniline oligomer chains can achieve
successful ACQ-AIE conversion with varying numbers of non-
planar diphenyl enamine groups. Fully substituted oligoanilines
exhibited typical AIE characteristics, while partially substituted
derivatives were AlE-inactive. UV-vis and fluorescence studies
along with DFT calculations offered detailed understandings of
the effects of insertion on the intrinsic photo-physical properties
of the derivatives. The luminescence wavelength and solid fluores-
cence of the aniline derivatives could be effectively regulated by
chain length and insertion. The results are important for under-
standing the effects of insertion and chain length on the AIE
characteristics of linear heteroatom chains, which can easily be
comprehended macroscopically by applying the oligomer approach.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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This study will hence encourage further work to understand the
effects of conjugated blocks on the AIE behaviors of heteroatom
chain molecules and to design additional AIE systems. Moreover,
fully substituted anilines show a quantitative turn-on fluorescence
response towards BSA under physiological conditions. As probes,
these aniline derivatives have detection limits in the order of
micrograms per liter. Thus, these molecules show great potential
for use as fluorescent probes in BSA sensors.
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