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Graphical abstract

A series of triphenylamine-based fluorescent compounds displaying acid-induced tunable white light emission were developed.

ABSTRACT

A series of triphenylamine (TPA) derivatives with various substituent groups were prepared and showed different absorption and fluorescence characteristics
due to the substituent effect. On account of the existence of pyridine units, these TPA derivatives exhibited acid-induced tunable multicolor fluorescence
emission including white light emission. In addition, acid-induced fluorescence regulation of these compounds has been also realized in the solid state, which
enable them to be successfully constructed the stimuli-responsive fluorescent films and fluorescent inks for inkjet printing.
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Owing to its high sensitivity, fluorescence is widely used in microanalysis, memory media, and bioimaging [1-14]. In the past few
decades, a variety of fluorescent compounds based on BODIPY, porphyrin, naphthalimide, and tetraphenylethylene have been
developed and exhibited extensive applications in organic light emitting diodes (OLEDSs), molecular sensing and bioimaging [15-30].
Recently, the construction of fluorescent compounds showing tunable fluorescence characteristics upon external stimuli has attracted
increasing interests due to their applications in sensing, super-resolution fluorescence imaging, and information storage [31-40].

Triphenylamine (TPA) derivative, in which three benzene moieties were connected with a nitrogen atom, has been developed as
an emerging fluorescent compound during past few decades [41-43]. Due to their high quantum yield, easy functionalization as well as
aggregation-induced emission (AIE) property, TPA derivative has gained increasing attention and a large number of TPA derivatives
have been synthesized with applications in molecular sensing, photocatalysis, supramolecular self-assembly, bioimaging and therapy
etc. [44-50]. In general, the TPA core could act as a moderate electron-donating group. When the electron-withdrawing groups such as
pyridine, trifluoromethyl and aldehyde were connected with TPA core, a push-pull electron system formed and the resultant molecules
could emit bright fluorescence. In addition, the fluorescence characteristics of TPA derivatives can be readily adjusted by simply
changing the substituent groups [51]. Furthermore, when external stimuli such as acid, base, and anions were involved with the
substituent groups, a dramatic fluorescence change was observed due to the high sensitivity of TPA core. Thus, it was facile to realize
tunable fluorescence emission for TPA derivatives through substituent effect and external stimuli [52]. In this work, a series of
dipyridyl-containing TPA derivatives with various substituent groups (electron-withdrawing —CFz, —CHO, —CH=C(CN)2 groups and
electron-donating —H, —CHs, —OCHs groups) were designed and prepared (Fig. 1a) and their photophysical properties were
comprehensively studied. Moreover, acid-induced fluorescence regulation of the TPA derivatives was also investigated and white light
emission was observed, which was helpful for constructing white light emission materials.

The TPA derivatives 1, 2, 4—6 were synthesized through Suzuki-Miyaura coupling from the iodine-substituted precursors with 3-
pyridinylboronic acid in yields of 46%—74% (Fig. 1). Further treating 2 with malononitrile afforded 3 in a yield of 86% (Detailed
preparation information can be seen in Supporting information). By solvent diffusion method, crystal structures of 1, 5 and 6 were
obtained and X-ray diffraction analysis indicated the three benzene rings of TPA core adopted a propeller-like conformation and the
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existence of noncovalent interactions like C-H---F hydrogen bond in the solid state (Fig. 1b). In addition, compounds 1-6 were well
characterized by *H and **C NMR and mass spectrometry (Figs. S1-S13 in Supporting information).
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Fig. 1. (a) Chemical structures of the TPA derivatives 1-6. (b) Crystal structures of compounds 1, 5 and 6. (c) Normalized absorption spectra of 1-6 in CH,Cl,.
(d) Normalized emission spectra of 1-6 in CH,Cl,. Photographs of 1-6 (10"° mol/L in CH,Cl,) under (e) visible light and (f) 365 nm UV light.

With TPA derivatives 1-6 in hand, their photophysical properties were investigated. As shown in Fig. 1c and Table 1, all
compounds exhibited maximum absorption peaks between 335 nm and 351 nm except that 3 showed a maximum absorption peak at
450 nm. Compounds 1, 4, 5 and 6 emitted bright blue fluorescence between 400 nm and 450 nm. For compounds 4, 5, 6, electron-
donating groups —H, —CHs, —OCHs were incorporated into the triphenylamine (TPA) unit, respectively, which made them with weak
internal charge transfer (ICT) effect. Thus, the blue emission was observed as shown in Fig. 1f. However, compound 3 showed the
maximum absorption peak and emission peak at 450 nm and 636 nm, respectively, which might be due to the effective internal charge
transfer (ICT) from the electron push unit to the electron pull unit -CH=C(CN)2. The flexibility of substituent group —CH=C(CN)2
endows the compound 3 with high non-radiative decay rate, which resulted in the low quantum yield of compound 3. However, for
compound 2, electron-pull unit —CHO was incorporated into the TPA unit, which endows compound 2 with a moderate internal charge
transfer (ICT) effect, thus compound 2 displayed green emission with shorter wavelength than compound 3 and longer wavelength than
compounds 4, 5 and 6. In addition, the quantum yields of 1-6 were also determined and the results indicated that most of the
compounds exhibited a high quantum yield up to 53% except 3 showed a low quantum yield of 1.9%, which was consistent with the
fluorescent photographs (Fig. 1f). Furthermore, the lifetimes of 1-6 were determined to be within 10 ns, suggesting all of them
displayed fluorescence emission (Figs. S14 in Supporting information and Table 1).

Table 1
Photophysical properties of compounds 1-6.
Compound  Substituent Amaxabs (NM) & (L mmol?* cm™) Amaxemi (NM) Stokes shift D (%) 7 (NS)
1 -CF3 335 63.96 406 71 51 17
2 -CHO 344 31.35 516 172 35 4.4
3 -CH=C(CN), 450 38.62 636 186 1.9 0.9
4 -H 345 50.81 423 78 53 2.0
5 -CHs; 349 53.44 430 81 51 2.1
6 -OCH; 351 56.34 450 99 47 2.9

Due to the pyridine moieties were sensitive to acid, the acid-induced fluorescence regulation behavior of compounds 1-6 was
further investigated. As shown in Fig. 2, upon adding trifluoroacetic acid (TFA) into 1 in CH2Clz, a noticeable decrease in the
absorption at 335 nm accompanied by an increase in the absorption at 380 nm were observed. The existence of isoabsorptive point at
352 nm also indicated the formation of a new species. In addition, addition of TFA into 1 induced a significant fluorescence quenching
at 406 nm, accompanied by the appearance of a new peak at 549 nm (Fig. 2b), corresponding to the protonation form of 1 (1 + H*). The



red-shift of absorption and emission wavelengths and decrease of fluorescence intensity might be due to the stronger electron-
withdrawing ability of protonated pyridine than that of free pyridine, indicating intramolecular charge transfer (ICT) was mainly
involved into the fluorescence mechanism [53]. Interestingly, when 7.0 equiv. TFA was added to 1 in CH2Cl», the solution showed an
obvious white light emission (CIE: 0.31, 0.33) resulting from the complex of blue fluorescence of 1 and yellow fluorescence of 1 + H*
(Figs. 2c and d). It should be noted that the common white light emission materials need the combination of multiple chromophores in
one system with accurate ratios [54-56], which was high-cost and unaccessible. Thus, the acid-induced white light emission of 1
afforded a simple way to construct white light emission materials by making use of the single fluorophore. Additionally, *H NMR
spectroscopy was performed to investigate the protonation process and the signals Haa corresponding to the protons of pyridine rings
displayed an apparent down-field shift upon the addition of TFA, resulting from the decreased electron densities upon protonation (Fig.
S15 in Supporting information). Furthermore, upon addition of trimethylamine (TEA) into the solution of 1 + H*, the fluorescence
spectrum could be almost completely recovered to the initial state, revealing the protonation process was reversible (Fig. S16 in
Supporting information). Compound 4 showed a similar absorption and fluorescence response to TFA with 1 (Fig. S19 in Supporting
information). However, the acid-induced absorption and fluorescence change of 3 was different to 1 or 4 (Fig. S18 in Supporting
information). For example, the absorption spectrum of 3 was slightly blue-shifted and the fluorescence spectrum showed a 49 nm blue
shift accompanied by an increase in fluorescence emission upon addition of TFA, which revealed that the PET process was inhibited
upon protonation [51]. Moreover, the absorption spectrum of 2, 5 and 6 was also red-shifted and the fluorescence was quenched
without wavelength changes upon acidification due to the enhanced ICT character upon addition of TFA (Figs. S17, S20 and S21 in
Supporting information). Therefore, the substituent effect had a great effect on the acid-induced fluorescence regulation of TPA
derivatives and tunable multicolor fluorescence emission including white light emission was achieved through simple acidification.
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Fig. 2. (a) Absorption spectral changes of compound 1 (10° mol/L in CH,Cl,) upon addition of TFA (0-10 equiv.). (b) Emission spectral changes of compound
1 (10®° mol/L in CH,Cly, Aex = 350 nm) upon addition of TFA (0-10 equiv.). The insets show the amplifying emission spectral changes from 520 nm to 690 nm.
(c) CIE chromaticity diagram of 1 upon addition of TFA (0—10 equiv.). (d) Photographs of compound 1 (10° mol/L in CH,Cl,) upon addition of different
equivalents of TFA under UV light.

DFT simulations were performed to gain further insight into the mechanism of the acid-induced fluorescence regulation. The
results indicated that the electron densities of HOMO of 1 were distributed over the whole molecule and the electron densities of
LUMO of 1 were localized on the benzene rings of TPA core and pyridine moieties suggesting —~CFs group almost showed no
participation in the fluorescence of 1 (Fig. 3). Thus, the electron-withdrawing pyridine moieties and electron-donating TPA core
formed a push-pull electron system and 1 was a typical ICT molecule, which was consistent with the results from above spectroscopic
experiments. 1 + H* showed similar electron densities of HOMO but somewhat different electron densities of LUMO to 1. The electron
densities of LUMO of 1 + H* were mainly localized on the protonated pyridine moieties, probably due to the enhanced electron-
withdrawing ability of protonated pyridine. Thus, the enhanced ICT character was observed in 1 + H*, resulting in the fluorescence
quenching and red-shift of absorption and emission wavelength. In addition, analysis of hole and electron distribution of 1 indicated
holes and electrons were mainly located at the TPA core and the part of pyridine moieties, respectively, suggesting the electron transfer
from the TPA core to pyridine moieties at the excited S: state (Fig. S23 and Table S4 in Supporting information). While for 1 + H* at
the excited S; state, the hole was similar to 1 and the electron was almost completely located at pyridine moieties, indicating the strong
electron-withdrawing ability of protonated pyridines.
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Fig. 3. HOMO and LUMO localizations in 1 and 1 + H*.

In view of the obvious fluorescence changes of 1-6 upon protonation in solution, the visual experiments in solid state were further
performed. As shown in Fig. 4a, 1 was doped into a polyvinylidene fluoride (PVDF) film (3 wt%). The PVDF film was initially
colorless and exhibited bright blue fluorescence, which was similar to that in the solution state. After slow diffusion of TFA vapor into
the PVDF film loaded with 1, the color of the film became light-yellow and the fluorescence gradually changed from blue to yellow-
green, indicating that the protonation of compound 1 could also occur in the film. Subsequently, upon diffusion of TEA vapor into the
acidified PVDF film, the fluorescence color could be completely recovered, revealing that the protonation and deprotonation was
reversible. Moreover, inkjet printing was also conducted to create highly-defined patterns [57]. For instance, the “Xiang-Yun” patterns
of 2 and 3 could not be observed under room light, but they could be obviously seen under a UV lamp (Fig. 4b). These results indicated
that the TPA derivatives could be applied in anti-counterfeit and information storage.
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Fig. 4. (a) Color and fluorescence changes of the PVDF film loaded with 1 after sequential diffusion of TFA and TEA vapors. (b) Fluorescent patterns by inkjet
printing from compounds 2 and 3 under room light and 365 nm UV light.

In conclusion, we have synthesized a series of dipyridyl-containing TPA derivatives with various substituent groups, which had a
significant effect on their photophysical properties. Furthermore, by taking advantage of the protonation of pyridines, acid-induced
multicolor fluorescence regulation including white light emission was realized. Theoretical calculations revealed the enhanced ICT was
involved into the fluorescence mechanism of protonated TPA derivatives. Moreover, stimuli-responsive fluorescent films and
fluorescent inks for inkjet printing were fabricated using these TPA derivatives. These investigations demonstrated TPA was an ideal



backbone for constructing multicolor fluorescent materials including white light emission materials. Further preparing new TPA
derivatives with strong NIR absorption and emission is under way.
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