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Abstract

Barbituric acid derivatives with typical aggregation induced emission (AIE) are reported.
Their emission wavelengths varied with water fraction of their solution. UV-visible
absorption spectroscopy and theoretical calculations revealed the intramolecular charge
transfer (ICT) possibility from donor to acceptor and the mechanism was confirmed as a
restriction of intramolecular motion (RIM). The AIE properties were affected by the different
substituents on barbituric acid. When the molecular volume increased, the AIE effect
decreased. Fluorescent quenching mechanism was applied to detect nitroaromatic
explosives. For 2,4,6-trinitrophenol (PA), one of the derivatives 5-(4-diphenylamino
styrene)-1,3-diphenyl-barbituric acid in THF/H,O mixture (1:9, v/v), showed amplified
fluorescence quenching with a maximum Stern—Volmer quenching constant of 4.1 X 10* M™.
The solid phase paper test based on 5-(4-diphenylamino styrene)-1,3-diphenyl-barbituric

acid also showed a superior sensitivity toward PA both in vapor and solution.
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1. Introduction

Tang's team firstly reported the aggregation-induced emission (AIE) phenomenon in
2001[1, 2], which is opposite to the aggregation-caused quenching (ACQ) [3, 4]. The main
source of AIE effect is the inhibition of the appearance of m-n stacking between molecules
[5].A common feature of these materials is that they do not emit in molecular solution but
emit strong fluorescence in the aggregated state. Therefore AIE provides a new avenue for
applications in optoelectronic devices, bio/chemical sensors, and bioimaging [6-8].

However, typical compounds with AIE require cumbersome multi-step synthesis, and
often result in bulky and structurally complex AIE materials. Therefore, exploring
luminescent materials with AlE-active but simple structures is still interesting and valuable.

Herein, we recommend three AIE active and structurally simple luminescent materials
based on barbituric derivatives. The powerful aggregation ability of barbituric acid units
through intermolecular hydrogen bonding interactions (N-H---:O) has been well documented
in the literature [9, 10]. Therefore, we focused on the relationship between AIE effect and
molecular structure of three barbituric acid derivatives.

Nitroaromatic explosives are widely used in many fields because they are easy to prepare
and transport, and they are powerful. The detonation of explosives usually causes damages
to the environments, which in turn affects people's health. Studies disclose that the
explosive residues can pollute the air, soil and water systems. Long-term exposure to these
residues can cause various diseases such as skin diseases, respiratory system problems,
abnormal liver function and cancer [11-15]. All of these have aroused the concern about
how to effectively detect them.

Triphenylamine naturally as a three-dimensional freely rotatable structure, and the
internal energy consumption is large that makes the fluorescence quantum vyield low, but the
structure of triphenylamine is easily to be modified, and the fluorescence quantum yield is
generally high after modification. Triphenylamine also exhibits distinct donor characteristics,
which should facilitate interaction with electron-deficient nitroaromatic compounds.
However, there are few reports on triphenylamines for photoluminescence (PL)-based
explosives detection.

Most fluorescent sensors for detecting nitroaromatics cannot be operated in aqueous

media, but compounds with AIE can solve this problem nicely. In this project, we designed



and synthesized barbituric derivative fluorescence sensors, which can generate aggregates in
high water content and can thus be used for the detection of nitroaromatics in aqueous

media.

2. Experimental section
2.1 Materials

Triphenylamine (Aladdin, 99%), dimethylformamide (DMF) (Aladdin, 99%), barbituric acid
(Aladdin, 98%), diphenylurea (Jiuding Chemical, 99%), malonyl chloride (Aladdin, 99%), 1,
3-dimethyl-barbituric acid (Aladdin, 99%) were used without further purification. DMF is
usually dried sequentially by molecular sieves (4 A), sodium sand and CaH, successively, and
distilled prior to use.
2.2. Characterizations

Absorption spectra were recorded by a UV-2500 spectrometer. The fluorescence spectra
were measured with an F-4600 fluorescence spectrophotometer. The fluorescence quantum
yield of the solid is commissioned by the compass test platform. The *H and *C NMR spectra
were recorded on AVANCE Il 400 spectrometer using deuterated dimethyl sulfoxide
(DMSO-dg). FT-IR spectra were obtained recorded by a Nicolet 380 spectrometer using the
KBr pellet method. The scanning electron microscope images were obtained with Quanta
200 environmental scanning electron microscope (SEM, FEI Company).
2.3 Calculation

The geometric and electronic structures of the three compounds were calculated at the
B3LYP level with Density Functional Theory (DFT).
2.4 Synthesis of compounds

The target luminescent materials were synthesized by (1,3-dimethyl, 1,3-diphenyl)

barbituric acid and N, N-diphenylamine benzaldehyde condensation reaction (scheme 1).
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Scheme 1. Synthetic routes to PB-1, -2, and -3

2.4.1. Synthesis of 4-(diphenylamino)-benzaldehyde (1)

2 ml of dry DMF (25.7 mmol) was added into 5 ml of phosphorus oxychloride (POCIs) (54
mmol), at 0°C, and remained for 15 min, then triphenylamine (1 g, 4 mmol) was added with
stirring. The mixture was heated to 45°C for 2.5 h. After being cooled down, the clear red
solution was dropped into ice water. The resulting mixture was filtered, washed and
redissolved in dichloromethane. This solution was washed with water (150 ml) and dried

with magnesium sulfate, after solvent evaporation, the oily liquid recrystallized into



acetaldehyde in ethyl acetate. Yield: 0.78g (80%). 'H NMR (400 MHz, DMSO-dg): & 9.82 (s,
1H), 7.74 - 7.61 (m, 2H), 7.35 (t, J = 7.7 Hz, 4H), 7.22 - 7.13 (m, 6H), 7.07 - 6.96 (m, 2H) (Fig.
S1).

2.4.2. Synthesis of 1, 3-diphenyl barbituronic acid (2)

Malonyl chloride (33.3 mg, 2 mmol) was added to N, N-diphenyl urea (424.5 mg, 2 mmol)
with 6 ml CHCl3, and the mixture was heated to 80°C for 4 h. Then the reaction mixture was
extracted with dichloromethane and dried over Na,SO,. After filtration, the filtrate was
concentrated under reduced pressure and further purified by column chromatography. Yield:
343.1 mg (75%). *H NMR (400 MHz, DMSO-dg): & 7.45 (d, J = 7.5 Hz, 3H), 7.41 (d, J = 7.5 Hz,
1H), 7.28 (d, J = 7.4 Hz, 3H), 4.01 (s, 1H) (Fig. S2).

2.4.3. Synthesis of 5-(4-diphenylamino styrene)-barbituric acid (PB-1), 5-(4-diphenylamino

styrene)-1,3-dimethyl-barbituric acid (PB-2), 5-(4-diphenylamino styrene)-1,3-diphenyl

-barbituric acid (PB-3)

The synthetic steps of PB-1 and PB-2 have been published in the previous papers of our
group [4], so the synthesis and characterization of PB-3 are discussed here.

PB-1: *H NMR (400 MHz, DMSO-dg) & (ppm): 8.42 (s, 1H), 8.31 (d, J = 8.9 Hz, 2H), 7.97 (s, 1H),
7.80 (s, 1H), 7.40 (t, J = 7.7 Hz, 4H), 7.24 (t, J = 6.3 Hz, 6H), 6.94 (d, J = 8.9 Hz, 2H) (Fig. S3).
13C NMR (126 MHz, DMSO-dg) & 155.13, 152.67, 151.2, 150.69, 145.51, 138.13, 130.58,
127.21, 126.48, 124.37, 117.30, 113.99 (Fig. S4). FT-IR (KBr, cm™): 1672 (C=0) (Fig. S5).
(The FT-IR of the C=0 bond present in the molecule of the barbituric acid derivative is
around 1670 cm'l). HRMS (ESI) m/z: [M + H]" calcd for Cy3Hq17N30s3, 383.41; found,
384.1278(Fig. S6).

PB-2: 'H NMR (400 MHz, DMSO-dg) & (ppm): 8.44 (s, 1H), 8.24(d, 2H), 7.38 (t, 4H), 7.23 (m,
6H), 6.95 (d, 2H), 3.40 (d, 6H) (Fig. S7). **C NMR (126 MHz, DMSO-dg) & 161.37, 155.98,
152.71, 151.62, 145.49, 138.05, 130.59, 127.20, 126.50, 124.42, 117.30, 113.83, 28.77 (Fig.
S8). FT-IR (KBr, cm™): 1667(C=0) (Fig. S9). (The FT-IR of the C=0 bond present in the
molecule of the barbituric acid derivative is around 1670 cm™). HRMS (ESI) m/z: [M + H]"
calcd for Cy5H,1N303, 411.462; found,412.1557 (Fig. S10).

PB-3: A mixture of 1 (0.447 g, 3 mmol) and 1, 3-diphenyl barbituronic acid (0.840 g, 3 mmol)
in (10ml) ethanol was refluxed for 4 h. After filtration, the filtrate was concentrated under
reduced pressure and further purified by column chromatography (ethyl acetate:

petroleum ether = 2:1). Yield: 1.158 g (90%). *H NMR (400 MHz, DMSO-dg) & (ppm): 8.30



(s, 1H), 8.23 (d, J = 8.4 Hz, 2H), 7.49 - 7.38 (m, 12H), 7.34 (d, /= 7.5 Hz, 6H), 7.24 (d, /= 8.4
Hz, 8H), 6.74 (d, J = 8.5 Hz, 2H) (Fig. $11). *C NMR (126 MHz, DMSO-d¢) & 163.54, 161.57,
156.45, 152.84, 145.37, 138.22, 130.58, 129.60, 129.47, 129.24, 128.72, 127.25, 126.59,
125.10, 117.15, 114.39 (Fig. $12). FT-IR (KBr, cm™): 1667 (C=0) (Fig. $13). (The FT-IR of the
C=0 bond present in the molecule of the barbituric acid derivative is around 1670 cm™).

HRMS (ESI) m/z: [M + H]" calcd for C3sH3sN303,535.686; found,536.1873 (Fig. S14).

3 Results and discussion
3.1 Optical properties

Fig. 1 shows absorption spectra of PB-1, -2, and -3 at different THF/H,0 percentages
(water fraction f,,= 0, 30, 50, 70%). The results show that the absorbance decreases with the
increase of water fractions and the reason may be that the degree of torsion of the
molecules increases with the increase of water fractions, leading to a weak intramolecular
charge transfer. The absorption band in the range of 270 to 300 nm is assigned to the m-nt*
electronic transition of the corresponding benzene ring unit. The absorption peaks at 454,
455 and 464 nm (for PB-1, -2, and -3, respectively) can be attributed to the ICT from
diphenylamine units to part of barbiturates [16].

At the same time, it was also founded that absorption spectra of the PB-1 had a wide and
relatively weak peak at around 350 nm, which may be consistent with the characteristics of
n-t* transition. This mechanism can be depicted in Fig. 2. As water is added, PB-1 undergoes
tautomerization from the keto to the enol structure.

The IR spectra of the three compounds were measured to verify the tautomerization of

PB-1, as shown in Fig.3. A wide peak at 3413~3418 cm™ appeared in all the three spectra,

which may be attributed to the trace of water in the samples. It is noteworthy that a unique
peak around 3220 cm™ appeared in PB-1, while it is absent in PB-2 and PB-3. Reasonably, the
peak at 3220 cm™ is attributed to the hydroxyl groups in the enol structure of PB-1. However,
for PB-2 and PB-3, with the hydrogen atom in NH group is replaced by a methyl group and a
phenyl group, respectively, cannot undergo tautomerization from the keto to the enol
structure, thus there is no hydroxyl group to produce the IR peak at 3200 cm™.

In the enol structure of PB-1, the lone pairs of electrons on the N atom can generate n-rt*

transitions with N=C double bonds, thus produces the absorption peak at 350 nm.



Accordingly, without enol structure for PB-2 and -3, there is no n-t* transitions, thus the

peak at 350 nm is absent in the absorption spectra of PB-2 and -3.
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Fig. 1. UV-visible absorption spectra of PB-1, -2, and -3 in different THF/H,0 percentage

solutions (solution concentration: 10”M).

Keto-Enol Tautomerization
OH
0
AN
oYy . CQ jepeu
N 0 ﬁ 0 N @) & OH

Fig. 2. Mechanism of PB-1 tautomerism.
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Fig. 3. FT-IR spectra of PB-1, PB-2 and PB-3.

3.2 AIE effect

It can be seen from the photograph that the emissivity of compounds PB-1, -2, and -3 is
weak in the low concentration of pure THF (Fig. 4), because the intermolecular interaction in
solution is relatively weak, so they rotate freely in solution state and energy is expended in a

non-radiative transition showing a weak fluorescence[17].
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Fig.4. Fluorescence photographs of PB-1, -2, and -3 under ultraviolet light irradiation in

different states (365 nm).

To test whether PB-1, -2, and -3 have AIE property, their PL behavior in THF/H,0 of
different water fractions (f.,) was investigated with the concentration of PB series of 10*M™
(Fig.5). PB-1, -2, and -3 exhibited weak emissions at 619.0, 628.0 and 634.0 nm in pure THF
(Table 1).

Table 1 Optical properties of PB-1, -2, and -3.

Solution / THF Aggregation solution Solid
(fw=90%) powder

Aabs / NM Aem/ NM Stokes shift / nm = Aem/NM  Aem/ NM DO/ %
PB-1 454.5 619.0 164.5 625.0 629.0 41.50%
PB-2 455.5 628.0 172.5 620.0 589.0 23.27%
PB-3 464.0 634.0 170 638.0 672.0 32.34%

Note: I, is the fluorescence intensity in the aggregation solution, /p is the fluorescence

intensity in pure THF.

Significantly, PB-1 exhibits enhanced AIE effect compared to PB-2 and PB-3: in aggregation
solution, the luminescence intensity of PB-1 is 7.2-fold higher than that in THF. In addition,
the solid fluorescence quantum yields of PB-1, PB-2, and PB-3 were 41.50%, 23.27%, and
32.34%, respectively [18]. As mentioned previously, the better AIE performance of PB-1 is
attributable to H-bonding, which helps to further solidify the molecular conformation of the
aggregated state and block the non-radiative transition.

We found that the AIE effect is related to the molecular structure of barbituric derivatives,
which as the volume of barbituric acid derivatives increased, the AIE index (/4/Ip) decreased
(Table 1). The aggregation induced fluorescence indexes of PB-1, PB-2 and PB-3 are 7.2, 3.6
and 2.1, respectively. Fluorescence intensity of PB-3 is weaker than those of PB-1 and PB-2 in
aggregation state, but stronger than those of PB-1 and PB-2 in pure solution, fluorescence

intensity of PB-2 is weaker than that of PB-1 in aggregation, but stronger than that of PB-1 in

1a/1p

7.2
3.6

2.1



pure solution. The reason is that large steric hindrance of the larger group make it difficult to
rotate freely in pure solution. On the other hand, in the state of aggregation of groups with
larger molecular spacing, the intermolecular interaction is weakened.

We also investigated the effect of the emission spectra of PB-1, -2 and -3 by varying the
amount of glycerol in the THF-glycerol mixture. As seen from Fig. S15, the fluorescence
intensity increases with increased glycerol contents in the THF-glycerol mixtures, because
the intramolecular rotation is limited by more glycerol, which attenuates the non-radiative
transition process and enhances the emission.

We carefully analyzed the AIE behavior of the three compounds. Compound of PB-1
exhibits a more complicated tendency with the increase of f,. The emission peak of PB-1
red-shifts from 619.4 nm to 648.4 nm when f,, increases from 0% to 70%. Furtherly, it
blue-shifts to 624.4 nm as f,, increase to 90%. It is known from section 3.1 that PB-1
produces the tautomerization from keto to enol structure, so the intermolecular hydrogen
bond (N-H-:-0) interaction exists, which increases the solubility of PB-1 in aqueous medium.
Therefore, when f,, < 70%, the PB-1 molecule is completely dissolved in the mixed solution
(Crz1=10"M"), and the increased f,, enhances the polarity of mixture, generating the
red-shifted emission due to the ICT effect. When 70% <f,<90%, the tightly aggregated
particles formed, in which the free rotation of the molecules was restricted, resulting in the
so-called RIR mechanism. By this mechanism, the emission intensity increased abruptly with

an AIE effect of 7.2.

As show in Fig. 5, PB-2 and PB-3 have similar behaviors with the f,, changes. When f,, <
40% for PB-2 and f,, £ 20% for PB-3, the molecules are still completely soluble in the mixture
solution. With hydrophobic methyl and phenyl groups on the N atom of barbituric acid,
respectively, they exhibits lower solubility than PB-1. In the resolvable range, the increase in
fw enhances the polarity of the mixture, the fluorescence intensity decreases due to ICT [19],
while the emission wavelength is accompanied by a red shift. However, as the water content
increases (40% <f,<80% for PB-2 and 20% < f,, <60% for PB-3), the molecules pack into
loose aggregates firstly, and the polarity of the micro-environment of the luminescent
molecule is reduced due to self-wrapping, thereby generates blue-shift of the emission
wavelength. Meanwhile, the loose packing does not restrict the free rotation of the

molecules, which leads to the continuing decrease in fluorescence intensity with f,, increases.



When 80% <<f,<90% for PB-2 and 60%<f,<90% for PB-3, the molecules begin to pack
tightly into nano-aggregates due to the strong intermolecular forces, and the RIR mechanism
takes effect. As a result, the emission wavelength red-shifts while the fluorescence intensity
increases.

To verify that the gradual decrease in fluorescence at low f,, values is due to ICT, emission
spectra were recorded in different solvents of different polarities. As can be seen from Fig.
S16, The fluorescence intensity of the barbituric acid derivatives PB-1, PB-2 and PB-3
decreased with the increase of the polarity of different solutions and the emission
wavelength was red-shifted. It was verified that the fluorescence decreased gradually at low

fw values due to ICT.
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Fig. 5. Left: Fluorescence spectra of PB-1, -2 and -3 in different water content (f,,) of THF/H,0

mixture; Right: emission peak (square) and emission intensity (triangle) relative to the water

fraction in the mixture. The excitation wavelengths were 450, 450 and 430 nm, respectively.

The fluorescence photos of PB-1, -2 and -3 under UV irradiation (365 nm) in different

water contents are shown in Fig. 6. The fluorescence intensity of the solution first decreases,



then increases significantly, and the color of luminescence changes significantly, from

yellow-green emission to orange or red emission.

10% 20% 30%40% 50%60%70%80%90% 0% 10% 20%30%40%50%60% 70% 80% 0%

0% 10% 20% 30% 40% 50% 60% 70% 80% 909 g

Fig. 6. Fluorescent photographs of PB-1, -2 and -3 in different f,, THF/H,0 mixed solvents

irradiated by a 365 nm ultraviolet lamp (solution concentration: 10*M)

Scanning electron microscopy (SEM) and dynamic light scattering (DLS) were used to
detect the morphology and size of nano-aggregates in different f,, solvents (Fig. 7) which
show the presence of spherical and blocky aggregates. As shown in Fig. 7, the solution was
uniformly stable at a water content of 90%, and the average diameters (d) of the PB-1, -2
and -3 aggregates were 645.2, 346.0 and 426.0 nm, respectively. These data indicate that the
enhanced emission of the compounds is related to the formation of nano-aggregates.

The intermolecular hydrogen bond (N-H---O) interaction exists in the barbituric acid unit
on PB-1 due to the tautomerization from the keto to the enol structure, resulting in the
larger size of aggregates. On the contrary, without intermolecular hydrogen bond, both the

aggregate sizes of PB-2 and -3 are much smaller than that of PB-1.
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Fig. 7. SEM images and particle size distribution histograms of PB-1, -2, -3 in a THF/H,0

mixture (fw = 90%) ( solution concentration: 10™M).

3.2 Theoretical calculation

In order to better understand their optical properties, we calculated the frontier
molecular orbitals using the DFT of the B3LYP/6-31G (d) basis set [22, 23]. Optimized
geometry and HOMO, LUMO energy levels of PB-1, PB-2 and PB-3 are given in Fig. 8 and Fig.
9. They exhibit highly distorted conformations that facilitate active intramolecular rotation of
the phenyl group in solution, thereby effectively dissipating exciton energy for weak
emission in the solvent. Its HOMO is located on the electron-donor triphenylamine, and
LUMO is mainly distributed on the electron-acceptor barbituric acid. The above results
further illustrate the occurrence of an ICT process from the donor to the acceptor moiety,

which is consistent with the observed optical properties [24].
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3.3 Compound fluorescence enhancement mechanism

Single crystal X-ray diffraction (SXRD) analysis can provide direct evidence of the
molecular conformation and packing structure of the compound. The single crystal of PB-2
was successfully cultured before, but it was unsuccessful for PB-1 and PB-3 crystals. Since
our group already has the single crystal data of PB-2, we cite them directly here. The specific
analysis of Fig. 10 has been presented in the previous work [4] of our group.

According to our previous work, the reason why PB-1, -2, and -3 weakly emit when the
particles dissolved in a solvent is due to the free rotations and vibrations inside molecules.
Intramolecular interaction inhibits the process of radiation decay and promotes enhanced
emission, which is primarily due to the limited intramolecular motion and some specific
molecular packing models, such as herringbone stacking [25, 26].

In the dilute solution, the steric hindrance in the molecule reduces the m-conjugation,
PB-1, -2, and -3 are almost isolated and adopted a twisted conformation. Movements such
as rotation, vibration, and stretching within the molecule consume the energy of the excited
state and suppress the decay process of the radiation. While in the aggregate state,
intramolecular vibration or rotation is locked by the interaction forces between molecules,
such as C-H---O, C=0-:-C and C=0-::N and many CH--it interactions. Therefore, intramolecular
motion is significantly suppressed, hindering the non-radiative process.

In general, it can be said that the mechanism for enhancing PB-1, PB-3 emission is the
restriction of intramolecular motion (RIM) caused by molecular aggregation. Additionally,
PB-2 also shows a herringbone stacked conformation in the crystal, Herringbone stacking
and RIM are considered the reasons for the enhancement of PB-2 emission. Therefore,
according to the results of SEM and DLS, the formation of nano-aggregates of PB-1, -2 and -3

at high f,, can be attributed to the phenomenon of fluorescence enhancement.
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Fig. 10. ORTEP (thermal ellipsoids at 50% probability level) diagram (a), one-dimensional

structure (b), herringbone stack structure (c), and -t interaction (d) of PB-2. (Adopted from

Royal Society of Chemistry with permission for reference 4).

3.4 Detection of nitroaromatic explosives

As shown in Fig. 11, fluorescence of PB-3 (f,, = 90%) did not change within 30 minutes
under continuous UV irradiation, while the fluorescence of PB-1 and PB-2 decreased
remarkably in f, = 90%. These results means that PB-3 (f, = 90%) has excellent
photo-stability and could be used for explosive detection.

The 'H NMR spectra of PB-1, PB-2 and PB-3 were measured before and after being
irradiated for 24 hours under the UV lamp (365 nm). The results can be found in $17-S19 in
the supporting information. It is obvious from Fig. S17 that N-H peak at 11.0 ppm on the
barbituric acid of PB-1 disappears after being irradiated by UV, accompanied by a new peak
near 3.5 ppm which could be ascribe to the peak of O-H. This change of "H NMR spectra is in
agreement with the fact that PB-1 undergoes tautomerization from keto to enol structure,
which is responsible for great decrease of fluorescence intensity (by 95% in 30 minutes). For
PB-2, the chemical shifts of the hydrogen atom in the triphenylamine moiety remained
unchanged after being irradiated, while those in both the methyls and vinyls around the
barbituric acid shifted to the high field (Fig. S18). This spectral changes meant the photo
reaction occurred around barbituric acid group, which leading to the severe photobleaching
of PB--2 that the fluorescence intensity decreased by 95% in 30 minutes. Unfortunately, the
reason for the photo reaction has not yet been clarified. For PB-3, there was almost no

change in 'H NMR spectra after being irradiated for 24 hours under the UV lamp (365 nm)



(Fig. S19), indicating that its chemical structure did not change, this phenomenon well

explained the great photo-stability of PB-3.
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Fig. 11. Light stability of PB-1, PB-2, PB-3 in f,, = 90%.

The fluorescence quenching of PB-3 (fy = 90%) nano-aggregates was tested in the
presence of 2,4-dinitrotoluene (DNT), 2,4,6-Trinitrotoluene (TNT) and 2,4,6-trinitrophenol
(PA) with equivalents of nitroaromatics (0.8x102 g/L). As shown in Fig. 12, PA, TNT or DNT
were gradually added to PB-3 (f, = 90%) solution, and the fluorescence gradually weakened,
but we could see that the dripping of PA led to the fastest fluorescence reduction. The
fluorescence intensity of quenching at different concentrations (0-1.6x107 g/L) was
recorded, and the Stern-Volmer curve was obtained. It was found that the quenching curve
of nitroaromatic compounds (0—-0.8x102 g/L) at low concentration was linear. As shown in
Fig. 13, the quenching constants (Ksy) of various nitroaromatic compounds were obtained by
fitting the data [27]. It can be seen from the figure that the values of Ksy of PA, TNT and DNT

are 4.1X10% 1.4X10* and 2.0X10® M, respectively, when the concentration range of



nitroaromatics are matched (0—0.8x1072 g/L). It can be seen that the Ksy of PA is much higher

than those of TNT and DNT.
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Fig. 12. PB-3 vs. PA, DNT, and TNT quenching fluorescence spectra.
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Fig. 13. Fluorescence quenching Stern-Volmer curves of PB-3 with PA, TNT and DNT.

Selectivity is a key criterion for the practicality of sensing materials. In order to test the
selectivity of PB-2, PA, TNT, DNT, 1,4-benzoquinone (BQ), chlorobenzene, benzenesulfonic
acid, phenol and methanol are used as organic analytes, and meanwhile HCl and KOH as
inorganic interferences were studied (Fig. 14). As show in Fig. 14, PA displayed the highest
fluorescence quenching efficiency ((1-1/1p) x100%) of 90%, and the quenching efficiencies of
TNT and DNT with nitro groups were 60% and 50%, respectively. However, there almost no

reaction of other compounds. Obviously, PB-3 has better selectivity for PA, TNT and DNT.



The limit of detection (LOD) of PB-3 in THF-H,0 mixture (1: 9 v/v) for PA is 2.4 uM, which
can be obtained by the equation LOD = 3S/K, where S is the standard deviation of 15
measurements of blank samples and K, is known from above. [28, 29].

By analyzing the literatures on fluorescence sensors for NACs, it was found that the K, of
most of the sensing materials concentrates on the order of magnitude of 10*M™ [30-35].
This means that PB-3 exhibited comparable K, with most of the reported sensing materials.
Additionally, PB-3 exhibits outstanding photo-stability among the reported ones, which is an
important property for a fluorescent sensor.

Water from different resources (Yellow River water, tap water, and pond water spiked) was
tested to see any effect on fluorescence quenching. The fluorescence quenching of PB-3 (f,, =
90%) nano-aggregates was tested in the presence of PA with equivalents of nitroaromatics
(0.8x102 g/L). As shown in Fig. 15, it is obvious that the quenching effect is the same in
different water environments, so it can be concluded that water from different sources does

not affect the quenching behavior.
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THF-H,0 mixture (1:9 v/v) at room temperature.
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Fig. 15. Fluorescence response of PB-3 (THF:H,O mixture (1:9 v/v)) toward PA in different

water resources.
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Fig. 16. Column diagrams of fluorescence detection of PA performed in the presence of

different metal ions. Green bars: metal ion solution (c = 10° M). Purple bars: metal ion

solution with PA (c = 10™ M) (PB-3, f., = 90%) + metal ion + PA).

Simultaneously, there may be a lower concentration of metal ions in different waters,
which may affect the detection of PA. Therefore, fluorescence detection of PA was
performed in the presence of different metal ions. As shown in Fig. 16, the presence of

metal ions does not affect the detection of PA.

The availability of solid-state sensor equipment is critical for practical explosive detection.
To achieve this goal, we prepared the test paper by soaking Whatman filter paper in PB-3 (fy
= 90%) (10 M) solution and then dried it in air stream. The first is the vapor mode test. We
placed the fluorescent test paper on a glass vial containing solid PA (0.2 g) for 5 minutes. The
circular area of the test strip was exposed to PA vapor. It can be seen that the PL of the

aggregate is obviously quenched in the exposed area as shown in Fig. 17A. Then, the



solution state was tested. The test paper were immersed into pure THF (as reference) and a
solution of PA in THF (10 M). As shown in Fig. 17B, the fluorescence of the test paper
guenched completely when it was immersed in PA/THF (Fig. 17B.e). On the contrary, there is
no obvious PL quenching phenomenon in the reference paper immersed in pure THF (Fig.

17B.d). These experimental results indicate that PB-3 can be used to prepare the sensitive

sensor for detecting nitroaromatic explosive.

B

Fig. 17. Paper test. (A) Gas phase mode detection of PA: before (a) and after (b) the test strip

is placed on top of a glass bottle containing solid PA for 5 minutes; (B) Solution mode.

3.4.1 Sensing mechanism

The two mechanisms of PB-3 quenching may be Forster resonance energy transfer (FRET)
and photoinduced electron transfer (PET) [36-38]. In order to verify whether the quenching
of PB-3 is due to the presence of FRET, different nitroaromatics (NACs) absorption spectra
and PB-3 emission spectra were tested. As shown in Fig. 18, the absorption spectra of NACs
(PA, TNT and DNT) do not overlap with the emission spectra of PB-3 (as a prerequisite for

Forster-type energy transfer), and the results suggest that FRET mechanism is negligible.
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Fig. 18. Absorption and emission spectra of TNT, DNT, PA and PB-3.

Theoretical calculations were made on the basis of B3LYP/6-31g (d) to determine the
LUMO and HOMO energies of PB-3 and NACs. As shown in Fig. 8, the optimized geometry of
PB-3 exhibits a distorted conformation which can be free to rotate in a pure solution, thus
energy consumption due to non-radiative transitions, so its emission intensity is weak in
pure solution. The calculated results show that the electron densities of HOMO is located in
the triphenylamine, whereas the electron densities of LUMO is confined to barbituric acid
group (Fig. 19). These indicate that charge transfer from the triphenylamine group to the
barbituric acid group occurs in the excited state of PB-3. When the excited PB-3 is exposed to
NACs, the excited electrons are transferred from the LUMO of PB-3 to the LUMO of NACs.
The main driving force of PET is the difference between the LUMO value of the tested
compound and the NACs. The driving forces of PA, TNT and DNT were 1.194, 0.627 and 0.176
eV, respectively (Fig. 19). Compared with other NACs, PA has the most significant driving
force (1.194 eV) in PET mechanism, so PB-3 shows special selectivity for PA in three NACs
[39].
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Fig. 19. Energy levels, energy gaps and electron cloud distributions of the HOMO and LUMO
of PA, TNT, DNT and PB-3 calculated by the B3LYP/6-325 31G (d) program.

4 Conclusions

Three D-1t-A type barbituric derivatives were synthesized and the AIE property related to
the molecular structure of barbituric derivatives. In comparison with PB-1 and -2), PB-3
showed strikingly fluorescence stability at high water fractions THF/H,0 = 1:9 (f,, = 90%),
therefore further for great sensitivity detection as a prototype of the nitroaromatic analyte

of PA. Solid phase paper test based on PB-3 was also showed great sensitivity toward PA

both in the vapor and solutions.
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Highlights:

»  We founded that the aggregation induced fluorescence (AIE) properties were affected by the different substituents on
barbituric acid. With the molecular volume increasing, the AIE effect decreased.

»  We designed and synthetic synthesized barbituric derivatives fluorescence sensors, which can generate aggregates in
high water content and can thus be used for the detection of nitroaromatics in aqueous media We founded that

the alkyl substituents play important role in forming aggregates of the compounds.
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