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ABSTRACT: A macrocyclic tetra-imidazolium salt (2) based on quinoxaline was prepared and characterized. The recognition of 2
to nitro compounds was investigated by fluorescence spectroscopy, 1H NMR titrations, MS, IR spectroscopy, and UV/vis
spectroscopy. The results displayed that 2 was able to effectively differentiate p-dinitrobenzene from other nitro compounds via the
fluorescence method.

1. INTRODUCTION
The detection of nitroaromatics in recent years has attracted
extensive attention because these types of compounds are
explosive, posing a threat to public safety.1−10 Compared with
traditional detection methods (such as LC−MS, GC−MS, and
HPLC),11−13 the fluorescence method has some advantages,
such as high sensitivity, speediness, and easy operation.14−18

Among these chemosensors, the forces acting between the host
and guest are mostly hydrogen bonds (such as N−H···O, O−
H···O, and C−H···O). Hence, it is a meaningful work to design
and synthesize hosts with active hydrogen atoms.

To search for a suitable chemosensor with active hydrogen
atoms, herein, we designed and synthesized a macrocyclic
tetra-imidazolium salt (2) based on quinoxaline. The hydrogen
atoms on the imidazolium salt (NCHN) of 2 can capture
guests through the formation of hydrogen bonds. The selective
recognition of 2 to nitroaromatics was researched through
fluorescence spectroscopy, 1H NMR titrations, MS, IR
spectroscopy, and UV/vis spectroscopy.

2. EXPERIMENTAL METHODOLOGY
2.1. Chemicals and Apparatus. All chemicals used for

the experimental research were of reagent grade. The melting
points were measured using a Boetius block device. A
PerkinElmer spectra 100 FT-IR spectrophotometer was
applied for the analysis of the infrared spectra. A Varian
spectrometer was applied for 1H NMR and 13C NMR spectra.
A PerkinElmer 2400C elemental analyzer was applied to carry

out elemental analyses. The luminescence spectra were
measured, applying a Shimadzu RF-5301PC luminescence
spectrophotometer. A VG ZAB-HS mass spectrometer was
applied to measure the mass spectra.
2.2. Synthesis of 1,4-Dibromo-2,3-butanedione. A

mixture of liquid bromine (18.720 g, 117.0 mmol) and
chloroform (10 mL) was added dropwise to another mixture of
2,3-butanedione (5.086 g, 59.0 mmol) and chloroform (10
mL) with stirring at 25 °C. After the addition was completed,
the reaction temperature was raised to refluxing until no
hydrogen bromide was released; then, the reaction was
stopped. After cooling, the reaction system was poured into
a beaker with ice water and placed for 1 h. 1,4-Dibromo-2,3-
butanedione was obtained via filtration and recrystallization
with chloroform (20.0 × 2 mL). Yield: 10.043 g (71%). M.p:
116−117 °C. 1H NMR (400 MHZ, CDCl3): δ 4.32 (s, 4H,
CH2).
2.3. Preparation of 2,3-Bis(bromomethyl)-

quinoxaline. A mixture of ethanol (26 mL) and 1,4-
dibromo-2,3-butanedione (2.024 g, 8.3 mmol) was added to
another mixture of 1,2-diaminobenzene (0.898 g, 8.3 mmol)
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and ethanol (25 mL) at 0 °C. After 3 h, the precipitate was
collected through filtration and washed with ethyl ether. 2,3-
Bis(bromomethyl)quinoxaline was obtained as a white powder.
Yield: 2.302 g (88%). M.p: 155−156 °C. 1H NMR (400 MHZ,
DMSO-d6): δ 4.92 (s, 4H, CH2), 7.79−7.81 (m, 2H, ArH),
8.07−8.11 (m, 2H, ArH).
2.4. Preparation of 2,3-Bis(1-imidazol-1′-yl)-

quinoxaline. A THF (100 mL) suspension of imidazole
(0.950 g, 14.6 mmol) and anhydrous sodium acetate (1.720 g,
21.0 mmol) was stirred for 1 h under refluxing. Then, 2,3-
bis(bromomethyl)quinoxaline (1.120 g, 3.6 mmol) was added
dropwise to the above reaction flask and continually stirred for
4 h. The mixture was filtered, the filtrate was concentrated to 4
mL, and a small amount of ethyl ether was added to afford a
solid. 2,3-Bis(1-imidazol-1′-yl)quinoxaline was obtained via
filtration and washed with water. Yield: 0.710 g (70%). M.p:
196−198 °C. 1H NMR (400 MHZ, DMSO-d6): δ 5.69 (s, 4H,
CH2), 6.97 (s, 2H, ArH), 7.17 (s, 2H, ArH), 7.77 (s, 2H,
imiH), 7.81−7.85 (m, 2H, ArH), 7.94−7.97 (m, 2H, ArH)
(imi = imidazole).
2.5. Preparation of Compound 1. A THF (50.0 mL)

solution of 2,3-bis(bromomethyl)quinoxaline (0.060 g, 0.19
mmol) and 2,3-bis(1-imidazol-1′-yl)quinoxaline (3.480 g, 12.0
mmol) reacted for 4 days at 30 °C, and a white solid was
generated. The solid was obtained through filtration. Then, a
methanol (10.0 mL) solution of NH4PF6 (0.101 g, 0.62 mmol)
was added to the methanol (20.0 mL) solution of this solid
with stirring, and a white powder was immediately generated.
Compound 1 was obtained by filtration and dried in a vacuum.
Yield: 0.120 g (58%). M.p: > 300 °C. 1H NMR (400 MHZ,
DMSO-d6): δ 9.47 (s, 2H, imiH), 8.05 (d, J = 7.6 Hz, 2H,
imiH), 7.91−7.92 (m, 12H, ArH), 7.85 (s, 4H, imiH), 7.28 (s,
2H, imiH), 7.03 (s, 2H, imiH), 6.16 (s, 4H, CH2), 6.12 (s, 4H,
CH2), 5.79 (s, 4H, CH2). Anal. Calcd for C42H36N14P2F12: C,
49.13; H, 3.53; N, 19.09%. Found: C, 49.31; H, 3.44; N,
19.17%.
2.6. Preparation of Compound 2. A CH3CN (25.0 mL)

solution of 2,3-bis(bromomethyl)quinoxaline (0.030 g, 0.1
mmol) and 1 (0.110 g, 0.1 mmol) reacted for 4 days under
refluxing, and a white solid was generated. This solid was
obtained through filtration. Then, the methanol (20.0 mL)
solution of this solid was added to methanol (10.0 mL) of

NH4PF6 (0.200 g, 1.2 mmol), and a white powder was
generated. Compound 2 was obtained by filtration and dried in
a vacuum. Yield: 0.060 g (41%). M.p: > 300 °C. 1H NMR (400
MHz, DMSO-d6): δ 9.59 (s, 4H, imiH), 8.05 (d, J = 8.0 Hz,
8H, imiH) 7.92−7.99 (m, 8H, ArH), 7.86−7.90 (m, 8H, ArH),
6.15 (s, 16H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 148.0
(ArC), 145.8 (ArC), 141.8 (imiC), 140.2 (ArC), 137.9 (ArC),
135.4 (ArC), 131.1 (ArC), 128.4 (ArC), 124.0 (ArC), 123.7
(ArC), 113.2 (ArC), 112.3 (ArC), 112.2 (ArC), 50.4 (CH2).
Anal. Calcd for C52H44N16P4F24: C, 42.40; N, 15.22; H, 3.01%.
Found: C, 42.38; N, 15.34; H, 3.25%.
2.7. Fluorescence Titrations. Host 2 was dissolved in

CH2Cl2/DMSO (v:v = 199:1) to prepare the stock solution
(1.0 × 10−4 M). The guests were dissolved in CH2Cl2 to
prepare the stock solutions of guests (5.0 × 10−4 mol/L).
Different amounts of guest solutions and 0.5 mL of the host
solution were added to a 10 mL volumetric flask and then
diluted to 10 mL to form the sample solutions. The
concentrations of the guests were 0−15.0 × 10−6 M, and the
concentration of the host was 5.0 × 10−6 M for the sample
solution. A quartz cuvette with 1 cm path-length was used for
host 2 to record the fluorescence emission spectra, which
ranged from 345 to 595 nm (the excitation slits at 15 nm and
emission at 15 nm). The excitation wavelength was 318 nm.
All tests were accomplished at room temperature. The data of
processing and analysis were carried out using Origin 8.0.
Freshly distilled CH2Cl2 and DMSO were used in the
titrations.
2.8. Method for Job’s Plot. The stock solution was

prepared according to a method similar to the fluorescence
experiment. In the measuring solutions, the mole fractions of
the guest were varied from 0 to 1, and the total concentration
was fixed at 5.0 × 10−6 M. A quartz cuvette with 1 cm path-
length was used for host 2 to record the fluorescence emission
spectra. All tests were accomplished at room temperature. The
data of processing and analysis were carried out using Origin
8.0.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Tetra-Imida-

zolium Salt 2. The reaction of 2,3-butanedione with bromine
afforded 1,4-dibromo-2,3-butanedione, which further reacted

Scheme 1. Preparation of 2
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with 1,2-diaminobenzene to generate 2,3-bis(bromomethyl)-
quinoxaline, as shown in Scheme 1. Imidazole reacted with 2,3-

bis(bromomethyl)quinoxaline to form 2,3-bis(1-imidazol-1′-
yl)quinoxaline, which further reacted with 2,3-bis-
(bromomethyl)quinoxaline to afford compound 1. Compound
1 reacted with 2,3-bis(bromomethyl)quinoxaline, and the
following anion exchange was performed using NH4PF6 in
methanol to afford macrocyclic compound 2.

Compound 2 was soluble in CH3CN and DMSO but hardly
soluble in petroleum ether, water, benzene and diethyl ether.
The proton signal (NCHN) (δ = 9.59 ppm) for imidazolium
in the 1H NMR spectra of 2 was in line with the proton signals
of known imidazolium salts.19,20 Through referring to the
literatures with structures similar to compound 2,21,22 we know
that compound 2 is not an exactly symmetric structure, but the
chemical environment of some protons is very close. Because
the range of the 1H NMR chemical shift is relatively small (0−
10 ppm for Figure S11), some protons with a close chemical
environment cannot be distinguished. As a result, the number
of 1H NMR signals is consistent with the symmetrical
structure. By contrast, the range of 13C NMR chemical shift
(0−150 ppm for Figure S12) is far greater than the range of
the 1H NMR chemical shift, so 13C NMR can distinguish some
carbon atoms with a relatively close chemical environment.
3.2. Recognition of p-Dinitrobenzene Using Macro-

cycle 2 as a Chemosensor. Macrocycle 2 was chosen as a
host to study the recognition ability of nitro compounds (o-
nitrophenol, p-nitrophenol, nitrobenzene, p-dinitrobenzene (p-
DNB), m-dinitrobenzene, m-nitroaniline, p-nitroaniline, p-
nitrotoluene, 2,4-dinitrotoluene, and 2-hydroxy-4-nitroaniline)
via fluorescence in CH2Cl2/DMSO (v:v = 199:1) at ambient
temperature.

The free compound 2 (5 × 10−6 M) displayed an emission
at 390 nm (λex = 318 nm; the emission and excitation slits were
all 15 nm), as shown in Figure 1. After adding 10 equiv of o-
nitrophenol, p-nitrophenol, nitrobenzene, m-dinitrobenzene,
m-nitroaniline, p-nitroaniline, p-nitrotoluene, 2,4-dinitroto-
luene, and 2-hydroxy-4-nitroaniline to the solutions of 2, no

Figure 1. Fluorescence spectra of 2 (5.0 × 10−6 M) when 10 equiv of
o-nitrophenol, p-nitrophenol, nitrobenzene, p-dinitrobenzene (p-
DNB), m-dinitrobenzene, m-nitroaniline, p-nitroaniline, p-nitro-
toluene, 2,4-dinitrotoluene, and 2-hydroxy-4-nitroaniline in CH2Cl2/
DMSO (v:v = 199:1) was added at ambient temperature (λex = 318
nm).

Figure 2. Fluorescence titration spectra of 2 (5.0 × 10−6 M) in the
presence of various Cp‑DNB in CH2Cl2/DMSO at ambient temper-
ature. Cp‑DNB for curves 1−20 are 0.0, 0.2, 0.4, 0.6, 0.8, 1.2, 1.5, 2.0,
2.3, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 8.0, 10.0, 12.0, and 15.0 × 10−6 M.
Inset: the fluorescence of 2 vs Cp‑DNB at 390 nm (λex = 318 nm).

Figure 3. Job’s plot for 2·p-DNB in CH2Cl2/DMSO (v:v = 199:1) at
318 nm. The total concentration of 2 and p-DNB was 5.0 × 10−6

mol/L.

Figure 4. Part of 1H NMR spectra in DMSO-d6. (i) Free 2; (ii) 2 and
0.25 equiv of p-DNB; (iii) 2 and 0.5 equiv of p-DNB; (iv) 2 and 0.75
equiv of p-DNB; (v) 2 and 1.0 equiv of p-DNB; (vi) 2 and 2.0 equiv
of p-DNB.
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remarkable alteration of fluorescence was found. When an
equal number of p-dinitrobenzene (p-DNB) was added, the
fluorescence intensity of 2 significantly enhanced at 390 nm.
This indicated that 2 was of a high selectivity to p-DNB, and it
can be used as a chemosensor to distinguish p-DNB from other
nitro compounds. Additionally, the UV spectra of compound 2
in the presence and absence of p-DNB were also measured
(Figure S1). The absorption of 2 at 300−350 nm obviously
increased after adding p-DNB to the solution of 2, and this
result further indicated that 2 has good selectivity for p-DNB.

As shown in Figure 2, the fluorescence intensities of 2 at 390
nm enhanced gradually with the increasing Cp‑DNB in the
fluorescence titration experiments. While the ratio of Cp‑DNB/
C2 changed from 0 to 12 (Cp‑DNB and C2 were the
concentrations of p-DNB and 2, respectively), the fluorescence
intensity enhanced little by little, as shown in the inset of
Figure 2. When this ratio was more than 12, the tendency of
enhancement of fluorescence intensity became slow until
unchanged. The enhancing behavior of p-DNB on the
fluorescence of 2 followed the Stern−Volmer equation (eq 1)

= +F F K/ 1 Cp0 SV DNB (1)

where F and F0 are the fluorescence intensities of 2 in the
presence and absence of p-DNB, respectively. KSV is the
association constant. KSV for 2·p-DNB is gotten as 2.9 × 104

M−1 (R = 0.992) by calculation, and the linear range is 0−6.0
× 10−6 M, as shown in Figure S2. The detection limit of 2 to p-
DNB is gotten as 1.3 × 10−7 mol/L through calculation
(Figure S3), and this value is in the medium position while
comparing with the values in the literatures (from 6.1 × 10−5

to 1.5 × 10−8 mol/L).23−25

In Job’s plot (Figure 3), χ is the molar fraction of 2 under a
fixed overall concentration (5.0 × 10−6 M), and ΔI is the
discrepancy of luminescence intensity with and without p-
DNB. When χ is 0.5, χΔI reaches its maximum value. This
displays that the stoichiometric ratio between p-DNB and 2 is
1:1.

To further understand the selective capability of 2 to p-
DNB, competitive experiments were performed. First, 10 equiv
of different nitro compounds (p-nitrophenol, o-nitrophenol,
nitrobenzene, m-dinitrobenzene, m-nitroaniline, p-nitroaniline,
p-nitrotoluene, 2,4-dinitrotoluene, and 2-hydroxy-4-nitroani-
line) was mixed with 2 (5 × 10−6 mol/L). Then, 10 equiv of p-
DNB was added. No remarkable disturbance was observed
(Figure S4). The results showed that 2 can discriminate p-
DNB from other nitro compounds.

3.3. Interactions of p-DNB with 2. Through analyzing
the structure of 2, it was found that the H atom is the most
possible bonding site for p-DNB. To gain detailed information
about the bonding pattern of 2 and p-DNB, we conducted 1H
NMR titration tests in DMSO-d6 (Figure 4). Upon the
addition of 1.0 equiv of p-DNB (Figure 4v), the proton signals
of Ha and Hd shifted downfield by 0.04 and 0.02 ppm, the
signals of Hb and Hc moved upfield by about 0.02 ppm, while
the other proton signals hardly changed. These alterations
showed that p-DNB was held by the H atoms through C−H···
O H bonds (Scheme 2). Besides, the signals of Ha−Hd had no
obvious shifts upon adding more p-DNB (Figure 4vi), and this
indicated that p-DNB and 2 had a 1:1 complexation.

In the mass spectrum of 2·p-DNB (Figure S5), m/z
(265.1683) of [(2 + p-DNB − 4PF6

−)/4]+ was found (the
theoretical value is 265.2801), and this provided another
evidence for the formation of a 1:1 complexation between 2
and p-DNB. This result was in line with the findings in Job’s
plot experiment. In the infrared spectra (Figure S6), the ν(C−
N) absorption bands moved from 1165 cm−1 in free p-DNB to
1156 cm−1 in 2.p-DNB, the ν(N�O) absorption bands moved
from 1342 cm−1 in free p-DNB to 1328 cm−1 in 2.p-DNB, and
the ν(C−H) absorption bands moved from 3120 and 838
cm−1 in free p-DNB to 3113 and 826 cm−1 in 2.p-DNB.

Through the comprehensive consideration of the structure
of 2, 1H NMR titration, MS, and IR analyses, the bonding
force of 2 and p-DNB is observed to have originated mostly
from C−H···O H bonds. Each imidazolium in 2 is an electron-
donating part as it includes an electron-rich π5

7 bond, and the
nitro group in p-DNB is an electron-withdrawing group. When
p-DNB was held by 2, the photoinduced electron transfer
(PET) process from imidazolium to quinoxaline was turned off
because of the effect of the nitro group.26 As a consequence,
the fluorescence intensity of 2 increased significantly. Addi-
tionally, we tried to cultivate a single crystal of 2·p-DNB but
did not succeed.

4. CONCLUSIONS
In sum, one macrocyclic tetra-imidazolium salt 2 based on
quinoxaline was prepared and characterized, in which one 26-
membered macrocycle was constructed by four imidazolium,
four quinoxaline, and eight methylene groups. Macrocycle 2
has a special selectivity to the detection of p-DNB, and the
large KSV value (2.9 × 104 M−1) showed that there was a strong
acting force between the host and guest. The low detection
limit (1.3 × 10−7 mol/L) showed that there was high
sensitivity in the detection of the host to guest. Hence, 2

Scheme 2. Interactions of p-DNB with 2
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can effectively distinguish p-DNB from other nitro compounds
via the fluorescence method.

Recently, our research group reported another macrocyclic
tetra-imidazolium salt based on fluorene and its recognition
performance for p-nitroaniline.22 Through comparison, the
similarity of these two macrocycles in the literature and in this
paper is that they all contain four imidazolium groups.
However, these two macrocycles have some differences, for
example: (i) their sizes are different (30-membered in the
literature and 28-membered in this paper); (ii) their degree of
distortion is different, and the distortion degree of the
macrocycle in the literature is larger due to the presence of
two flexible propylene groups; (iii) the hydrogen atoms on the
benzene ring of the macrocycle in the literature participated in
binding to the guest but not in this paper. As a result, these two
macrocycles recognized different guests (p-nitroaniline in the
literature and p-dinitrobenzene in this paper). Further
investigations about the preparation and detection of new
imidazolium salts are in progress.
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