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Abstract

A new fluorophore containing a truxene core and three ethynyl pyrene peripheries is
successfully synthesized by the Sonogashira coupling. This compound exhibits a superior emission
properties compared to the parent truxene with a quantum yield of 71 and 53 % in CHCIl; and aqueous
THEF, respectively. In CHCL,, it shows a selective fluorescence quenching towards 2-nitrophenol with
a detection limit of 1.54 ppm. When dissolved in aqueous THF, however, its fluorescent signal is
selectively quenched by picric acid with a detection limit of 0.15 ppm. Since the absorption bands of
these analytes overlap with the excitation wavelength of the fluorophore, the inner filter effect may be
a significant cause of the fluorescent quenching. However, there is no direct proportion between the
fraction of photons absorbed by the fluorophore and emission integrals, therefore, other quenching
mechanisms might also play important role. The Stern-Volmer plots at different temperatures indicate
a static or contact quenching of the fluorophore, which could cause by the 7-m interaction between the

fluorophore and the electron-deficient analytes.
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1. Introduction

Nitroaromatic compounds (NACs) such as nitrobenzene (NB), trinitrobenzene (TNB)
and picric acid (PA) are widely used as industrial solvents, insecticides, dyes, and herbicides,
while trinitrotolulene (TNT) is the explosive chemical commonly involves in terrorist or
criminal activities [1-5]. For the bioenvironmental issues, contamination of NACs in water
and soil can be seriously dangerous, especially to the chemically sensitive animals and plants
[6-7]. In term of human exposure, NACs are known to cause the formation of methemoglobin
upon acute exposure while the chronic exposure can cause anemia, bladder tumors, and liver
damages [8-10]. Therefore, the detection and quantitation of these hazardous compounds

contaminating in environment or ecosystem is of great importance.

Various analytical techniques such as gas chromatography coupled mass spectrometry
(GC-MS), ion-mobility spectroscopy (IMS), and surface enhanced Raman spectroscopy
(SARS) have been used for detections of NACs. However, these techniques usually require
costly equipment, complicated instrument operation, tedious sample preparation, and well-
trained instrument users. Compared to those techniques, fluorescence spectroscopy requires
less-expensive instrument, yet provides high selectivity and comparable sensitivity in short
response time. As the portable fluorometers have become commercially available, the real-
time monitoring and on-site detection can also be performed. For these reasons, there have
been a number of works on the development of efficient fluorescent sensors with selectivity
towards NACs [11-17]. Some of the precedent works relied on the fluorogenic responses of
inorganic-organic hybrid nonospheres [14], Ag nanocluster-DNA hybrid [15], upconversion
luminescence nanoparticles [16], and p-phenylenevinylene derivatives [17] towards
nitroaromatic explosives. During our research study involving the synthesis of fluorescent
signal transducers and sensors, we became interested in various derivatives of truxene or
10,15-dihidro-5H-diindenal[1,2-a;1°,2’-c]-fluorene due to their well-defined and rigid
structures, high thermal stability, and strongly emissive properties. [18] Several truxene
derivatives have been prepared and applied as optoelectronic materials [19-21] and
fluorescent sensors. [18, 22-23] In this paper, we report the synthesis and characterization of
a new pyrenyl truxene 1 (Figure 1) with an aim of using it as a fluorescent sensor for
nitroaromatic compounds. The ethynyl pyrene groups could extend the conjugation of the
truxene core and serve as binding sites for electron-poor analytes. The n-butyl substituent at
the 5, 10, and 15-positions of truxene could prevent the m-m stacking and enhance the

solubility of this compound in common organic solvent.
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Figure 1 Structure of fluorophore 1

2. Experimental
2.1. Materials and instruments

All reagents and solvents used in the reactions were reagent grade purchased from
Sigma-Aldrich (USA), Fluka® (Switzerland), or Merck®™ (Germany). Truxene was prepared
from 3-phenylpropionic acid according to a literature procedure. [23] Solvents for reaction
workup and chromatography were bulk commercial grade and distilled prior to use.
Analytical thin layer chromatography (TLC) was carried out on Merck Kieselgel 60 Fys4
aluminium-backed silica plates (Merck KgaA, Darmstadt, Germany). Flash column
chromatography was performed using Merck Kieselgel 60G silica gel and eluting with the
solvent system stated. Water refers to distilled water.

All '"H NMR and "*C NMR spectra were determined on a Varian Mercury NMR
spectrometer, which operated at 400 MHz for 'H and 100 MHz for ">C nuclei (Bruker 400
MHz NMR spectrometer). Mass spectra were recorded on a Microflex MALDI-TOF mass
spectrometer (Bruker Daltonics) using doubly recrystallized a-cyano-4-hydroxycinnamic acid
(CCA) and dithranol as a matrix. Absorption spectra were measured by using Shimadzu UV-
2550 UV-Vis spectrophotometer. Fluorescence spectra were recorded on a Varian Cary

Eclipse spectrofluorometer. The maximum absorption wavelength was used as the excitation
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wavelength of each fluorophore and the emission was recorded from 390 to 600 nm. A

solution of fluorophore was prepared in CHCl; and aqueous THF.

2.2. Synthesis

5,5,10,10,15,15-hexabutyl-truxene (2)

This compound was prepared according to a literature procedure [24] with a slight
modification as the use of n-BuLi in anhydrous THF at -78 °C was replaced by NaH in DMF
at 0 °C. Thus, sodium hydride (2.2 g, 54.49 mmol) was added to a stirred solution of truxene
(1.5 g, 4.54 mmol) in DMF (50 mL) at 0 °C under nitrogen atmosphere. The solution was
allowed to warm until room temperature and stirred for 30 min, then followed by an addition
of n-butyl bromide (5.8 mL). The reaction mixture stirred overnight at room temperature was
poured into water and extracted with EtOAc. The combined organic layer was dried over
MgSQ,, filtered, and concentrated in vacuo. The crude product was purified by flash column
chromatography using hexane as an eluent to yield 2 as white solid (2.3 g, 75%). mp 193-194
°C. IR (KBr) Vimaxcm'™': 2956, 2918, 2858, 1463, 1372, 1033. '"H NMR (CDCl): § 8.38 (d, J =
7.4 Hz, 3H), 7.46 (dd, J= 7.1 and 1.3 Hz, 3H), 7.40 — 7.35 (m, 6H), 3.02—2.94 (m, 6H), 2.12
—2.07 (m, 6H), 0.91 — 0.85 (m, 12H), 0.52 — 0.42 (m, 30H). °C NMR (CDCl;) & 153.7,
145.0, 140.4, 138.5, 126.4, 126.0, 124.7, 122.3, 55.6, 36.7, 26.6, 22.9, 13.8. MALDI-TOF
Calcd for Cs;Hgg, 678.52, Found, 677.85 (M).

5,5,10,10,15,15-hexabutyl-2,7,12-triiodo-truxene (3)

This compound was prepared according to a literature procedure [25] with a slight
modification as the use of HIO; was replaced by KIO;. Thus, CCly (1 ml) was added to a
solution of 2 (0.26 g, 0.38 mmol) in a 100:40:1.5 mixture of CH;COOH:H,SO4:H,0 (5 mL).
KIO; (0.08 g, 0.32 mmol) and I, (0.5 g, 1.91 mmol) were then added to the reaction mixture
allowed to heat to 80 °C and stirred for 4 h. The reaction mixture was cooled to room
temperature and poured into water. The crude product obtained by filtration was purified by
precipitation in ethanol to afford 3 as white powder (3.7 g, 93%); mp 312-314 °C. IR (KBr)
Vmax €M 2 2953, 2915, 2849, 1453, 1353, 1180, 873, 823, 788. 'H NMR (CDCl3): 6 8.07 (d, J
= 8.4 Hz, 3H), 7.76 (s, 3H), 7.71 (d, J = 8.4 Hz, 3H), 2.88 — 2.81 (m, 6H), 2.05 —2.00 (m,
6H), 0.92 — 0.84 (m, 12H), 0.52 — 0.41 (m, 30H). °C NMR (CDCls) & 156.4, 145.6, 140.0,
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138.2, 135.8, 132.1, 126.8, 93.2, 56.1, 36.9, 26.9, 22.7, 13.8. Elemental analysis: calcd for
Cs1Hgsl5: C 57.96, H 6.01, 1 36.03; Found: C 57.56, H 6.03,136.41.

Fluorophore 1

A mixture of 3 (0.30 g, 0.28 mmol), Pd(PPh;),Cl, (18 mg, 0.03 mmol), Cul (5.0 mg,
0.03 mmol), l-ethynylpyrene (0.23 g, 1.02 mmol) in toluene (10 mL) and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) (0.23 mL) was stirred at room temperature for 24 h.
The reaction mixture was concentrated in vacuo, the residue was eluted through a flash
column chromatography using hexane to give 1 as a dark yellow solid (15 mg, 40%); mp:
>300 °C. IR (KBr) viax cm™: 2918, 2849, 1453, 1374, 840, 710. '"H-NMR (CDCl3) & 8.82 (d,
J=9.1Hz, 3H), 8.51 (d, J = 8.7 Hz, 3H), 8.35-8.03 (m, 24H), 7.86 -7.84 (m, 6H), 3.11-3.04
(m, 6H), 2.30-2.22 (m, 6H), 1.09-0.93 (m, 12H), 0.55-0.49 (m, 30H). "C-NMR (CDCl;) &
154.1, 146.4, 140.7, 138.4, 132.1, 131.52, 131.47, 131.36, 130.37, 129.9, 128.6, 128.4,
127.48, 126.45, 125.9, 125.83, 125.78, 125.5, 125.0, 124.8, 124.6, 121.6, 118.2, 96.2, 89.4,
56.0, 36.9, 29.8, 26.8, 23.1, 14.0. MALDI-TOF Calcd for CjosHgo 1351.71, Found: 1352.91
(M+1).

3. Results and discussion
3.1. Synthesis

The synthesis of fluorophore 1 began with the preparation of truxene from the
commercially available dihydrocinnamic acid with PPA using a procedure described by Yuan
et al. [19]. In order to improve the solubility and prevent the aggregation by m-m stacking, a
multiple alkylation at the three methylene units of truxene core was achieved by treatment
with NaH and n-butyl bromide in DMF to provide the hexabutylated truxene core 2 in 75%
yield (Scheme 1). Selective iodination of 2 with KIO; and I, afforded the triiodo 3 in an
excellent yield of 93% after crystallization in ethanol. Sonogashira coupling of 3 with 1-
ethynylpyrene was achieved using Pd(PPh;3),Cl, and Cul catalytic system, to furnish
compound 1 in 40% yield. Structural elucidation was completed by several spectroscopic

techniques involving IR, 'H-NMR, *C-NMR, and MALDI-TOF.
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n-C4HgBr, NaH, DMF KIOj3, I,
» —_—
75% 93%

1-Ethynylpyrene, Pd(PPhs)sCl,
Cul, DBU, PhMe

> 1

40%

Scheme 1 Synthesis of fluorophore 1 from truxene.

3.2. Photophysical properties

The UV-vis spectrum of 1 in CHCI; and 10% H»O in THF are relatively similar. They
show two maximum absorption peaks at 388 and 412 nm in CHCI; solution, and 386 and 410
nm when dissolved in 10% H,O in THF (Figure 2 and Table 1). However, the molar
extinction coefficients in two solvents are significantly different, probably due to the lower
solubility of the compound in aqueous THF. The two absorption maxima suggested two
distinctly different conformations due to the rotation of the bond between the truxene and
pyrene pendant which may allow a full or partial conjugation., The fluorophore also
possesses two maximum emission peaks at 415 to 442 nm in CHCI; solution with a high
quantum yield of 71%. The emission spectrum of the fluorophore in 10% H,O in THF
remained quite similar to that of the CHCIlj; solution but the quantum efficiency decreased to
53%. This indicated that the compound may aggregate in aqueous solution resulting in self-
quenching and lower quantum yield. In addition, the higher polar solvent could stabilize the
fluorophore in the excited state, causing higher degree of geometrical relaxation and loss of

energy in non-radiative pathways. In comparison with the parent truxene, the absorption and
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emission of fluorophore 1 shifted towards visible range which can benefit its applications as

naked-eye fluorescent chemosensor for detection of nitroaromatic compounds.

ol 1in CHCI, 10
] LT ——1inaq. THF [

Normalized absorbance (a.u.)
("n-e) Ayisualui Juaasaionyy pazijew.ion

0.0 T T T 1 * '
350 400 450 500
Wavelength (nm)

Figure 2 Normalized absorption and emission spectra of 1 in CHCl; and aqueous THF.

Table 1 Photophysical property of truxene and 1 in CHCl; and 10% H,O in THF.

Compound Absorption Emission
Amax (Nm) loge M em™) A (M) @ (%)
Truxene (CHCls) 275 4.21 359 <0.01
Truxene (THF-H,0) 273 4.23 357 6
1 (CHCL) 388,412 5.27 415, 442 71°
1 (THF-H;0) 386, 410 4.95 415, 440 53"

“2-Aminopyridine in 0.1 M H,SO, (@ = 60%) was used as the standard. "Quinine sulfate in 0.1 M H,SO, (@ =

54%) was used as the standard.

3.3 Selectivity screening for nitroaromatic compounds

Next, we investigated the sensing selectivity of 1 in CHCI; (1 gM) and aqueous
THF towards various analytes including nitroaromatic compounds such as 2,4,6-
trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT), 2,4-dinitrophenol (DNP), picric acid (PA),
2- or 3- or 4-nitrophenol (NP), nitrobenzene (NB), 4-nitrobenzoic acid (NBA), and non-

nitroaromatic analogs such as benzoic acid (BA), benzophenol (BP) and 2-chlorobenzoic acid
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(CBA). The fluorescence signal of 1 in CHCl; could be selectively quenched by 2-NP
(Figure 3), whereas the selectivity towards PA was observed for the aqueous THF solution
(Figure 4). For the detection of 2-NP in CHCIl;, a Stern-Volmer plot revealed a linear
relationship between the fluorescence quenching ratio (Ip/I) and the concentration of 2-NP in
the range below 250 uM. With the Stern-Volmer constant of 3.2 x10° M, a detection limit
for 2-NP at three-time-noise was determined as 1.54 ppm.

On the other hands, the quenching efficiency by PA in aqueous THF could be
enhanced by the addition of water but the water content above 50% led to detrimental
aggregation that diminished the initial fluorescence signal (Figure S1). Upon an optimization
of the water content, the highest quenching efficiency was obtained when 10% of water in
THF was used as the solvent (Figure S2). A variation of PA concentration led to a Stern-

Volmer constant of 3.6 x 10* M, from which the detection limit for PA at 0.15 ppm was

obtained.
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Figure 3 Fluorogenic responses and emission spectra (inset) of 1 (1 uM) towards various

analytes (1 mM) in CHClIs.
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Figure 4 Fluorogenic responses and emission spectra (inset) of 1 (1 pM) towards various

analytes (0.1 mM) in 10% aq THF.

3.4 Investigation of sensing mechanism.

The electronic absorption properties of 1, 2-nitrophenol, and picric acid are
summarized in Table 2 (for the corresponding spectra see Figure S3-S4), it is likely that the
selective fluorescence quenching towards 2-NP and PA might result from the inner filter
effect (IFE) or the competitive absorption by these analytes. We thus performed an empirical
analysis in order to determine whether the fluorescence quenching was caused mainly by the
IFE. Hence, we constructed a plot between the absorbance fractions of 1 (A1/(A1+Anac)) [26]
against the ratios of emission integrals in the presence and absence of analytes (Figure 5).
The data indicated that there are no direct proportion between the amount of analytes or
fraction of photons absorbed by 1 and the fluorescent intensity. Therefore, there should be
other quenching mechanisms taking place in these systems, for instance, m-stacking and

subsequent photo-induced electron transfer.
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Table 2 Absorption properties of 1, 2-NP and PA in CHCl; and aqueous THF.

€ at Amax € at Aexcited

Compound Amax (nm) | . . :
M" cm™) M" em™)

388 187,328 187,328

CHCl; )
2-Nitrophenol 353 865 373
1 386 88,768 88,768
aq. THF o
Picric acid 377 6,972 6,440

1.0—. A/‘//

/_

o
yos

/./ ) /
o.z- // g

/ -~

integrated | / integrated |,

0.0

T T " T " T v T y
0.0 0.2 04 0.6 0.8 1.0
Fraction of photons absorbed by 1

Figure 5 A plot between fraction of photons absorbed by 1 versus the quenching efficiencies

calculated by the integrated emission intensities in the absence and presence of analytes.

Since the ionization of PA depends on the pH of the aqueous medium, the fluorescent
quenching efficiencies of 1 by picric acid in THF with 10% buffer of various pHs were
investigated. Data from Figure S16 indicated that the sensitivity was independent to the pH
of the medium. This suggested that the sensing mechanism should not involved the ionization
of PA. The mechanism by which fluorophore 1 interacts with 2-NP and PA was further

examined from the Stern-Volmer plots at different temperatures (Figure 6 and 7). It was
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found that the quenching efficiency decreased as the temperature increased from 25 to 50 °C.
This suggested a static mode of quenching in which the pyrene units in the fluorophore may
interact with electron-deficient analyst by means of @-stacking. This complex may dissociate

upon increasing of the temperature, thus resulting in lower quenching efficiency.

—p—

2.0 25°C

- y = 0.0033x + 1
o 1.6 1 R?=0.9986
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1
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>
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y =0.0015x + 1
: - R? = 0.9992
A
T T T T T T T T T T T
50 100 150 200 250 300
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Figure 6 Stern-Volmer plots for the fluorescent responses of 1 towards 2-nitrophenol in
CHCI; at 25 and 50 °C.

a 25°C
i y2=0.0355x+1
R’=0.9999 1
A 50°C
=, i
e L y=0.0282x+1
il R® = 0.9999
1
1.0 2 T Y T Y T Y T v T u T
0 2 4 6 8 10 12
[PA] (uM)

Figure 7 Stern-Volmer plots for the fluorescent responses of 1 towards picric acid in 10%
H,O in THF at 25 and 50 °C.
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4. Conclusion

A new truxene derivative with three ethynylpyrene pendants was successfully
synthesized via the Sonogashira coupling. The compound exhibits the absorption and
emission maxima at longer wavelengths than the parent pyrene due to the extended
conjugated systems. The quantum efficiency is also enhanced to 71 and 53% in CHCIl; and
aqueous THF, respectively. In CHCIl;, the compound showed a selective fluorescence
quenching in the presence of 2-nitrophenol with a limit of detection of 1.54 ppm, whereas the
selectivity in aqueous THF shifted towards picric acid with a detection limit of 0.15 ppm. An
investigation on the fractions of photons absorbed by the fluorophore in the presence of
analytes versus the quenching efficiencies suggested that the inner filter effect was partially
responsible for the fluorescence. The Stern-Volmer plots at different temperatures revealed
that the signal turn-off involved a static quenching, presumably due to the m-m interaction

between the fluorophore and analytes.
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