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A new compoud based on carbazole functionalized B-diketone-boron difluoride (1) was synthesized. It is found that compoud 1
can gel toluene, ethylbenzene and some mixed solvents, and 3D networks consisting lots of nanofibers were observed using SEM
and fluorescence microscopy. The molecular packing model in xerogel 1 was proposed according to the results of XRD, UV/Vis
absorption and semiempirical calculations. The obtained nanofibers prepared through organogelation can emit strong orange light
under irradiation. It is interesting that the fluorescence of the nanofiber-based film can be quenched quickly and significantly upon
exposed to the vapors of n-butylamine, dibutylamine, triethylamine, triethylamine, cyclohexylamine, aniline and pyridine instead
of other common reagents. Notably, the response time of the nanofiber-based film to aniline vapor reached ca. 0.59 s, and the

detection limit for aniline was as low as ca. 0.83 mL/m’.
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Detection of volatile organic amines is of great interest in
the fields of environmental and industrial monitoring [1,2],
quality control of food [3-5], and medical diagnosis of cer-
tain types of disease [6-8]. For example, 5 mL/m’ is the
recommended threshold for human exposure to the primary
irritants butylamine and isopropylamine. In addition, some
biogenic amines are found to be released from certain dis-
eases like uremia and lung cancer [7,8]. So far, many ap-
proaches for detecting organic amines, such as electro-
chemical devices [9-11], ion selective electrodes [12], and
chemical sensors [13—16], have been employed. However,
fluorescent sensor has proved to be an expedient detection
technique on account of the high signal output and detection
simplicity. Recently, Zang and co-workers [17,18] have
reported an expedient sensor based on fluorescent nano-
fibers fabricated from an n-type organic semiconductor for
detecting organic amine vapors. Mohr et al. [19,20] have
employed fluorescent dye-based membranes for probing
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lipophilic primary amines via reversible chemical reactions
with high sensitivity and selectivity. Fang and co-workers
[21] have reported an ultrasensitive fluorescent sensing
nanofilm based on cholesterol-modified perylene bisimide
for detecting organic amines. Till now, fluorescent sensing
trace volatile amines is still challenging due to the limitation
of the organic dyes-based films with intense emission, as
well as rapid, sensitive response to amine vapors.

It is known that B-diketone-boron difluorides are typical
fluorescent dyes with high fluorescence quantum yields [22],
large molar extinction coefficients [23] and high electron
mobilities [24]. In particular, our group have fabricated 1D
nanofibers with intense emission from bis(p-diketone) tri-
phenylamines [25-28], and they can be used as sensory
materials for detecting organic amine vapors with high sen-
sitivity and fast response, which are originated from the
high surface-to-volume ratio and large interspace in 3D
networks consisting of lots of nanofibrils as well as the am-
plified fluorescence quenching induced by the enhanced
intermolecular exciton diffusion along the long axis of the
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1D nanostructures. In addition, we have found that the con-
jugated molecules with V-shaped m-skeleton prefer to form
organogels [25,27-31], and the fluorescent organogel nano-
fibers-based films could become good candidate in sensory
materials. With this in mind, we intend to design a new or-
ganogelator based on B-diketone-boron difluorides in
V-shape to construct emitting organogel nanofibers. As
shown in Scheme 1, a carbazole functionalized B-diketone-
boron difluorides 1 was synthesized. It has been found that
the fluorescence emission of the nanofibers-based film can
be quenched quickly and significantly upon exposure to
various gaseous amines, including n-butylamine, dibutyla-
mine, diethylamine, triethylamine, cyclohexylamine and
aniline, etc. Taking aniline vapor as an example, the detec-
tion limit of the nanofiber-based film reaches ca. 0.83
mL/m3, and the response time is ca. 0.59 s. Therefore, the
organogelation of fluorescent m-gelators has been further
confirmed to be a facile way to generate chemosensors with
high performance.

1 Experimental
1.1 Materials

THF were freshly distilled from sodium and benzophenone.
CH,Cl, was distilled from CaH,. Other chemicals were used
as received. The synthetic routes for compounds 1 were
shown in Scheme 1.

3-acetyl-9-(n-hexadecyl)-carbazole (2): 3-acetyl-9-(n-
hexadecyl)-carbazole was prepared according to the previ-
ously reported methods [32]. AIC]; (2.0 g, 15.4 mmol) was
added to the solution of N-(n-hexadecyl)-carbazole (3.0 g,
7.7 mmol) in anhydrous CH,Cl, (50 mL) quickly with stir-
ring in ice bath. When the mixture was cooled to 0°C, the
solution of acetic anhydride (0.79 g, 7.7 mmol) in CH,Cl,
(10 mL) was added dropwise via syringe under vigorous
stirring. After that, the ice bath was removed, and the dark
green slurry solution was warmed to room temperature with
stirring over night. Then, the mixture was poured into a
mixture of ice and concentrated HCL. After extracted with
CH,Cl, for three times, the organic phase was combined
and dried over MgSO,. Removing the solvent under
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reduced pressure, the residue was purified by chromatog-
raphy on silica gel using petroleum/CH,Cl, (v/v = 1/2) as
eluent, giving 2.1 g compound 2 as a white solid. Yield:
63%, m.p. = 56-58°C. 'H NMR (CDCls, 500 MHz), § =
8.75(1 H,d,J=15Hz),8.16 (1 H, d, J =8 Hz), 8.14-8.12
(1 H, m), 7.53-7.50 (1 H, m), 7.44 (1 H, d, J = 8 Hz), 7.41
(1H,d,J=9Hz),73 (1 H,t,J=7.5Hz,J =75 Hz), 432
(2H, t,J =6 Hz, J =7.5 Hz), 2.73 (3 H, s), 1.91-1.85 (2H,
m), 1.40-1.23 (26H, m), 0.88 (3H, t, / = 6.5 Hz, J = 7 Hz).
FT-IR (cm'): 3440, 2920, 2850, 1670, 1590, 1470, 1360,
and 1250. A strong peek at 1670 cm™ is the v, of C=0 moi-
ety. MALDI-TOF MS, m/z (%): Calcd. 433.3, found 434.1
(100) [M]*. Elemental analysis for C30H4;3NO: Calcd. (%) C,
83.09; H, 9.99; N, 3.23; O, 3.69. Found (%): C, 82.86; H,
9.80; N, 3.11.
m-Bis((4,4'-(9-(n-hexadecyl)-9H-carbazol-3-yl))-2,2'-difl
uoro-1,3,2-dioxaborine)-benzene (1): Dimethyl isophthalate
(0.20 g, 1 mmol) and compound 2 (0.98 g, 2.2 mmol) were
dissolved in dry THF (50 mL) under an atmosphere of ni-
trogen. Then, NaH (0.5 g, 12.5 mmol) was added to the so-
lution. The mixture was stirred at 60°C for 24 h, followed
by poured into ice water (300 mL). HCI (6 mol/L, 10 mL)
was added to neutralize excess NaH. After that, the mixture
was extracted with CH,Cl, for three times, and the organic
phase was combined and dried over sodium sulfate. After
removal of solvent, the residue was used directly in the next
step without purification. Then, the solution of m-bis((4,
4'-(9-(n-hexadecyl)-9H-carbazol-3-yl))-propan-1,3-dione)-
benzene in dry CH,Cl, (50 mL) was heated to reflux under
an atmosphere of nitrogen, and excess BF;-Et,0 (0.5 mL)
was added. The mixture was refluxed for 12 h. After the
solvent was removed, the residue was purified by column
chromatography using petroleum ether/CH,Cl, (1/3, v/v) as
eluent, followed by recrystallization twice from the mixed
solvent of ethanol and tetrahydrofuran to afford compound
1 (0.36 g) as an orange solid. Yield: 32%, m.p. > 200°C. 'H
NMR (CDCl;, 500 MHz), 6 = 8.83 (2 H, s), 8.57 (1 H, s),
831 (2H,d,J=8Hz),821 (2H,d,/J=9Hz),8.13 (2H,d,
J=8Hz),7.69 (1H,t,J=8Hz, J=75Hz), 753 2H, t,J
=7.5Hz, J=75Hz),7.40-7.32 (8 H, m), 4.16 (4 H, t, J =
7 Hz, J =7.5 Hz), 1.87-1.81 (4 H, m), 1.38-1.26 (52H, m),
0.90 (6 H, t, J = 6 Hz, J = 7.5 Hz). ®C NMR (CDCl;, 125
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Scheme 1 The synthetic routes for compound 1.

CIGH‘%



4266 QianC,etal.  Chin Sci Bull

MHz): 183.18, 177.29, 144.92, 141.01, 133.41, 132.94,
129.54, 127.56, 127.29, 127.10, 123.44, 123.41, 122.77,
121.50, 121.04, 109.58, 108.98, 92.93, 43.38, 31.93, 29.70,
29.66, 29.62, 29.58, 29.51, 29.36, 29.33, 28.87, 27.24,
22.70, 14.12. FT-IR (KBr, Cmfl): 2920, 2850, 2360, 1540,
1470, 1360, 1030. MALDI-TOF MS, m/z (%): Calcd. 1093.0,
found 1074.3 (100) [M-FJ", 1093.4 (18) [M]", 1116.3(56)
[M+Na]", 1132.6(76) [M+K]". Elemental analysis for
CesHgsBoF4N,O4: Caled. (%) C, 74.72; H, 7.93; B, 1.98; F,
6.95; N, 2.56; O, 5.86. Found (%): C, 74.54; H, 7.75; N, 2.42.

1.2 Measurements and characterization

'H and ">C NMR spectra were recorded with a Mercury plus
instrument at 500 and 125 MHz by using CDClj; as the sol-
vent. FT-IR spectra were measured with a Nicolet-360 FT-
IR spectrometer by incorporation of samples in KBr disks.
UV/Vis absorption spectra were determined with a Shi-
madzu UV-1601PC spectrophotometer. Photoluminescence
(PL) spectra were carried out with a Shimadzu RF-5301
luminescence spectrometer. Mass spectra were performed
with Agilent 1100 MS series and AXIMA CFR MALDI-
TOF (matrix-assisted laser desorption ionization/time-of-
flight) MS (COMPACT). C, H and N elemental analyses
were taken with a Perkin-Elmer 240C elemental analyzer.
Scanning electron microscopy (SEM) was performed on
JEOL JSM-6700F (operating at 5 kV). The samples were
prepared by casting the organogel on silicon wafers and
dried at room temperature, followed by coating with gold.
Fluorescence microscopy images were taken on Fluores-
cence Microscope (Olympus Reflected Fluorescence Sys-
tem BXS51, Olympus, Japan). X-ray Diffraction patterns
were obtained using Shimadazu XRD-6000 diffractometer
with Cu Ko radiation (1 =1.5418 A), employing a scanning
rate of 0.02° s~' in the 26 range from 2° to 30°. The samples
for fluorescence microscopy and XRD measurements were
prepared by casting the gel in ethylbenzene on glass slide
and dried at room temperature. The thickness of the film
was measured using Veeco Dektak 150 Surface Profiler.

1.3 Preparation of the nanofibers-based films for micro-
scopy characterization and sensory investigations

A clear solution of 1 in ethylbenzene was obtained by heat-
ing. After the hot solution was suffered a sonification for
30 s, followed by aging for 10 min at room temperature, the
gel was formed. After diluting the gel into a “poor” solvent
of ethanol, well-dispersed nanofibers were produced. The
mesh-like films were fabricated after casting the nanofibers
in ethanol onto the substrates, followed by the natural evap-
oration of the solvent. The thickness of the films was ca.
800 nm on average.

The sensory investigations for the films based on the
nanofibers of 1 were carried out at 25°C. Firstly, the organic
amine vapors and other analytes at a certain concentration
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were obtained by diluting the saturated vapors with nitrogen,
and then injecting them into a quartz cell (10 mm in width)
containing the film. The time-dependent fluorescence spec-
tra and the changes in the emission intensity at 600 nm were
recorded after injection of the organic amine or other inter-
ference vapors for 5 s. For the detection of the saturated
aniline vapor, a cotton gauze saturated with aniline was
placed in the bottom of a quartz cell (10 mm in width) with
a cap to prevent the direct contact of the film with aniline
and to maintain a constant vapor pressure. Then, the glass
slide, which was coated with the prepared nanofibers, was
put in the cell quickly, and the time-dependent fluorescence
spectra and the changes in the emission intensity at 600 nm
were recorded.

2 Results and discussion
2.1 Synthesis and characterization

The synthetic route for compound 1 was shown in scheme 1.
Firstly, Claisen condensation between dimethyl iso-
phthalate and compound 2, which was synthesized from
3-acetyl-9-(n-hexadecyl)-carbazole under Friedel-Crafts
acylation condition, in the presence of sodium hydride in
anhydrous THF yield m-bis((4,4"-(9-(n-hexadecyl)-9H-
carbazol-3-yl))-propan-1,3-dione)-benzene. Then, the in-
termediate without purification was complexed with boron
trifluoride-diethyl etherate in anhydrous CH,Cl,. Compound
1 was obtained in a yield of 32% over two steps, and
was characterized by '"H NMR, and FTIR spectroscopy,
MALDI-TOF mass spectrometry, and C, H, N elemental
analyses.

2.2 Gelation behavior of compound 1

The gelation property of 1 was tested in various solvents by
means of the “stable to inversion of a test tube” method [33].
As summarized in Table 1, we found that 1 was readily dis-
solved in 1,2-dichloroethane, dichloromethane, THF, DMF,
DMSO, benzene and chlorobenzene, but insoluble in ali-
phatic hydrocarbon solvents and lower alcohols, and precip-
itated in ethyl acetate and acetone. However, it can form
organogels in toluene, ethylbenzene and the mixed solvents
of toluene/cyclohexane (2/1, v/v), toluene/n-heptane (3/1,
v/v) under ultrasound stimulation instead of a heating-
cooling process. The critical gelation concentration (CGC)
varied in the range of 2.8-5.0 mmol/L depending on the
solvents. In addition, the obtained gels were stable for sev-
eral weeks at room temperature.

2.3 Photophysical properties

The UV/Vis absorption and the fluorescence emission spec-
tra of compound 1 in solution with different polarity are
shown in Figure 1. The absorption band appeared at 345 nm
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Table 1 Gelation properties of 1 in selected organic solvents ¥ in toluene was due to the electronic transitions of carbazole

unit, and the band at 463 nm might partly be ascribed to the

Solvent Compound 1 (CGC) . . X .
Fthy] acetate b charge.-tra.msfer (CT) tran51t1f)ns since it red- shifted gradu-
Acetone P ally with increasing the polarity of the solvents. For example,
. it reached 470 nm in CH,Cl,. The CT state is generally sen-
1,2-Dichloroethane S .. . . .

, sitive to the exoteric microenvironment, so the fluorescent
Dichloromethane S emission of 1 might be tuned by the polarity of the solvent.
THE S From Figure 1(b), it was clear that the emission bands be-
DMF S came broad and red-shifted significantly with increasing the
DMSO S polarity of the solvent. For example, the emission maximum
Chlorobenzene S of 1 exhibited a remarkable red-shift of 61 nm from toluene
Benzene S (498 nm) to CH,CL, (559 nm). Such distinct red-shift and
Hexane I broadening of the emission in polar solvents indicated an
Cyclohexane I ICT (intramolecular charge transfer) character for the ex-
n-Heptane I cited state [25,28].

Methanol 1

Ethanol I 2.4 Self-assembly of 1 in gel phase

Toluene G (5.0)

Ethylbenzene G (2.8) The morphologies of the self-assemblies of 1 in gel state
Toluene/Cyclohexane (2/1, v/v) G (3.6) was investigated by SEM as shown in Figure 2. We could
Toluene/n-Heptane (3/1, v/v) G(33) find 3D networks consisting of numerous intertwined fibers

a) S: soluble; I: insoluble; G: gel; P: precipitate. CGC: critical gelation
concentration (mmol/L).

with diameter of 200-300 nm and length of several um
(Figure 2(a)) in the xerogel obtained from ethylbenzene.
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The normalized UV-Vis absorption (a) and PL (b) spectra of 1 in different solvents (5.0 x 10°° mol/L).

SEM (a) and fluorescence microscopy ((b), Aex = 510-550 nm) images of the xerogel obtained from ethylbenzene.



4268 QianC,etal.  Chin Sci Bull

In order to obtain the information on the organization of
fluorophores during the self-assembling, the time-dependent
UV/Vis absorption spectra of 1 in ethylbenzene (3.0 x 10°°
mol/L) were measured via ultrasound treatment followed by
aging for a certain time (Figure 3). After a brief sonification,
the solution of 1 begins to transform into gel. We could find
that the absorption band at 343 and 455 nm appeared in
solution red-shifted to 345 and 462 nm and decreased grad-
ually in gel state. Meanwhile, a new band emerged at 500
nm, which increased gradually during the gelation process,
indicating the formation of J-aggregates 1 in the gel state
[34]. We also found that the sol-gel transition was reversible,
and the absorption maximum could blue-shift back to 455
nm when the gel was destroyed into the solution by heating.
On the other hand, in the xerogel-based film the maximal
absorption of 1 further red-shifted to 478 nm (Figure 4),
suggesting J-aggregates 1 existed in the organogel nano-
fibers-based films. Figure 3(b) showed the time-dependent
emission spectra of 1 upon aging the solution in ethylben-
zene (3.0 x 107> mol/L) after ultrasound stimulation. In solu-
tion, 1 could emit strong orange light (inset of Figure 3(b))
with an emission centered at 580 nm. Upon the gel formation,

061 @)
0.5 4
0.4 4

0.3 1

0.2 1

Absorbance (a.u.)

014

300 350 400 450 S00
Wavelength (nm)

T
550 600
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1
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Figure 3 Time-dependent UV/Vis absorption (a) and fluorescence (b)
spectra (Lex = 462 nm) of 1 upon aging the solution in ethylbenzene (3.0 x
107 mol/L) after ultrasound treatment. The arrows indicate the spectral
changes from the solution to gel. Inset: photographs of 1 (6.0 x 10~* mol/L)
in solution (left vial) and in gel state (right vial) in ethylbenzene upon
irradiation at 365 nm.
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Figure 4 The normalized UV/Vis absorption (black) and fluorescence

(red, Ax = 464 nm) spectra of 1 in ethylbenzene (5 x 107° mol/L, dashed)
and in xerogel-based film casted on quartz slide (solid).

the emission red-shifted to 595 nm, accompanying with a
decrease of the fluorescent intensity. However, after a cer-
tain time, the emission at 595 nm for gel 1 blue-shifted to
568 nm gradually, accompanying with a slight increase of
the fluorescent intensity. This blue shift might results from
the TICT excited state was suppressed due to the inhibition
of the conformation rotation in the gel phase, in which the
molecules were packed into ordered superstructures [35]. It
should be noted that the organogel of 1 still exhibited obvi-
ous orange emission (inset of Figure 3(b)). Whereas, the
emission band red-shifted to 600 nm in the xerogel-based
film (Figure 4), which could emit intense orange light as
shown in the fluorescence microscopy (Figure 2(b)).

Figure 5(a) showed the XRD pattern of the xerogel of 1
obtained from ethylbenzene. In the small-angle region, we
could find two strong narrow diffraction peaks correspond-
ing to d-spacing of 2.53 and 1.27 nm, which were close to a
ratio of 1:1/2. It indicated a lamellar organization within the
aggregates of 1 with an interlayer distance of 2.53 nm. To
reveal the molecular packing model, the optimized configu-
rations of 1 was evaluated by the semiempirical (AM1)
calculations. As a result, the extended width of 1 was cal-
culated to be 2.53 nm, which was in accordance with the
period obtained from the XRD result. Figure 5(b) illustrated
the proposed molecular packing model in xerogel 1.

2.5 Nanofibers-based film for detecting organic amine
vapors

In our previous reports, we found that the emitting nano-
fibers-based film fabricated from B-diketonate boron com-
plexes could sense amine vapors efficiently, the sensory
properties of the obtained organogel nanofibers-based film
1 for detecting amines were investigated. As shown in Figure
6(a), upon exposed to the saturated vapor of aniline (880
mL/rn3) for 5 s, the fluorescence of the nanofibers-based film
was quenched by almost 90%. The obvious fluorescence
quenching of the nanofibers-based film was also observed for
many kinds of volatile organic amines, such as n-butylamine,
dibutylamine, diethylamine, triethylamine, cyclohexylamine
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Figure S (a) X-ray diffraction pattern of the xerogel of 1 deposited on glass; (b) schematic illustration of the layered structures with the period of 2.53 nm

in the gel of 1.

and pyridine. However, the other common reagents, such as
hexane, toluene, acetonitrile, ethanol, acetone, chloroform,
tetrahydrofuran, acetic acid and diethyl ether, could not lead
to the fluorescence quenching of the nanofibers. The fluo-
rescence quenching efficiency of the nanofibers-based film
exposed to amines and some common reagents at 880
mL/m® for 5 s were shown in Figure 6(b). As a result, the
nanofibers based on compound 1 could sense volatile or-
ganic amines and pyridine selectively and sensitively.
Figure 6(c) shows the plot of the emission intensity at
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Figure 6

600 nm of the film vs the exposure time to the saturated
vapor of aniline. By fitting the intensity decay into a single
exponential kinetics, we can deduce the response time of
0.59 s for the quenching process. In order to quantitatively
describe the relationship between the quenching efficiency
and the concentration, the changes of the emission intensity
at 600 nm after repetitious injection of aniline vapor were
recorded. As shown in Figure 6(d), a good linear relation-
ship between the quenching efficiencies and the concentra-
tion was detected when the concentration of aniline vapor
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(a) Fluorescence spectra of the nanofibers-based film formed from compound 1 before (dashed) and after (solid) exposure to the saturated vapor

of aniline (880 mL/m®) for 5 s. (b) Fluorescence response of the nanofiber-based film from 1 upon exposed to amines and some common reagents at 880
mL/m? for 5 s: 1, hexane; 2, toluene; 3, acetonitrile; 4, ethanol; 5, acetone; 6, chloroform; 7, tetrahydrofuran; 8, acetic acid; 9, diethyl ether; 10, n-butylamine;
11, dibutylamine; 12, diethylamine; 13, triethylamine; 14, cyclohexylamine; 15, pyridine; 16, aniline. (c) Time-course of fluorescence quenching of the film
based on nanofibers of 1 after been added into the cell filled with the saturated vapor of aniline (880 mL/m’), indicating a response time of about 0.59 s. The
intensity was monitored at 600 nm. (d) The concentration-dependent fluorescence quenching efficiency of the film based on nanofibers of 1 exposed to the

vapor of aniline for 5 s.
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was below 88 mL/m’. Considering the fact that a well-
calibrated photodetector can detect the intensity change as
small as 0.1% or below, we suggested that the detection
limit of nanofibers-based film was as low as 0.83 mL/m” for
aniline vapor. The high sensitivity and rapid sensing re-
sponse of the nanofibers 1 towards gaseous amine might be
originated from the high surface-to-volume ratio and large
interspace in the 3D networks, which were set up from nu-
merous organogel nanofibers. Such scaffold-like micro-
structures in the film would favor the enhanced adsorption,
accumulation and diffusion of gaseous molecules. In addi-
tion, the amplified fluorescence quenching induced by en-
hanced intermolecular exciton diffusion along the long axis
of 1D nanofibers was another reason for the high perfor-
mance of the obtained sensory nanomaterial. Interestingly,
the fluorescence of the nanofibers-based film can be recov-
ered absolutely after the nonemissive film was exposed to
atmosphere for ca. 10 min or blown by hair drier for 2 min.
As shown in the inset of Figure 6(a), we can find that the
reversibility of chemosensor of the nanofibers-based film in
detection of aniline is excellent. Therefore, such a reversible
fluorescence response to amines facilitates the practical
application of the sensing system.

3 Conclusions

In conclusion, we have synthesized a new organogelator
based on carbazole functionalized B-diketone-boron difluo-
ride 1, which can form gels in toluene, ethylbenzene and
some mixed solvents. SEM image of the xerogel illustrates
that scaffold-like 3D networks were set up from numerous
nanofibers in diameter of 200-300 nm. Emitting J aggre-
gates were formed in ethylbenzene gel 1, and the fluores-
cence of the nanofibers-based film can be quenched effi-
ciently and rapidly upon exposed to the vapors of n-butyl-
amine, dibutylamine, triethylamine, triethylamine, cyclo-
hexylamine, aniline and pyridine, instead of other common
reagents. Therefore, the nanofibers based on compound 1

could sense volatile organic amines and pyridine selectively.

Notably, the response time of the nanofibers-based film to
aniline vapor reached ca. 0.59 s, and the detection limit was
as low as ca. 0.83 mL/m’. We provide a strategy to prepare
efficient fluorescent sensory materials with scaffold-like 3D
networks set up from nanofibers via organogelation of
n-gelators.
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