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ABSTRACT: Trace explosives can be detected with the help of a portable device using a flexible active
self-assembled monolayer (SAM). 9,10-diphenyl anthracene with aggregation-induced emission
enhancement (AIEE) properties is selected as the fluorophore. Phosphoric acid as the anchor group
is linked to the fluorophore through an alkyl chain and able to self-assemble into a dense monolayer on
the HfO2 adhesion layer on a flexible substrate. The dense SAMs show high fluorescence intensity,
which can be quenched by nitroaromatic compounds (NACs), and have advantages of high response
rate, sensitivity, reversibility, and selectivity.

■ INTRODUCTION

Much attention has been paid to the detection of explosive
compounds in antiterrorism applications. Many analytical
techniques have been developed to detect traces of high
explosives, such as nitroaromatic compounds (NACs).
However, most of them require large, lab-based analytical
instruments such as high-performance liquid chromatography
(HPLC), mass spectrometry (MS), UV absorption detectors,
and X-ray imaging.1 Among all of the techniques, fluorescence
sensors, with the benefits of simplicity, low cost, and high
sensitivity, have attracted broad application prospects.2 Among
the fluorescent probes, conjugated polymers are one of the
most promising candidates for explosive detection with high
sensitivity at the ppm level,3−5 which can be attributed to the
molecular wire effect,6 enabling the rapid propagation of an
exciton throughout the individual polymer chain.7,8 Some
shortcomings, however, undermine their wide application as an
explosive gas sensor, such as large film thickness that can
reduce detection sensitivity,9 easy aggregation that cuts down
the fluorescent luminous efficiency,10 and poor solvent
intolerance that results in poor stability in further process
and service.11 Small-molecule chromophores have definite
structures and can self-assemble into highly ordered super-
structures. Their fluorescence, however, only exists in the
dispersed state; their emission is greatly quenched at higher
concentrations or aggregated/solid state, which can be
attributed to the aggregation-caused quenching (ACQ)
behaviors.12−14 Thus, the fabrication of high-fluorescence,
solid-state film sensors from these chromophores becomes
highly untenable. In 2001, Tang et al. observed an opposite
phenomenon to the ACQ, in which fluorophores were faintly

emissive in the molecularly dissolved state but strongly
emissive in the aggregated state and this observation is termed
the aggregation-induced emission enhancement (AIEE).15,16

AIEE-active materials are regarded as an ideal solution for the
above-mentioned issue.
In this study, we designed a densely packed self-assembled

monolayer (SAM) flexible sensor to detect NACs based on
fluorescence quenching of an AIEE-active fluorophore (Figure
1). The sensing layer was fabricated with a newly designed
functional small-molecule PA−2PhAn, wherein the fluoro-
phore was 9,10-diphenyl anthracene with AIEE properties
(Figure S7)17 and phosphoric acid was used as an anchor
group18 linking to the fluorophore via an alkyl chain (Figure
1B top). As the AIEE fluorophore group can alleviate the
problem of fluorescence quenching caused by the aggregation
of the polymer, the formation of a dense SAM can still ensure
fluorescence intensity (Figure 1C).19 Moreover, the self-
assembled monolayer is sensitive as a sensing layer.20

Phosphoric acid as an anchor group can form a covalent
bond with the HfO2 adhesion layer to improve material
stability. The SAMs manufactured on flexible substrates
provide an experimental basis for the preparation of flexible
sensors (Figure 1D) and the development of wearable devices
(Figures 1A and 2B down).
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Assembling of PA−2PhAn SAM. A qualified film was
prepared by immersing the substrate in a PA−2PhAn
solution21−23 (procedures are shown in Figure S2). To
confirm the linkage of PA−2PhAn molecules to the HfO2
layer, the contact angle was determined and X-ray photo-
electron spectroscopy (XPS) was performed. In Figure S4, the
contact angle increased from an acute angle (53.13, 51.74°) to
an obtuse angle (108.99, 109.07°), which proved that the
linkage with PA−2PhAn made the HfO2 surface hydrophobic.
From high-resolution XPS studies (Figure 2A), we found that
the O 1s signals could be fitted with three components, 530.7,
531.8, and 533.1 eV. These components can be assigned to
Hf−O−Hf, Hf−O−P (or P  O of the phosphonate group),
and C−O−C, respectively.24 In combination with the
appearance of P 2p signals (Figure 2B), these results revealed
the successful attachment of PA−2PhAn molecules onto the
HfO2 surface by covalent bonds. Ultraviolet−visible spectra
(UV−vis, Figure 2C) show the aggregation of PA−2PhAn, as
the initial absorption point in solution is about 20 nm lower to
the low field compared to that in solid-state thin films. In
addition, in Figure 2D, the fluorescence spectrum tail past 500

nm represents the chromophore excimer fluorescence, which
further proves the aggregation.25 However, aggregation does
not quench the fluorescence. Figure 2D shows that longer
assembling time leads to stronger fluorescence intensities. The
peak counts at λem = 450.00 nm and the element concentration
of phosphorus from time-resolved, high-resolution XPS
(Figure S5) were extracted and are presented in Figure 2E.
They both increase over time, which means longer growth time
helps to form more compact and denser films with stronger
fluorescence intensities due to the molecular absorption and
AIEE effect. When the concentration of phosphorus and the
fluorescence intensity tend to be stable by 60 min, a robust
SAM formed. Low-angle X-ray reflectivity (XRR) was used to
illustrate the formation of a SAM in a highly dense manner
(Figures 2F and S3 and Table S1). The scattering length
density (SLD) profile provided further evidence of the
homogeneous assembly of the monolayer (Figure 2G),
which could be modeled as a two-layer structure with different
electron densities: a PA−2PhAn layer (approximately 2.3 nm)
and a HfO2 layer (approximately 3.8 nm). This fit yielded a
monolayer thickness of approximately 2.3 nm, which was

Figure 1. (A) SAM sensors for trace NACs in the security check. (B) Molecular structure of PA−2PhAn (top) and the SAM sensor on the
poly(ethylene terephthalate) (PET) substrate (down). (C) Schematic cross section of the formation of the PA−2PhAn SAM on the HfO2 adhesion
layer. (D) Quenching model of the flexible SAM sensor by NACs.

Figure 2. Characterization of the SAM/HfO2 interface. High-resolution X-ray photoelectron spectroscopy (XPS) for (A) O 1s and (B) P 2p. (C)
UV−vis absorption of PA−2PhAn in solution (black) and solid-state thin films on quartz substrates (red). (D) Fluorescence intensity with
increasing the assembling time (λex = 263.00 nm). (E) Atomic concentration of phosphorus in PA−2PhAn SAM (blue) and the fluorescence
counts (λem = 450.00 nm) with increasing the assembling time. (F) X-ray reflectivity (XRR) measurement of the SAM with a HfO2 thin film on a
silicon substrate (red dots) and the corresponding fitting curve (black curve). (G) Scattering length density (SLD) profile with (black curve) and
without (red curve) roughness. (H) Atomic force microscopy (AFM) topography image of PA−2PhAn SAM on the ALD HfO2 surface.
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consistent with a real-space model of PA−2PhAn (ca. 2.6 nm
in Figure 1B). Moreover, SAM fabrication did not increase the
roughness, as indicated by the atomic force microscopy (AFM,
Figure 2H) image.
Excitation and emission spectra were recorded at different

analysis wavelengths or different excitation wavelengths, as
shown in Figure 3A. According to Kasha’s rule,26 it is supposed

that PA−2PhAn has a homogeneous distribution on the
substrate surface as the profiles of the two spectra are
independent of analysis wavelength or excitation wavelength.
All quenching calculations were from the maximum emission
measurements of each fluorescence spectrum, and all of the
emission spectra were conducted at λex = 263.00 nm, where the
strongest fluorescence intensity was produced.
To avoid the effect of evaporation on the sensing

performance of the devices, 0.2 mL of nitrobenzene (NB)
was dropped onto the bottom of the specially designed
apparatus (Figure S1) and kept it for 10 min for the stable
saturate evaporation. The film was inserted for 5 min for
complete quenching. In Figure 3b, clearly, the response is
almost instantaneous and the quenching efficiency reaches
93.49%, according to eq S1.
Quenching Mechanism of the SAM Sensor. More

detailed quenching experiments were conducted. Figure 4A

shows the plots of the quenching efficiency and τ/τ0 as a
function of time in NB vapor on both flexible PET and silicon
wafer, where τ0 and τ stand for the original and real-time
lifetimes (as shown in Tables S3 and S4). We can see that it
takes about 4 min for the emission of the film to reach the
equilibrium and the equilibrium fluorescence quenching
efficiency of silicon wafer devices is higher than that of flexible
PET, which is ca. 93% for silicon wafer devices and ca. 77% for
flexible PET. The reason for the differences is that the curved
surface of PET and the coarse sol−gel-prepared HfO2 layer
made the anchored PA−2PhAn molecules less compact
compared to the flat hard silicon wafer and the flat ALD
HfO2 layer because of the lower degree of molecular
conjugation and the smaller size of the π plane with the
bigger angles between the benzene and anthracene. However,
the flexible sensors can still maintain relatively high yield with
stable quenching efficiency, which facilitates further applica-
tions. The quenching mechanism was also studied by time-
resolved measurements. According to the τ/τ0 plots shown in
Figure 4A, the lifetime of PA−2PhAn remains relatively stable
with the exposure time in the NB vapor, which proves that it is
a static quenching. The significant difference between τ/τ0 and
quenching efficiency is due to the formation of a non-
fluorescent electron-transfer complex. The SAMs will be
refreshed easily because of the low stability of the complex
and weak bonding between the NAC and SAM surfaces.

Reversibility of the Quenching Process. Fluorescence
intensities of the AIEE SAM sensor were recorded during the
eight continuous tests. As shown in Figure S6, the quenching
loss caused by tests excited at 263 nm is less than 10%, which
proves the robustness of the SAM sensors. The reversibility of
the SAM to NACs was conducted with pure NB. Emission
spectra were recorded before and after exposure to a saturated
NB vapor at room temperature for 5 min. Then, the films were
refreshed by immersing them in ethanol for 5 min and the
emission spectra were recorded again after their blow-drying.
The reversibility was checked by repeating the processes
several times. As shown in Figure 4B, the response of the Ph−
2PhAn SAMs to the NB vapor had merely about 10% loss and
tended to be stable after three cycles. It promotes the SAM to
be a robust sensor in wearable applications.

Sensitivity of the SAM Sensors. As a living sensing layer,
the SAMs have a very small thickness, and the device response
is relatively high in low concentrations and fast in speed in
comparison with that of the bulk materials. Fluorescence
quenching tests of the silicon wafer device were conducted by
immersing in a complete stable vapor of 50 μL of NAC
solution of different concentrations in methanol for 10 s. As
shown in Figure 4C, we found that the SAM was very sensitive
in such a short time and the detection sensitivity followed the
order trinitrotoluene (TNT) > dinitrotoluene (DNB) > NB at
most concentrations. If the detection is considered to be
effective when the fluorescence quenching efficiency with an
exposure time of 10 s is higher than the upper limit of ethanol
for 1 min (14.8%, Figure 4D), the detection limits of TNT,
DNB, and NB are calculated according to eqs S2 and S3 as
∼1.4, ∼8.4, and ∼249.5 ppm, respectively, enabling rapid
detection of the NAC solution vapor. As the number of
electron-withdrawing nitro groups increases, the electron-
withdrawing capabilities of NB, DNB, and TNT increase
sequentially. Therefore, the NACs with more nitro groups can
form more stable complexes with PA−2PhAn in less time, and
the difference will eventually be reflected in the fluorescence

Figure 3. (A) Fluorescence excitation and emission spectra of the
PA−2PhAn SAMs recorded at various excitation and analysis
wavelengths. (B) Fluorescence quenching of the PA−2PhAn SAMs
examined in nitrobenzene-saturated air.

Figure 4. (A) Quenching efficiency and τ/τ0 as a function of exposure
time in NB for SAMs both on the silicon wafer and flexible PET. The
inset shows an image of the flexible SAM sensor on PET substrates.
(B) Reversibility of the SAM sensors. (C) Concentration dependence
of the quenching efficiency in different NACs for 10 s. (D) Selectivity
of the SAM sensors. Intensities were extracted at λem = 450.00 nm.
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quenching sensitivity. However, the SAM sensor should have a
much lower detection limit with a pure NAC vapor that is
commercially unavailable. The vapor of methanol liquefies
immediately onto the SAM surface and takes the NAC
molecules away again out of the apparatus, which undermines
the sensitivity.
Selectivity of the SAM Sensors. The SAMs have good

selectivity. Compared with that of the common chemical
reagents, such as methanol, tetrahydrofuran, toluene, chlor-
obenzene, acetone, 1,2-dichloroethane, n-hexane, and formic
acid, the fluorescence quenching efficiency of NB was found to
be as high as 80% with an exposure time of 1 min in their
saturated vapor. It shows selectivity in comparison with other
chemical reagents mentioned above in Figure 4D.

■ CONCLUSIONS
To summarize, we present a novel self-assembled molecule
PA−2PhAn, wherein 9,10-diphenyl anthracene is an AIEE
fluorophore and phosphoric acid is used as an anchor group,
linked to the fluorophore via an alkyl chain. A compact and
dense SAM was formed by immersing the substrate with a
HfO2 layer into a solution of PA−2PhAn, and a NAC gas
sensor was fabricated with the obtained SAMs based on
fluorescence quenching. It was found that SAM exhibited high
sensitivity to NACs at low solution concentrations, especially
for TNT and DNT. Further examination showed that the
responses of the SAMs to NACs were reversible, and their
sensing performances were more efficient compared with those
of the common interferents. The sensitivity, reversibility, and
selectivity may qualify PA−2PhAn as promising NAC
fluorescent sensor materials. Moreover, SAM molecules can
be deposited on the surface of a flexible substrate to enable the
fabrication of flexible NAC sensors. These devices offer
opportunities for the preparation of flexible sensors and the
development of wearable devices.
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