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ABSTRACT: The exploration of emerging functionalized quan-
tum dots (QDs) through modulating the effective interaction
between the sensing element and target analyte is of great
significance for high-performance trace sensing. Here, the
chromone-based ligand grafted QDs (QDs-Chromone) were
initiated to realize the electronic energy transfer (EET) driven
specifically by ethylenediamine (EDA) in the absence of spectral
overlap. The fluorescent and colorimetric dual-mode responses
(from red to blue and from colorless to yellow, respectively)
resulting from the expanded conjugated ligands reinforced the
analytical selectivity, endowing an ultrasensitive and specific
response to submicromolar-liquid of EDA. In addition, a QDs-
Chromone-based sensing chip was constructed to achieve the ultrasensitive recognition of EDA vapor with a naked-eye observed
response at a concentration as low as 10 ppm, as well as a robust anti-interfering ability in complicated scenarios monitoring. We
expect the proposed EET strategy in shaping functionalized QDs for high-performance sensing will shine light on both rational
probe design methodology and deep sensing mechanism exploration.
KEYWORDS: EDA, EET, Fluorescence, QDs, Explosive

■ INTRODUCTION
Amines generally play critical roles in chemical engineering,1

biological inspection2 and industrial production,3 owing to
their alkaline and nucleophilic characteristics as well as the
excellent water solubility; nevertheless, the highly toxic amines
and amine vapors would cause huge damage to environment
and threaten the health of human beings.4,5 Furthermore,
amines could be taken as the nitrogen source for nitrogenous
explosives and thus are easily employed as the raw materials of
improvised explosive devices (IEDs). As one of the most
representative example of it, ethylenediamine (1,2-diamines,
EDA), is one of the primary ingredients used to make the
powerful Picatinny liquid explosive.6 As a typical amine
compound, EDA has the typical characteristics of amines
(alkalinity and nucleophilicity) as well as corrosivity and
toxicity, and due to this reason, WHO has specified 10 ppm as
the occupational exposure limit of EDA.6,7 Therefore, it is
important to develop highly selective, highly sensitive and
rapid response methodologies for on-site EDA detection.8−12

Apparently, especially in resource-limited areas, the detection
of EDA has been trending away from bulky and time-
consuming instruments as well as complex detecting
procedures, which needs to be carried out at designated
laboratories with trained personnel in most cases.13−17 Thus,
optical method is considered as one of the most promising

approaches for on-site EDA sensing coupled with image
analysis techniques because of its visual (with naked-eye) and
real-time measurement results, easy operating and portable
characteristics.18−21 For instance, Lin et al. realized a reversible
selective fluorescent response for EDA by pillar[5]arene-based
crystalline material (PQ8),22 although the form of fluorescence
quenching made it difficult for naked eye to resolve the
concentration of EDA. Huang et al. reported nonporous
adaptive pillar[4]arene[1]quinone crystals for fluorescence
turn-on sensing of EDA vapor,23 while the sensitivity and
response time still need to be improved. Although significant
advances have been achieved in the design of optical detection
strategies of EDA, the limit in this area is still obvious, such as
the complicated synthesis procedures of probes, the bad
photostability of the probes, the inefficient response mode,
long response time, and poor selectivity and sensitivity.24,25

Therefore, there is a pressing need to develop rapid and
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accurate optical detection strategies to EDA with stable probes
as well as a detection mode that is friendly to on-site naked eye
observation.
With superior optical features and unrivaled photostability

luminescence, quantum dots (QDs) have been widely utilized
not only for photophysics but also for biological and chemical
applications in recent years.26−28 At the same time, due to the
versatile surface chemistry feature, QDs have already been
demonstrated to be efficient energy transfer (ET) donors or
acceptors, enabling specific detection toward target analytes
through the grafting of designed ligands.29−31 Up to now, most
of the existing QDs detecting system were conceptualized
based on Förster resonance energy transfer (FRET),32

photoinduced electron transfer (PET),33 inner filter effect
(IFE),34 or a combination with each other.35 For example,
Wang et al. reported a rapid and sensitive platform for the
quantitative analysis of dopamine based on boronic acid-
functionalized molybdenum disulfide quantum dots (B-MoS2
QDs) owing to the IFE and the aggregation quenching effect,36

although the fluorescence “off” exhibited by IFE would easily
be interfered by a series of factors in on-site scenarios. Su et al.
constructed the FRET system between CdTe QDs and
Rhodamine B (RB) for the ratio fluorescent detection of
melamine,37 in which the fluorescence intensity of the RB
decreased faster than that of CdTe QDs with the addition of
melamine. Generally, compared to the appearance or decrease
of a single emission signal, ET based probes typically have two
emission peaks, which make internal referencing of the signal
possible.38 And as one of the most typical ET process, FRET
usually requires the following four conditions to achieve a
satisfying signal: (i) a donor with a high quantum yield; (ii) a
spectral overlap of the donor emission with the acceptor
absorption; (iii) an appropriate relative orientation of the
transition dipoles and (iv) a close enough donor−acceptor
distance (typically less than 10 nm).27 These critical
requirements severely hindered the exploration of new
functionalized QDs based on the energy transfer mechanism
and thus are not favorable for the development of highly
efficient sensing methodology. Considering that the energy
transfer may take place even in the absence of spectral
overlap,39 electronic energy transfer (EET), derived from (i)
long-range resonance, or through-space ET, (ii) short-range
wave function overlap or through-bond mechanisms or (iii)
super exchange bridge-mediated mechanism,40,41 could be a
more versatile and promising mechanism being employed in
the exploration of high-performance sensing method. How-
ever, as far as we know, this important EET mechanism has not
been employed in the area of analytical chemistry, not to
mention whether a sensing model could be initiated through
the design of functionalized QDs and the effective interaction
with the target analyte.
Herein, as proof-of-concept demonstrations of electronic

energy transfer in the ultrasensitive and specific detection of
trace analyte with fluorescent and colorimetric dual-mode
responses, a specially functionalized QDs was designed and
showed highly efficient EET from QDs to the ligands driven
specifically by EDA. It should be noted that, generally, EET
between the donor (D) and the acceptor (A) chromophoric
units is usually induced by (sun)light accompanying with the
transfer and the separation of electrons and holes after
excitation (Scheme 1a-i), which is usually applied in the
photophysical, artificial photosynthetic, photovoltaic sys-
tems.40−42 Here, we propose another kind of EET, driven by

analytes and accompanied by the production of new
compounds. It is noteworthy that the transfer of electrons
and holes of the present EET occurs both in the excited states
(Scheme 1a-ii). As a result, the previous EET exhibits the
fluorescence of the acceptor (A), while the present EET
exhibits the obvious change in fluorescence, which behaves as
the quenching of the donor’s fluorescence and the increasing of
the acceptor’s fluorescence (Scheme 1b). Based on the
nucleophilicity of EDA as well as the stable intramolecular
hydrogen bonds between chromone and primary amines,43−46

CdSe/ZnS QDs with red emission were grafted with
chromone-based ligands to form a probe (QDs-Chromone)
with electrons and holes localized in the QDs. While triggered
by EDA through the nucleophilic addition with the ligands, the
electrons and holes would shift and preferentially localize in
the ligands afterward. The QDs-Chromone designed accord-
ingly demonstrated bright blue fluorescence and yellow color
change toward EDA with ultrasensitivity (limit of detection,
defined as LOD, of 0.11 and 2.94 μM in fluorescent and
colorimetric mode, respectively, as well as a naked-eye
observed change for 10 ppm of EDA vapor) and great
specificity compared with the structural analogues (various
amines) and other common interferents. Given the above, as a
more versatile and promising mechanism initiated through the
functionalized QDs and the valid interaction with the target
analyte, it is expected that EET would certainly renew the
existing design strategies for trace sensing.

■ RESULTS AND DISCUSSION

Principle of the EET Detection System
Based on the nucleophilicity of EDA, QDs are designed to
contact with an electron donor (Figure 1a),30 which results in
the generation of holes and the sites that are easy for
nucleophile to attack in ligands. The electrostatic potential
(ESP) distribution diagram shows that the C atom at β
position of the carbonyl group has the positive electrostatic

Scheme 1. (a) Light Induced (i) and Analyte Driven (ii)
EET Process; (b) Fluorescence Results of These Two Kinds
of EET
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potential with a value of 15.79 kcal/mol due to the
electrophilic effect of QDs (Figure 1b), which may show
good affinity and selectivity toward primary amines.43,44 Here,
a functionalized CdSe/ZnS QDs (donor) emit red fluores-
cence and grafted with chromone-based molecules (acceptor)
by Zn−S bond were constructed, and with the help of the
target analyte molecules, the specific EET for sensing was
realized (Figure 1c). It should be noted that in order to
stabilize and maximize fluorescence in practical application, it
is favorable to coat emitting core (CdSe) with an insulating
inorganic and large band gap shell (ZnS), which insulates the
core, passivates the surface bonds, reduces the toxicity, and
buries the QDs in a potential energy well.47 After detection of
EDA, the C−O bonds would be broken, and two kinds of
hydrogen bonds (N−H···O and O−H···O) would be formed,
resulting in the expansion of the conjugate plane structure43,44

to emit blue fluorescence (Figure 1c-ii). The expanded

conjugated fluorophores grafted on CdSe/ZnS QDs were
thus named as QDs-H−CF.
To better understand the corresponding EET mechanisms

in this scheme, the different electronic states and the transition
processes of the QDs-Chromone and QDs-H−CF were
elucidated in a Jablonski diagram48 (Figure 1d). The QDs-
Chromone absorbs photon energy under UV light and is
excited with electron elevation and a change in the electronic
state from the ground state (S0) to a singlet excited state (Sn).
And then, after a rapid internal conversion process and
vibration relaxation, the QDs-Chromone reaches to the lowest
singlet excited state (S1) and its energy would mostly dissipate
through emit the QDs’ intrinsic red fluorescence (left in Figure
1d). While after detection of EDA, the system’s energy would
mostly dissipate in the form of blue fluorescence originating
from the ligands, and this emission change is certainly derived
from the effective electronic energy transfer from QDs to the
ligands afterward due to the special QDs-Chromone design

Figure 1. (a) Schematic illustration of the electrophilic effect of QDs and nucleophilic (Nu) attack. (b) The electrostatic potential (ESP)
distribution diagram of the QDs-Chromone molecule, in which the maximal and minimum ESP surfaces are presented as orange and cyan dots,
respectively. (c) Schematic illustration and (d) Jablonski diagram and the corresponding fluorescence emission images of the QDs-Chromone
before and after detecting EDA.
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(right in Figure 1d). Different from PET or FRET, EET
usually happens when the electron and the hole of donor
simultaneously transfer to the acceptor’s LUMO/CB and
HOMO/VB respectively after excitation, and as a result, the
fluorescence of the donor quenches while that of the acceptor
increases.
Characterization and Mechanism of the QDs-Chromone
before and after Detection of EDA

The as-prepared CdSe/ZnS QDs (QDs-OA) according to the
previous report49 with oleic acid (OA) grafted on the surface
were then further modified by ligand exchange with hydro-
philic mercaptopropionic acid (MPA) to replace OA to
improve the solubility in aqueous media. The obtained QDs-
MPA was used for reacting with the chromone compound by
Knoevenagel condensation to get the specific probes (QDs-
Chromone) for detecting EDA, which was then reacted with
EDA to result in the change of the ligand and finally form the
reaction product QDs-H−CF (Figures 2a and S1).
The homogeneous and triangular morphology as well as the

dispersion of the QDs-OA with an average diameter of 10−11
nm is verified by transmission electron microscopy (TEM)
characterization (Figure 2b). The clear lattice fringes in the
high-resolution TEM (HRTEM) images indicate the good
crystallinity of the QDs-OA, and the lattice spacing of 2.04 Å
corresponds well with the (220) lattice of CdSe50 (Figure 2c).
The appearance of the QDs-OA shows no change through the
following two modification steps (Figure S2), indicating the
superior stability of the QDs. Fourier transform infrared (FT-
IR) spectroscopy analysis confirms that the shedding of OA is
due to the disappearance of the absorption peaks around 2920
cm−1, which corresponds to the stretching vibration of the
−CH2−. And the QDs are grafted with MPA by thiol groups
due to the disappearance of the absorption peaks at 2578 and
927 cm−1, corresponding to the stretching vibration and
bending vibration of S−H, respectively (gray, brown and red
line in Figure 2d). At the same time, the appearance of the
absorption peak at 1017 cm−1 and the broad peak around
470−800 cm−1, corresponding to the stretching vibration of
C−O−C and the bending vibration of C−Cl as well as C−H
on the aromatic ring (blue line in Figure 2d), demonstrates the

successful synthesis of the QDs-Chromone. And thin-layer
chromatography plate certifies that the ingredients and the
byproducts have been successfully separated from the QDs-
Chromone (Figure S3). After detection of EDA, the
appearance of the broad peak around 3348 cm−1 of the
amidogen indicates the addition of EDA, while the weakened
peak of C−O−C (1017 cm−1) and the appearance of O−H
(1382 cm−1) as well as C−N (1318 cm−1) confirm the broken
of the C−O bonds and the reaction of QDs-Chromone with
EDA (green line in Figure 2d).
The comparison of the corresponding X-ray photoelectron

spectroscopy (XPS) of the QDs-Chromone before and after
detection of EDA verified the presence of Cd, Cl, and N, which
also indicated the successful synthesis of QDs-Chromone and
the reaction of QDs-Chromone with EDA, respectively (Figure
S4a). The high-resolution XPS spectrum of the N 1s (Figure
S4b) can be fitted with two main components with peaks at
398.78 and 399.48 eV, corresponding to N−H and C−N,
respectively.51,52 After detection of EDA, the appearance of C−
N and N−H along with the obvious decrease of C−O−C as
well as the increase of C−OH indicates the breaking of C−O
bonds and the generation of C−N (Figure S4c−f), which
agrees well with the results of FT-IR analysis. Combined with
the 1H NMR spectra of the QDs-OA, QDs-MPA, and QDs-
Chromone and after addition of two different concentrations
of EDA (Figure S5), the obvious reduction of the signals of H
in the alkyl chain around δ 1.3 also indicates the shedding of
OA. Furthermore, the successful synthesis of the QDs-
Chromone is verified by the appearance of H in the aromatic
ring within δ 7.5−9. Moreover, the signals of H in the aromatic
ring shift to the upper field (from around δ 8 to around δ 7),
and the appearance of H in the amidogen around δ 3 indicates
the ring cleavage and the formation of the hydrogen bonds
(N−H···O and O−H···O) which resulted in the expansion of
the conjugate plane structure.53 Subsequently, the tiny
emission band change of QDs before and after modification
of MPA and chromone, together with the appearance of
fluorescence intensity in the low wavelength region of QDs-
Chromone verify the successful modification from another
aspect, which also brings out the change of fluorescence from

Figure 2. (a) Schematic illustration of the CdSe/ZnS QDs modification and detection. (b) TEM image of the QDs-OA (Inset: the corresponding
size distribution). (c) HRTEM images of the QDs-OA. (d) FT-IR spectra of the QDs-OA, MPA, QDs-MPA, QDs-Chromone and QDs-H−CF.
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bright red to dark red and purple (Figure S6). In addition, the
different fluorescence lifetimes of QDs-MPA, and QDs-
Chromone before and after the binding of EDA (9.98 ns,
12.86 and 2.43 ns, respectively), clearly indicate the successful
modification and the formation of different ligands on the
QDs.
Thus, it is powerfully proven that the detection phenom-

enon is caused by the occurrence of EET, rather than the
production of a new fluorophore upon the interactions
between EDA and the chromone group (Figure S7).
Electronic Structure of QDs-Chromone and QDs-H−CF

It should be noted that as a common model of QDs in
quantum-chemical simulations,54 the ZnS shell is often ignored
to reduce the computational effort, and a ∼1.3 nm Cd33Se33
quantum dot (QD) was constructed with approximately
spherical shapes and optimized to geometries with the lowest
number of dangling bonds. The density of states (DOS) and
projected density of states (PDOS) of the relaxed Cd33Se33
model QD ligated by a chromone molecule showed a clear
energy gap separating the occupied molecular orbitals (MOs)
from the unoccupied MOs (Figure 3a). The highest occupied
molecular orbital (HOMO) and the next lower-energy
occupied states formed a densely packed set of energy levels,
while a noticeable energy gap separated the lowest unoccupied

molecular orbital (LUMO) as well as the next higher-energy
unoccupied state (LUMO+1) from the higher-energy un-
occupied states. A decomposition of the different MOs into
contributions from the atomic-like orbitals indicated that Se 4p
states contributed mostly to the HOMO with a minor
contribution from Cd 5s and the ligand orbitals, while the
ligand orbitals contributed mostly to the LUMO and the Cd 5s
states contributed mostly to the LUMO+1. A visualization of
the MOs of the HOMO, LUMO, and LUMO+1 (the inset in
Figure 3a) showed that the HOMO localized over Cd33Se33
QD, and the LUMO localized over almost the entire ligand,
while LUMO+1 localized over almost the entire Cd33Se33 QD.
The fluorescence emission property of the QDs-Chromone
was further approximated by the optical activity of the lowest
singly excited transition according to the Kasha rule.55 It is
found that a vertical electron excitation energy at 395.7 nm
with an oscillator strength ( f) of 0.07 corresponds to an
optically active state composed of HOMO → LUMO (5.3%)
and HOMO → LUMO+1 (84.4%). This result suggests that
the emission of the QDs-Chromone is optically active, and the
fluorescence emission could be attributed to the significant
transition from LUMO+1 to HOMO (84.4%) distributed both
on Cd33Se33.

Figure 3. (a) Density of states (DOS) and projected density of states (PDOS) of the QDs-Chromone. Inset: surface plots of the HOMO, LUMO
and LUMO+1 (isovalue = 0.02). (b) The DOS and PDOS of the QDs-Chromone after EDA detection. Inset: surface plots of the HOMO and
LUMO (isovalue = 0.02). (c) Real space representation of hole and electron distributions (i) before and (iii) after EDA detection: green and blue
regions denote the hole and electron distributions (isovalue = 0.0005), respectively, and real space representation of hole and electron overlapping
region distribution (ii) before and (iv) after EDA detection.
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And then according to the Boltzmann conformation
distribution based on Gibbs Free energy calculation, we
explored the molecular conformational preferences of the
chromone-ligands after detection of EDA. It is found that all
five lowest energy conformations have stable intramolecular
hydrogen bonds between chromone and primary amines
(Figure S8), while two of them (Figure S8a,b) are
predominant (36.9% and 30%, respectively). It should be
noted that it is also crucial to consider the formation of the
stable intramolecular hydrogen bonds when optimizing the
structure of QDs-H−CF based on PBE functional. The
corresponding DOS and PDOS show a clear energy gap
separating the occupied MOs from the unoccupied MOs at the
PBE0/def2-SVP calculator level (Figure 3b). Similar to the
characteristics of the MOs of the QDs-Chromone, the HOMO
and the next lower-energy occupied states of QDs-H−CF
formed a densely packed set of energy levels, while a noticeable
energy gap separated the LUMO as well as LUMO+1 from the
higher-energy unoccupied states. It is clearly shown that the Se
4p states predominantly contribute to HOMO, while the
ligand orbitals mainly contribute to LUMO and the Cd 5s
states primarily contribute to the LUMO+1. The HOMO also
localizes over the Cd33Se33 QD, while the LUMO localizes
over almost the entire ligand (the inset in Figure 3b). Upon
comparison of the absorption of QDs-Chromone (395.7 nm, f
= 0.07) and QDs-H−CF (419.1 nm, f = 0.068), although very
close oscillator strength values are shown, there is still a
wavelength shift of about 20 nm. Interestingly, the
predominant HOMO → LUMO (83.5%) indicates that the
emission of QDs-H−CF is derived mostly from the ligands.
Due to the complexity of the electronic structure of the

system, the S1 state, which is extremely important for emission,
cannot be simply expressed as a transition between a specific
pair of MOs.56 It is known that the hole−electron analysis can
overcome this difficulty; thus, it is employed to investigate the
characteristics of the electron energy transfer driven by EDA
more comprehensively. In the QDs-Chromone, the electrons
(blue regions) concentrate relatively on Cd33Se33 with a focus
near the ligand, while the holes (green regions) delocalize on
the entire QDs-Chromone structure (Figure 3c-i). It is shown

that the overlapping region of the holes and electrons
distribute on the Cd33Se33 (Figure 3c-ii), indicating that the
oscillator strength ( f) and thus the emission transition of the
QDs-Chromone system is mainly contributed by QDs.57 After
reacting with EDA, the electrons (blue regions) concentrate in
Cd33Se33 close to the ligand side as well as in the ligand, while
all of the holes (green regions) locate on the ligands (Figure
3c-iii). Thus, the overlapping region of the holes and electrons
distributes on the ligand (Figure 3c-iv), indicating that the
emission transition of the QDs-H−CF system is mainly
contributed by the ligand. Therefore, from the quantum-
chemical simulations of the electronic structures of the QDs-
Chromone and QDs-H−CF, it is firmly proved that when
driven by EDA, highly efficient EET would happen from the
QDs to the ligand in this specially designed functionalized
QDs system.
Detection Performance of the QDs-Chromone toward EDA

Although the red fluorescence of the QDs itself remains
unchanged after detection of EDA, the fluorescence of the
excited QDs-Chromone changes from red to blue due to the
expansion of the conjugate plane structure of ligands, and the
color changes from almost colorless to yellow under natural
light (Figure 4a). It is found that the fluorescence emission
peaks of the QDs-MPA and 6-chloro-3-formylchromone in
methanol solution appeared at 680 and 460 nm, respectively
(Figure 4b). Thus, it is evidently proved that although the
fluorescence spectrum of the red-emitting QDs (donor) has no
spectral overlap with the absorption spectrum of the chromone
compound (acceptor), efficient EET still occurs in QDs-
Chromone after detection EDA.
As expected, a significant rise of the fluorescence intensity at

460 nm can be observed in the fluorescence intensity spectra
with the addition of various concentrations (30−300 μm) of
EDA, while the fluorescence intensities of the QDs at 680 nm
remain almost unchanged (Figures 4c and S9). The variation
of the fluorescence images shows a progressive emission color
change trend from red to blue under irradiation with a 410 nm
UV lamp (the inset in Figure 4c). In particular, 30 μm EDA
can be completely distinguished from that observed in the

Figure 4. (a) Schematic representation of the QDs-Chromone used for sensing EDA. (b) Normalized spectra of the QDs-MPA emission (λex = 410
nm, solid red line), 6-chloro-3-formylchromone absorption (dashed blue line) and emission (λex = 378 nm, solid blue line). (c) Fluorescence
spectra (λex = 410 nm) and (d) UV−vis absorbance spectra obtained for the QDs-Chromone in response to different concentrations of EDA (0−
300 μM and 0−1000 μM, respectively) and the corresponding images. (e) The fluorescence intensities at 460 nm and the absorption intensities at
436 nm with linearly fitted curves as a function of the EDA concentration.
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absence of EDA. Furthermore, the absorption intensity at 436
nm also increases in the UV−vis spectra with the addition of
various concentrations of EDA (Figures 4d and S10), and it
becomes obvious when the EDA concentration reaches 160
μM. The increased absorption area suggests a gradual
deepening color trend in the optical images from almost
colorless, light yellow, to yellow (the inset in Figure 4d). Based
on these, the correlation between the enhanced fluorescence
intensity at 460 nm as well as the absorption at 436 nm and the
concentration of EDA is established (Figure 4e and Table S1−
S2). The fitted curve exhibits a credible linearity when the
EDA concentration varies from 0 to 300 μM, and the LOD
(defined as LOD = 3σ/k, where k represents the slope of the
fitted calibration curve with a value of 82.4828, and σ stands
for the standard deviation of noise with a value of 3), is further
obtained as 0.11 μM. Similarly, the absorption shows two
linear optical behaviors with respect to the increasing EDA
concentration in the range of 0−160 and 160−1000 μM, and
the LOD is calculated based on the first linear interval as 2.94
μM according to 3σ/k with a σ of 0.0003. It should be noted
that the almost unchanged fluorescence intensities of the QDs
at 680 nm is due to the synergistic effect of the fluorescence
quenching triggered by the EET mechanism and the
fluorescence enhancement triggered by the generation of a
new absorption band (purple region in Figure S11, 350−546

nm), which closely aligns with the excitation wavelength of the
QDs-Chromone (Figure S11). What’s more, it is found that
although the fluorescence intensity of 6-chlorochromone, a
structurally similar substitute of the modified ligand, in
response to different concentrations of EDA first increased
and then decreased at 468 nm, the fluorescence intensity of
QDs-Chromone after reacting with EDA at 460 nm is much
stronger especially in the high EDA concentration range,
indicating that the presence of the EET mechanism does play a
vitally important role in promoting the detection performance
toward EDA (Figure S12). In addition, the selectivity and
sensitivity of the mixture of 6-chlorochromone and QDs-MPA
are unsatisfying (Figure S13), which also implies that QDs do
play an important electrophilic role in the system of QDs-
Chromone in the nucleophilic addition. Thus, as a nucleophile
substance, EDA would attack the C−O in the chromone ligand
on the QDs easily, resulting the formation of the hydrogen
bonds (N−H···O and O−H···O).
Based on the stability of the QDs-Chromone (Figure S14a),

the time-dependent fluorescence intensities (Figure S14b) and
absorbance properties (Figure S14c) observed at 460 and 436
nm, respectively, were recorded to evaluate the response time
and stability toward different amounts of EDA solutions (100,
300, and 500 μM). Upon the addition of EDA, the
fluorescence intensities increase gradually when the concen-

Figure 5. (a) The optimized structure of five different kinds of structural analogues after reaction with chromone. (1) EDA, (2) 1,2-propylamine,
(3) 1,5-diaminopentane, (4) 1,12-diaminododecane, (5) cyclohexylamine, (6) aniline, (7) p-toluidine, (8) tert-butylamine, (9) L-cysteine, (10)
hydrazine hydrate, (11) acrylamide, (12) urea, (13) diethylamine, (14) dipropylamine, (15) diphenylamine, (16) triethylamine, (17) N,N-
diisopropylethylamine, (18) urotropin. (b) Minimum electrostatic potential (ESP) at N atoms of amines. (c) ESP diagram with the penetration of
van der Waals surface. (d) The optimized structure of hydrazine hydrate after reacting with the QDs-Chromone. (e) Relative fluorescence intensity
and absorbance of the QDs-Chromone solution toward four different diamines (1−4). (f) The root-mean-square displacement/deviation (RMSD)
of chromone ligand after reaction with EDA, 1,3-propanediamine (C3), 1,4-diaminobutane (C4), 1,5-diaminopentane (C5), 1,7-diaminoheptane
(C7), 1,10-diaminodecane (C10), and 1,12-diaminododecane (C12) as a function of simulation time, respectively. (g) The schematic illustration of
the dihedral angle and the its variation with time for the chromone ligand after reaction with EDA.
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tration of EDA is 100 μM (green dots line). As the
concentration increases (orange and purple dots lines), the
fluorescence intensities increase rapidly within 30 s and
basically reach saturation after 100 s, and then decrease gently
afterward, which might be due to the formation of a dimer in
the generation of the expanded conjugated fluorophores
grafted on QDs (QDs-H−CF). And the van der Waals
interaction between the planes becomes more significant
(Figure S15), especially in the presence of relatively high
concentrations of EDA. The time-dependent absorbance
properties are similar to that of the fluorescence change
feature, and the absorbance also increases gradually when the
concentration of EDA is 100 μM (green dots line). And
similarly, as the concentration increases (orange and purple
dots line), the absorbance increases rapidly within 20 s, then
reaches a nearly saturation state after 30 s, and also decreases
slowly afterward. Thus, based on the EET mechanism of the
present QDs-Chromone in the detection of EDA, a fluorescent
and colorimetric dual-mode detection strategy toward trace
analyte was established with ultrasensitive, specific, as well as
rapid and stable performance.
Highly Selective Distinguishing Performance and
Mechanism

To further investigate the specificity of the QDs-Chromone
toward EDA, structural analogues (various amines), inorganic
salts (including alkaline and hazardous), common explosives,
organic acid, and common daily necessities were selected as
potential interferents. For structural analogues, considering the
steric hindrance, nucleophilicity, and the quantity of H on the
N of the amines, five different kinds of structural analogues
were chosen (Figure 5a). EDA (1), 1,2-propylamine (2), 1,5-
diaminopentane (3), and 1,12-diaminododecane (4) represent
the aliphatic diamines with different chains of carbon atoms,
while cyclohexylamine (5), aniline (6), p-toluidine (7), tert-
butylamine (8), L-cysteine (9), and hydrazine hydrate (10) are
chosen for the different steric hindrance. Meanwhile, it is
noteworthy to investigate whether the presence of the O atom
in acrylamide (11) and urea (12) would affect the
nucleophilicity of the amidogen. Moreover, it is also worthy
to verify whether the secondary amines and tertiary amines,
such as diethylamine (13), dipropylamine (14), diphenylamine
(15), triethylamine (16), N,N-diisopropylethylamine (17), and
urotropin (18), would interfere with the distinguishing
performance toward EDA.
By means of ESP analysis, the nucleophilicity of the amines

could be displayed visually (Figures 5b and S16). It is found
that the minimum ESP58 contributed by the lone pair electrons
of the N atoms in the aliphatic diamines (Figure 5b 1−4) as
well as cyclohexylamine (5), tert-butylamine (8), and
hydrazine hydrate (10) has a value around −42 kcal/mol,
respectively, representing that all of them have a more
favorable nucleophilicity. However, due to the high steric
hindrance of the hexatomic ring and branches, which can be
seen from the molecular structures (Figure 5c), cyclohexyl-
amine (5) and tert-butylamine (8) are hard to react with the
QDs-Chromone, as well as aniline (6), p-toluidine (7), and L-
cysteine (9). As for amides, due to the global minimum ESP
generated at the lone pair electron of its O atom, the strongest
electrostatic attraction of the O atom in the reaction process
will preferentially bind with the QDs-Chromone rather than
the amidogen, which greatly reduces the possibility of amides’
nucleophilic reaction with the QDs-chromone (Figure 5c 11−

12). However, as a compound with low steric hindrance and
high nucleophilicity, hydrazine hydrate (10) cannot form the
stable hydrogen bonds (O−H···O) after reacting with the
QDs-Chromone due to the excessive distance (3.62 Å)
between the O atom and the H atom,59 since the two high
nucleophilicity of N atoms in hydrazine hydrate are too close
(Figure 5d).
The conclusion of aliphatic diamines has been verified by

the corresponding fluorescence spectra and images (Figure
5e), in which a dramatic fluorescence transformation can be
observed for EDA and 1,2-propylamine. However, the
fluorescence changes of them are different, which is from red
to blue and from red to cyan for them, respectively. It is
considered that the extra methyl of 1,2-propylamine may result
in different product molecular configurations after detection.
Noticeably, EDA exhibits the strongest fluorescence intensity
at 460 nm compared to the other two aliphatic diamines (1,5-
diaminopentane and 1,12-diaminododecane), which means the
formation of the two kinds of hydrogen bonds is the most
stable. At the same time, except for EDA, all the distinguish-
ment toward other diamines appeared a distinct yellow color
change after reaction with the QDs-Chromone, and the
appearance of this yellow color could be attributed to the
absorption in the blue range and consequently the relatively
weak blue fluorescence for them could be observed. Therefore,
the colorimetric mode can assist in the screening of diamines.
By analyzing the root-mean-square displacement/deviation
(RMSD) of the product for the chromone ligand reacting with
diamines (EDA, C3, C4, C5, C7, C10, and C12) of different
alkyl chain lengths, it is found that the fluctuation of the
product induced by EDA is the lowest, indicating the
corresponding energy dissipation of the thermal motion is
the minimal (Figures 5f and S17). By comparing the
corresponding fluctuations of the dihedral angles of these
reaction products, it is also found that the dihedral angle for
the EDA-induced product is the most stable one, proving the
favorable stable conjugation and thus the brightest fluores-
cence emission (Figures 5g and S18).
As expected, the amides, and the secondary amines as well as

the tertiary amines cannot cause the fluorescence trans-
formation, which could be ascribed to the shielding effect of
the O atoms and the relatively weak alkalinity,45 respectively.
Additionally, the coloring change (from almost transparent and
colorless to orange) can also be observed after the addition of
certain amines, implying that the selectivity of the colorimetric
mode is not superior compared to the fluorescent mode
(Figure S19). As for the anti-interference performances in the
presence of these amines, the characteristic yellow color was
not disturbed by all of the 17 amines, but with an enhanced
yellow signal in the colorimetric mode. It is also desirable to
directly observe the fluorescent mode with a characteristic blue
emission except for aliphatic diamines (2−4) (Figure S20a,b).
Although the anti-interference performances in the presence of
aliphatic diamines in the fluorescent mode was different from
others, the discrimination of EDA can be realized with the
relatively specific fluorescence, which is a blue fluorescence
resulting from EDA mixed with the fluorescence resulted from
the other corresponding aliphatic diamine. Based on the logical
judgment with the flowchart in Figure S20c, whether EDA
exist when aliphatic diamines (2−4) present as the interferents
still can be judged. Nevertheless, it is hard to realize the precise
quantitative detection of EDA in a complex medium with these
interferents. Besides, for the inorganic salts, common
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explosives, organic acids, and common daily necessities,
although the color changes toward some alkaline inorganic
salts and colored interferents, the fluorescence of the QDs-
Chromone have no similar changes from red to blue (Figure
S21). Apparently, from the aspects of response time, LOD, and
selectivity, the QDs-Chromone based on the nucleophilic
attack of EDA toward the chromone has better on-site
distinguishing performance than those of the previously
reported fluorescence or colorimetry involved methods
(Table S3). Thus, it can be concluded that based on the
present EET mechanism, the QDs-Chromone is highly
selective and specific to realize the distinguishment of EDA.
Superior Sensing Performance toward EDA Vapor
It is of great significance to screen the spillage events or
terrorist activities especially for hazardous gas such as EDA.6 A
sensing platform of atmosphere with dual-mode response was
established by adopting the polyurethane sponge with a porous
microstructure and excellent absorptivity as the support to
immobilize the QDs-Chromone probe (Figure S22). The
rosybrown emissive QDs-Chromone-based sensing chip under
UV light could be constructed by simply trickling the QDs-
Chromone solution into the pristine sponge, which was low
cost. It can be observed that the Cl element is uniformly
dispersed in the QDs-Chromone-based sensing chip, verifying
that the QDs-Chromone has been successfully embedded into
the sponge (Figure S23). It is obviously observed that a
fluorescence emission transformation from rosybrown to light
blue and a color change from gray to yellow due to the resultful
assimilation and specific identification of the QDs-Chromone-
based sensing chip toward EDA vapor (Figure 6a). Under an

exposure duration of 60 s in different concentrations of EDA
(3.5−560 ppm), both the fluorescent and colorimetric
channels transformed gradually with the increase of the EDA
concentration. This transformation trends can be extracted
based on RGB value extraction and adequately described by
the numerical analysis.60,61 The gradual enhancement from 3.5
to 105 ppm with a linear relationship is followed by a plateau
from 105 to 560 ppm both in the fluorescent and colorimetric
channels, and the fluorescent mode shows even smaller data
deviations (Figure 6b,c). This variation indicates that both the

fluorescent and colorimetric channels possess a good
quantification capability in a wide concentration range.
Besides, it is clear that one can easily discriminate the
existence of EDA vapor with a concentration as low as 10 ppm
by naked-eye, which satisfies the exposure limit requirement
for EDA vapor monitoring stated by the WHO (25 mg/m3

,
∼10 ppm).7

Additionally, structural analogues, common explosives,
organic acids, organic solvents in laboratory, and liquid daily
products were selected as the potential interferents to
investigate the specificity and the anti-interference perform-
ance of the QDs-Chromone-based sensing chip toward the
EDA vapor and the gas of the ordinary volatile substances
(Figure S24). It is shown that although the performance of the
colorimetric channel is relatively poor, only the occurrence of
the EDA vapor can lead to the transformation in the
fluorescence emission from rosybrown to light blue, demon-
strating the superiority of the dual-mode design. No matter for
individual interferents or for the coexisting interferents, the
EET mechanism ensures the superior dual-mode sensing for
EDA monitoring and thus is promising to be employed in
complicated application scenarios.

■ CONCLUSION
In conclusion, we pioneered the construction of the highly
efficient EET without the spectral overlap in functionalized
QDs driven by analytes, which was further utilized to detect
trace EDA ultrasensitively and specifically. This strategy is
demonstrated to be effective in semiquantitatively detecting
EDA, including both solution and vapor, with fluorescent and
colorimetric dual-mode responses. The two emission peaks
resulted in the internal referencing of the signal and a
distinguishable emission transition from red to blue with a
LOD (0.11 μM), the selectivity of which can be further
promoted by the colorimetric mode. In addition, we showed
an accessible identification by the naked eye toward 10 ppm
EDA vapor and excellent specificity facing potential coexisting
gaseous substances. We expect that this tentative study on EET
will pave a new way for establishing effective interaction with
the target analyte and greatly advance the exploration of
functionalized QDs for various applications.

■ CALCULATION METHOD
The theoretical calculation in this work was performed by the
Gaussian 09 C01.62 Subsequently, the Multiwfn was used to
analyze the wave function.63 The VMD program was used to
render the corresponding graphic picture.64 All geometric
structure optimization tasks of computational models related
to QDs were completed by CP2K 2023.1 package.65 The
conformational distribution of the constructure was deter-
mined based on Gibbs free energy calculations using Gentor/
Molclus66/Gaussian/ORCA67,68 software. All molecular dy-
namics (MD) simulations were performed using the
GROMACS 2023.2.69,70 More details are provided in the
Supporting Information.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00667.

Materials and methods, synthetic scheme, computation
details, preparation of samples and testing process, and

Figure 6. (a) Fluorescence and colorimetric images of the QDs-
Chromone-based sensing chip for detecting different concentrations
of EDA vapor. The plotting curves of (b) B value and (c) (R+G)/(R
+G+B) value extracted from the QDs-Chromone-based sensing chip
versus the different EDA concentrations.
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