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SUMMARY

The modulation of the recognition site has great potential for the
development of high-performance fluorescent sensors, but the
regulation of preferential combination between the recognition
site and the targetmolecules has rarely been studied. Here, to boost
the response speed of the fluorescent probe, the recognition site is
regulated via design of the electron-withdrawing ability of the adja-
cent R-benzene group. The interaction between the ester bond and
hydrazine (N2H4) is precisely modulated to promote effective com-
bination between them in the pre-chemical approach part of the
process. The strong electrostatic combination capability, the mod-
erate shielding effect, and the favorable inverse Gibbs free energy
barrier together ensure an improved light-up time of 2–3 s for the
F-CN probe. The present investigation may facilitate further explo-
ration of fluorescent probes for ultrasensitive and rapid chemical
sensing, as well as additional work on interaction modulation for
various applications.
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INTRODUCTION

Fluorescent sensing, as a rapidly visualizable, highly specific, simply portable, and

cost-effective imaging technique,1–4 is of great significance in the fields of clinical di-

agnostics,5 environmental monitoring,6 explosives identification,7,8 and others. In

particular, the interaction process of selective bonding between host (fluorescent

probe) and guest (analyte) molecules9 can be realized by special and specific inter-

action forces. Various interactions affecting the matching of intermolecular geome-

try (size, shape) and the complementation of intermolecular electrical properties

have been widely focused in molecular recognition for the investigation of compli-

cated optical/electrical properties and the conformation of non-chemical reaction

systems.10,11 The main point focuses on the regulation of the interaction between

fluorescent probe and analyte by rigidization,12 solvent-effect13 and geometry

configuration,14 typically involved in aggregation-induced emission-luminogen,15

quantum dot,16 and organic fluorescent probe.17–20 For the chemical reaction sys-

tem, in which the kinetic energy barrier plays a decisive role in determining whether

the fluorescent probes could react with the analyte molecules, a far superior anti-

interference performance could be achieved and has been widely used for the

detection of nucleophilic active analytes such as electron-rich anions,21 organophos-

phorus,22 and amine.23–28 Currently, most research concentrates on realizing the

specific detection either through fluorescence sensing modes such as turn on, turn

off, and ratiometric, or through fluorescence molecular structure modulation, espe-

cially from the aspect of the recognition site.29–31 Based on the modulation of the

recognition site, a series of fluorescent probes have been developed to improve
Cell Reports Physical Science 3, 100878, May 18, 2022 ª 2022 The Author(s).
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the selectivity, sensitivity, and speed of detection. For instance, by modulating the

bond angle or length of the B-O bond in the recognition site of the boronic acid func-

tional group to form the identified sp3-hybridized hydrated boronate structure in the

fluorescent protein-based probe, the system can exhibit high sensitivity toward

hydrogen peroxide even in the face of an indistinguishable interferent such as per-

oxynitrite.32 By using olefin as the recognition site of thiols and aldehyde as the

recognition site of SO3
2�, a dual-site fluorescent probe was designed to accelerate

the detection process and image the enzymatic conversion of cysteine to SO2 in

living cells, and a fast fluorescent response of <2 min was achieved.33 Through the

surface chelating reaction between the 3,3-diaminobenzidine recognition site modi-

fied on CdTe@SiO2 and SeO3
2�, the core-shell probe can detect Se concentrations

in selenium-rich food with a limit of detection (LOD) as low as 6.68 nM (0.53 ppb),

which is far superior to the previously reported fluorescent probes.34 These results

indicate that the modulation of the recognition site can facilitate remarkably the

development of highly selective and sensitive fluorescent sensors, and inspire the

promotion of response speed, which would be favorable for the various practical

on-site applications.

It should be noted that the recognition site or active site that intrinsically determines

the chemical reaction could be altered from the aspects of the electronic and geo-

metric effects35–38 through kinetic and thermodynamic forces. In particular, thermo-

dynamic force is a crucial factor related to the preferential combination between

recognition site and the target molecules and plays an important role in the pre-

chemical reaction. Moreover, the influential factor of the thermodynamic force,

such as the interaction between probe and analyte, could be helpful to establish

the design strategy of fluorescent molecules in the chemical reaction system and

the physical understanding to promote the corresponding fluorescence perfor-

mance. However, this crucial thermodynamic factor has rarely been focused from

the aspect of experimental investigation or from theoretical simulation, even with

increasingly emerged fluorescent probe design addressing the recognition site.

Here, for the purpose of boosting the response speed of the fluorescent probe in the

chemical reaction system from the perspective of promoting the combination between

the recognition site and the analyte in the pre-chemical approaching process, the ther-

modynamic force of the recognition site was regulated considering the influence from

the electrostatic effect and the shielding effect. Through quantum chemical andmolec-

ular dynamics (MD) analysis, it was found that the designed fluorescent probe enables a

high electrostatic potential for the ester bond to strongly combine with the target elec-

trostatically negative hydrazine (�35.96 kcal/mol), as well as amoderate shieldingeffect

and a favorable inverse Gibbs free energy barrier, thus ensuring the effective combina-

tionwith hydrazine to boost the response speed. Consequently, it showeda remarkably

rapid response tohydrazine,witha timeof 2–3 s to light upand8 s to achievea saturated

brightness, which is far superior to the previously reported fluorescent probes, which

generally need 600–3,600 s to respond. Moreover, the present probe also showed a

highly sensitive detection performance, with a LOD as low as 2 nM (64 ppt), which is

much better than the other reported fluorescence turn-on probes that usually lie in

the range of 9.4–100 nM (ppb level).
RESULTS

Design strategies of the fluorescent probes

Hydrazine, as a typical biological toxic chemical with a risk threshold of 4.9 g/m3 or

10 ppb,39 has posed an enormous fatal threat to work-related personnel within an
2 Cell Reports Physical Science 3, 100878, May 18, 2022



Figure 1. The modulation strategies of the recognition site on the trace hydrazine-detecting fluorescent probes

(A) The hypothetical potential energy surface of the reaction barrier decreasing method for hydrazine detection through an intrinsic reaction coordinate

(IRC) path.

(B) Schematic diagram for precisely modulating the interaction between the probe and hydrazine by balancing the electrostatic force and the shielding

effect that the R-benzene group brings to the recognition site.

(C) Schematic illustration of the formation of the fluorescein-based probes and their effective turn-on detection for trace hydrazine represented in

fluorescent spectra.
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extremely short time (several minutes) due to accidental spilling. One effective

method to realize the sensitive, rapid, and reliable detection of hydrazine is to

decrease the reaction barrier of the hydrazinolysis between the fluorescent probe

and hydrazine (Figure 1A). Although the modulation of the reaction barrier through

the design of the fluorescent probe could greatly improve the response speed, a

more influential thermodynamic factor that considers the interaction between probe

and hydrazine could greatly affect their combination in the pre-chemical reaction

(Figure 1B). Thus, the fluorescein was esterified with 3-cyanobenzoic acid,

3-fluorobenzoic acid, and 3-nitrobenzoic acid, respectively, and three structurally

similar intramolecular charge transfer (ICT) fluorescein-based probes (F-CN, F-F,

and F-NO2) were obtained through the change in R-benzene groups (R = -CN, -F,

and -NO2) to effectively modulate the combination force in the approach of hydra-

zine to the ester bond (Figures 1C and S1–S15; Scheme S1).
The crucial influence factors relating to the response speed

When these F-CN, F-F, and F-NO2 ICT probes are applied in the detection of hydra-

zine, the ester bond of F-R acts as the recognition site and the hydrazine molecule
Cell Reports Physical Science 3, 100878, May 18, 2022 3



Figure 2. The thermodynamic and kinetic factors influencing the response speed of hydrazine detection

(A) Schematic illustration of the fluorescence turn-on detection of the designed probes to hydrazine.

(B) Time-dependent fluorescence response of the F-CN, F-F, and F-NO2 probes upon the addition of the hydrazine (lex = 365 nm; lem = 526 nm; slits:

2 nm; integral time: 100 ms; spectrometer: Maya 2000pro).

(C) Potential energy profiles for the hydrazinolysis reaction between the designed probes and the hydrazine with zero-point vibration corrected

energies (kcal/mol) relative to the reactants.

(D) The Gibbs free energy difference of the reaction products for the F-CN, F-F, and F-NO2 probes with hydrazine.

(E) The electrostatic potential distribution diagrams of the hydrazine molecule and the designed probes in which the maximal and minimum

electrostatic potential surfaces presented as orange and cyan dots, respectively.

(F) The molecular dynamics simulation for the interaction energies of the 3 probes with hydrazine within a 20-ns simulation time.
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attacks it to induce a bond cleavage, releasing the fluorescein of which the open-

loop structure with a small ratio processes a strong green fluorescence emission

and 3-R-benzohydrazide structure with no emission (Figures 2A and S16–S21). All

three ICT probes can immediately display bright green fluorescence once the hydra-

zine solution was added into the cuvettes with different probes that can be observed
4 Cell Reports Physical Science 3, 100878, May 18, 2022
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with the naked eye (Figure 2B). A further real-time detection spectrum showed that

the fluorescence intensities increase from the beginning of the measurement, indi-

cating that the three designed probes could react ultra-fast with hydrazine. To

achieve the maximum fluorescence intensity, the F-CN and F-F probes need 8 and

10 s, respectively, which are much faster than that the F-NO2 probe needs. However,

besides some reported ratiometric fluorescence probes with a detection time in the

range of several minutes,40–43 the fast response of our designed probes superior to

the previously reported fluorescence turn-on probes, the detection time of which

usually lies in the range of 600–3,600 s (Table S1). To investigate whether the

response speed difference was caused by the kinetic influential factor of the hydra-

zinolysis reaction, density functional theory (DFT) was applied to study the Gibbs

free energy barriers (DE) of the reactions between these probes and hydrazine (Fig-

ure 2C). There is almost no obvious difference between all three forward DE, which

lie in the range of 17.3–17.8 kcal/mol, indicating that these three probes could easily

react with hydrazine and that their forward reaction rate constants were equally high.

It is worth noting that the product resulted from the F-CN reaction system, which has

the lowest energy (value of �13.74 kcal/mol), leading to the DE of the reverse reac-

tion being approximately 3.2 kcal/mol higher than those of the F-F and F-NO2

probes (values of �10.55 and �10.49 kcal/mol, respectively) (Figure 2D). This differ-

ence clearly indicates that the reverse reaction rate of the F-CN probe with hydrazine

is lower than those of the other two probes, implying that the total reaction rate of

the F-CN probe would be the highest and result in rapid responses of the F-CN

probe. However, this kinetic analysis could not provide a reasonable explanation

for the distinctly different response time between F-F and F-NO2.

The electrostatic potential distribution diagrams show that the N atom in the hydrazine

molecule has the minimum electrostatic potential, with a value of�35.96 kcal/mol due

to the existence of the lone pair of electrons in the counter position of the two hydrogen

atoms, indicating that hydrazine can easily attack the electron-deficient position of the

probe as a nucleophile (Figure 2E). Fortunately, there are indeed twomaximumelectro-

static potential sites at the carbonyl carbon in the ester bond of each probe. Thus, hy-

drazine would be thermodynamically driven toward the carbonyl carbon and further

take the nucleophilic reaction with the probe. From the perspective of the maximum

electrostatic potential, the value of the carbonyl carbon site of F-CN (24.30 kcal/mol)

is much higher than that of the other two probes, indicating that there is a reasonably

stronger nucleophilic force between F-CN and hydrazine and leading to the fast re-

sponses of the F-CN probe. However, the value of the carbonyl carbon site of F-F

(16.97 kcal/mol) is much smaller than that of F-NO2 (22.59 kcal/mol), indicating that

the F-NO2 probe should have a faster response than the F-F probe, which still contra-

dicts the practical result. In addition, considering the real situation influenced by the

surrounding solventmolecules and the fluctuation of the system energy, the interaction

within 20 ns between the probe and the hydrazine molecule in dimethyl sulfoxide

(DMSO) was analyzed by MD simulation (Figures 2F and S22). It has been shown that

the van der Waals energy of the F-NO2 (�22.24 kJ/mol) probe is located between

that of the F-CN (�22.87 kJ/mol) and F-F (�18.34 kJ/mol) probes, while it has the lowest

electrostatic energy (�24.97 kJ/mol) compared to those of the other two probes due to

the strong electron-withdrawing property of the -NO2 group. It should be noted that

the strong electrostatic interaction between F-NO2 and hydrazine together with the

favorable electrostatic potential at the carbonyl carbon in the ester bond of F-NO2 actu-

ally would not improve the response speed. Thus, it can be concluded that the specific

group largely contributes to the interaction between the probe and the analyte may

weaken the effective combination between the recognition site and the analyte at

the spatial level.
Cell Reports Physical Science 3, 100878, May 18, 2022 5



Figure 3. The Hirshfeld surface analysis of the three designed probes interacting with hydrazine

(A) The 3D Hirshfeld surfaces of the hydrazine molecules surrounding the F-CN, F-F, and F-NO2 probes mapped by electron density under promolecular

approximation cartography with a color scheme in a range of blue, white, and red, which represent no interaction, weak attraction and strong attraction,

respectively.

(B and C) The 2D fingerprint plots for the local contact surface of the F-CN, F-F, and F-NO2 probes, with the gray discrete clouds as the total Hirshfeld

surface, (B) the light blue discrete clouds as fragment 1 (the R-benzene group), contributed by hydrogen bonds of N-H$$$N, N-H$$$F, and N-H$$$O,

respectively, and (C) the light red discrete clouds as fragment 2 (the ester bond group), contributed by N-H$$$O.

(D) The ratios of the contact surface areas of various fragments contributed to the total Hirshfeld surface in the F-CN, F-F, and F-NO2 probes,

respectively.
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To quantitatively investigate the competitive interaction of the R-benzene group with

hydrazine and the ester bond with hydrazine, the Hirshfeld surface analysis was applied

to qualitatively analyze the interforce at the specific area of these probes. Through

various functions of distance and curvature mapped on the Hirshfeld surface, the

distinct strength of the interaction between the probe and the surrounding hydrazine

molecules can be demonstrated. Compared to the Hirshfeld surface of the F-F probe,

which has a relatively concentrated red area located around the ester bond, both the

Hirshfeld surfaces of the F-CN and F-NO2 show a similar pattern, with the red area pre-

dominantly scattered across the surface (Figures 3A and S23). Moreover, it can be seen

that thewidespread red area centralizes at the -NO2 groupof the F-NO2probe, which is

remarkably larger than the red area around the ester bond, implying that the strong

electron-withdrawing -NO2 group could pose non-negligible interference to the inter-

action between the recognition site and hydrazine.

From the fingerprint plots of the three probes, which were obtained by combining

the distance from the internal and external nearest atom to the Hirshfeld surfaces
6 Cell Reports Physical Science 3, 100878, May 18, 2022
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(defined as di and de respectively), it was found that they have many similarities re-

flected in the two-dimensional (2D) discrete clouds with four or five spikes (Fig-

ure 3B). To look further into the interactions between the different parts of the probe

and hydrazine, the three probes were divided into three fragments corresponding to

the R-benzene group, the ester bond, and the fluorescein, respectively. For the

fingerprint plots of fragment 1, it was obvious that the discrete points concentrated

most densely close to the top of the spike in the NO2-benzene configuration with a

total minimum value (d) of 2.10 Å, followed by the CN-benzene and F-benzene con-

figurations, with d of 2.09 and 2.18 Å, respectively. For the fingerprint plots of frag-

ment 2 (Figure 3C), generally there are similar sharp strips of the discrete points in

the ester bond of all three probes. However, the d of the ester bond in the F-NO2

has the highest value, 2.11 Å, which forms a sharp contrast with those in F-F

(2.04 Å) and F-CN (1.98 Å), indicating that the interaction between the ester bond

of the F-NO2 and hydrazine is much weaker than those of the other two probes.

Moreover, it should be noted that the d of the ester bond in the F-F probe is

much lower than the d of F-benzene with 0.14 Å, while there is only a difference of

0.11 and �0.01 Å between these two values for the F-CN and the F- NO2 probes.

Statistically, compared to the proportion that the CN-benzene and F-benzene

occupy in the total Hirshfeld surface area, with values of 7.63% and 6.74% (Fig-

ure 3D), the NO2-benzene occupies the highest proportion, with a value of

10.65%. The ester bond in the F-F probe has the highest proportion, with a value

of 7.51% compared to the values of the F-CN (7.34%) and F-NO2 (7.47%). Thus, it

is clearly demonstrated that the strong attracting ability of the -NO2 group toward

hydrazine could distinctly affect the preferential combination between the ester

bond and hydrazine, causing the remarkable shielding effect that inhibits the hydra-

zinolysis and finally leads to the poor response speed. On the contrary, the F-F

probe, which has the minimum shielding effect benefitting from the weakest interac-

tion between the benzene-F group and hydrazine, greatly promoted the stereotactic

approach of hydrazine toward the ester bond and boosted the hydrazinolysis

reaction.

Visual detection performance of the F-CN probe toward hydrazine

To systematically investigate the effectiveness of the modulation of the combination

between the recognition site and the analyte in the pre-chemical approach, the

F-CN probe with the DMSO solvent, which is a typical polar aprotic solvent good

for the nucleophilic detection, was selected for the detection of hydrazine solutions

with concentrations up to 200 mM (Figures 4A and S24). Upon observation of the

fluorescent images of the reaction, it is obvious that the green fluorescence be-

comes brighter with the increase in the hydrazine concentration. The photolumines-

cence spectrum showed a remarkable emission enhancement of the fluorescence

peak, which appeared at 526 nm after reacting with different concentrations of hy-

drazine (0–200 mM), and this predominantly contributes to the green fluorescence

(Figure 4B). It should be noted that although the fluorescence intensity change is

not remarkable when the concentration of hydrazine is 2 mM, the change in bright-

ness in the fluorescence images taken in this low concentration range can be obvi-

ously observed (inset in Figure 4B). The fluorescence intensity rapidly increases

when the hydrazine concentration is below 50 mM and tends to be saturated with

the further increase in the hydrazine concentration (Figure 4C). To carefully investi-

gate the increasing behavior of the intensity in the range of 0–10 mM, the fluores-

cence intensity and the hydrazine concentration was fitted linearly. This linear range

was applied to the LOD (defined as LOD= 3s/k, where k is the slope of the linear part

of the calibration curve [6,357], and s is the standard deviation of noise [3]) toward
Cell Reports Physical Science 3, 100878, May 18, 2022 7



Figure 4. Fluorescent detection performance of the F-CN probe toward hydrazine

(A) Optical image of hydrazine (0–200 mM) detected by the F-CN probe under a 365-nm UV lamp irradiation.

(B) Fluorescence spectra obtained for the F-CN probe in response to different concentrations of hydrazine (0–200 mM).

(C) The fluorescence response intensities at 526 nm for the corresponding detection of different concentrations of hydrazine (0–200 mM) (inset: the linear

fitting of the fluorescence response intensities toward 0–10 mM hydrazine).

(D) UV-visible (vis) absorption spectra obtained for the F-CN probe in response to different concentrations of hydrazine (0–200 mM).

(E) Fluorescence intensity changes with error bars of standard deviation from three parallel tests obtained for the F-CN probe in response to 1 mM

various analytes and 2 mM hydrazine.

(F) Fluorescence intensity changes with error bars of standard deviation from three parallel tests obtained for the F-CN probe in response to mixtures of

1 mM various analytes and 2 mM hydrazine.

(G and H) Potential energy profiles (G) and Gibbs free energy (H) difference of reactions of the F-CN probe with hydrazine, urea, and EDA.
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hydrazine was determined to be at least as low as 2 nM (64 ppt), which is much lower

than the maximum limit of hydrazine (10 ppb) stipulated by the World Health Orga-

nization, indicating the superior performance of F-CN when compared to the other

fluorescence turn-on detection methods. At the same time, the absorption peaks of
8 Cell Reports Physical Science 3, 100878, May 18, 2022
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the released fluorescein located in the range of 430–530 nm and the corresponding

intensity increases with the hydrazine concentration (Figure 4D). Although this green

color would consume some of the fluorescence emission, the intrinsic green charac-

teristic would not interfere with the green fluorescence signal, which is favorable for

the detection of trace amounts of hydrazine.

To confirm the specificity of F-CN in the detection of hydrazine, >30 substances consist-

ing of amine-group compounds, oxidants, reductants, metal ions, and structural ana-

logs were selected as interferents (Figures 4E, S25, and S26). Upon the addition of

the various analytes (1 mM), there was no obvious fluorescence emission except for

the addition of ethanediamine (EDA) or 2 mM hydrazine due to their similar molecular

structures and almost identical chemical properties (Figure S27). Meanwhile, statistical

analysis of the fluorescence intensity at 526 nm showed that the F-CN probe had great

anti-interference in the detection of hydrazine, with a concentration of 2 mM in the pres-

ence of 30 interferents of 500 times the hydrazine concentration (Figures 4F, S28, and

S29). It should be noted that even due to the reaction of the high concentrations of

NiCl2 or CoCl2 with the probe to form cobalt or nickel complexes, the fluorescence in-

tensity could still remain above 50%. It is confusing that among all of these interferents,

the F-CN probe presents remarkably different responses toward urea, EDA, and hydra-

zine even as they are similarly reducing amines. Through thermodynamic and kinetic

DFT analyses, it was found that it is difficult for urea to react with the probe because

of its high forward DE of 36.19 kcal/mol and low DG of �1.21 kcal/mol (Figures 4G

and 4H). However, the relatively low forward DE of 16.73 kcal/mol and the favorable

DGof�13.74 and�10.81 kcal/mol in the reaction between the F-CN probe and hydra-

zine or EDA are similar, showing an almost equivalent detection performance of the

probe toward them but with a slight advantage for hydrazine over EDA. However, by

accompanying other specific EDA recognition methods such as a dialdehyde reagent,

EDA could easily be distinguished from the hydrazine. In addition, the F-CN probe is

proved to be environmentally adaptable in a pH range of 6–10, greatly resistive to a

5,000 times higher concentration of the interferents, and highly repeatable for hydra-

zine detection (Figures S30–S33), demonstrating the promising potential for the prac-

tical application of the present interaction modulation-resulted fluorescent probe.

Portable detector for fast and on-site detection of hydrazine vapor

To further prove the applicability of the proposed fluorescent probe design strategy

for the fast and on-site measurement of hydrazine, a highly integrated, cloud-con-

nected, portable detector was built for the fast discrimination of the hydrazine vapor

with the F-CN probe endowed sensing chip (Figure 5A). It is expected that the sensing

chip filled with F-CN probe-endowed porous polymer foam would react with the hy-

drazine vapor inhaled by the air-harvesting module of the detector. The fluorescent

response would be captured by a high-resolution camera with the help of the camera

lens and the 365-nm UV light-emitting diode (LED) light excitation. Subsequently, the

data of the fluorescent turn-on signal was analyzed internally and presented on the

screen. It was found that the sensing chip could respond immediately to trace hydra-

zine vapor and deliver an alarming signal immediately after only 1-s air harvesting,

which had reached the level of the fast response hydrazine electrical sensors

(Figures 5B and S34). The brightness of the fluorescence-lightened areawould increase

and the size of the area would broaden within the next 6 s due to the further adsorption

of the hydrazine vapor in the harvesting chamber and the reaction between the probe

and the adsorbed hydrazine.With a further increase in the harvesting timewith only 1 s,

the brightness of the lightened area increased obviously, indicating the importance of

air transportation to the total adsorption of hydrazine on the chip. The green emission

could spread around the full square intensely with an air-harvesting time of 5 s,
Cell Reports Physical Science 3, 100878, May 18, 2022 9



Figure 5. The F-CN probe-embedding portable detector for the fast and on-site detection of hydrazine vapor

(A) Schematic representation of the sensing chip construction and the fluorescent imaging principle of the portable detector for discrimination of the

hydrazine vapor as well as the operation interface with the function of wireless data uploading.

(B) Real-time responding images of the sensing chip with 1-, 2-, and 5-s air harvesting.

(C) The simulated testing environment without hydrazine (i), the optical images of (ii) the fluorescent response of the sensing chip, and (iii) the result

display on the screen of the portable detector after the test.

(D) The simulated testing environment with trace amounts of hydrazine vapor evaporated from a flat-bottomed conical laboratory flask filled with 5 mL

hydrazine (i), the optical images of (ii) the green fluorescent response of the sensing chip, (iii) the hydrazine alerting display on the screen, and (iv) the

uploaded data display in the cloud database.
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demonstrating the great potential of the present probe design strategy for on-site hy-

drazine alarming. Thus, in a practical scenario, the air-harvesting time could be defined

as 5 s to ensure both the reliability and the on-site detection demand. Under the

circumstances, without hydrazine, the portable detector showed excellent anti-inter-

ference with no fluorescent responses on the sensing chip and no alarming (Figure 5C).

While under a simulated hydrazine environment, an obvious fluorescence response

could be observed on the sensing chip and a qualitative warning expressed in orange

in the corresponding central square area and in the Chinese word representing hydra-

zine could be quickly displayed on the computer screen (Figure 5D). At the same time,

the detection results were synchronously uploaded in the cloud database, in which the

detection number, the positive number of the detection results, the detectors that

were operating, and the alarm rate could be statistically obtained. Despite the lack

of standard method, the above results clearly indicate that the designed F-CN probe

is highly reliable for fast and on-site hydrazine monitoring.

DISCUSSION

In conclusion, through designing the electron-withdrawing ability of the R-benzene

group adjacent to the recognition site, the interaction between the ester bond and

the hydrazine was precisely modulated to promote the combination between the

probe and the analyte in the pre-chemical approach process. The preferential com-

bination of the ester bond and hydrazine was driven by the strong electrostatic

combine capability and the moderate shielding effect, together with the favorable

inverse Gibbs free energy barrier, ensured that the F-CN probe possessed the

most effective combination and reaction with hydrazine and a boosted response

speed. The modulation strategy for interaction was further seen by the specific

non-fluorescent and colorless ICT probe with a LOD as low as 2 nM (64 ppt) and

an ultrafast response (2–3 s light up) to hydrazine. Furthermore, the applicability

of the proposed F-CN probe for the rapid, on-site, and reliable detection of hydra-

zine was demonstrated by the exploration of a portable fluorescence detector with

promising utilization. We wish that the present interaction modulation strategy

would shine a light on the exploration of high-performance fluorescent probes

design for precise, ultrasensitive, and instant chemical detection.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Xincun Dou (xcdou@ms.xjb.ac.cn).

Materials availability

The materials in this study will be made available upon reasonable request.

Data and code availability

The data in this study will be made available from the lead contact upon reasonable

request.

Calculation and experimental method

The quantum chemical analysis in this work was performed with the Gaussian 09C,44

Molclus code,45 and ORCA,46 and the wave function analyses were conducted by us-

ing Multiwfn software47 and Shermo code.48 The MD simulation was performed us-

ing the GROMACS package.49 The VMD 1.9.2 program50 was used to plot the

graph. More details of the calculations and experiments are provided in the supple-

mental experimental procedures.
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