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Abstract

A system comprising cucurbit[8]uril (Q[8]) and a fluorescent molecule HPy has been
utilized to construct a fluorescent probe that is capable of detecting the pesticide tricyclazole (TC).
A variety of techniques including '"H NMR spectroscopy together with fluorescence experiments
have been employed to investigate the host-guest properties of the Q[8]/HPy system in aqueous
solution. Results indicate that the system forms the stable 2:1 inclusion complex HPy>@Q[8], and
that this inclusion complex imparts fluorescent quenching on HPy. The addition of a number of
pesticides was found to have no obvious effect on the fluorescence, however on addition of
tricycazole (TC), the fluorescence intensity underwent a dramatic enhancement. The linear

relationship between the fluorescence intensity and the concentration of TC allowed for the facile



11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

detection of TC concentration in aqueous target solutions as well as in agricultural products. The
detection limit was found to be 3.70x1078 mol-L™.

Keywords: Cucurbit[8]uril, host-guest chemistry, fluorescent probe, pesticide detection.

1.Introduction

To maximize the production of crops, pesticides are frequently employed in order to control
the levels of unwanted pests and diseases. Whilst this is beneficial for the agricultural economy,
the use of pesticides can have detrimental side effects on both the wider environment as well as on
human health.['?! With this in mind, there is a need for simple yet sensitive analytical methods
capable of the rapid detection and quantification of specific pesticide residues. Methods employed
to date include mass spectrometry (MS),[*! gas chromatography (GC),!* high performance liquid

671 and ultraviolet-visible

chromatography (HPLC),!  fluorescence spectrophotometry,!
spectrophotometry.®” Tt is worth noting that fluorescent probes have many advantageous
characteristics such as excellent selectivity, high sensitivity and fast response times, which makes

10-16

them useful for the real-time detection of small molecules and ions.!'%-16] Research efforts continue

at a pace to try and develop effective fluorescent probes for pesticide detection.

Tricyclazole (5-methyl-1,2,4-triazolo[3,4-b]benzothiazole) is a pervasive fungicide that is
employed as an effective control of rice blast disease.[!”) Its widespread application means that it
is present in soil, water and vegetation, and this has led to investigations into its subsequent
fate.['31°1 The combination of its stability in water/soil systems,?" together with its mutagenic and
carcinogenic properties has led to its classification by the WHO as a moderately hazardous
pesticide.[?!l This has driven the search for analytical methods capable of measuring tricyclazole

concentrations in aquatic environments. Much work on fluorescent probes over the last decade or
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so has relied on the use of macrocyclic hosts in combination with dyes to detect organic analytes.!?*-
301 Such systems rely on the change in the fluorescence, be it quenching or enhancement, upon

competitive encapsulation of the dye and analyte by the macrocycle.

Chemists have synthesized many intriguing macrocycles over the years, and one of the more
recent additions are the cucurbit[n]uril family (n = 5-8, 10, 13-15, often abbreviated as Q[#n]s).
Q[n]s possess a hydrophobic cavity and a carbonyl-laced portal, and have been widely employed

n.3-41 In particular, Q[n]s have recently been

in fluorescent probes and for molecular recognitio
exploited in fluorescent probes for the detection of organic analytes, as reported by Nau and
Biedermann er al. for the detection of steroids.[*? For pesticide detection, the reported fluorescent
probe systems based on Q[#n]s are typically used to detect paraquat.!*3-*) Recently, our research
group constructed two fluorescent probe systems based on Q[10] to detect the pesticide
dodine.[*”*8) In order to develop probes for detecting other pesticides, we selected 17 pesticides

for one-by-one detection. We note that reports on tricyclazole detection by a fluorescent Q[8] probe

system have not appeared in the literature.

Herein, we have designed the fluorescent molecule (E)-1-(2-hydroxyethyl)-4-(4-
hydroxystyryl)pyridin-1-ium bromide (abbreviated as HPy, see Scheme 1), and have employed it
in conjunction with Q[8] for the detection of the pesticide tricyclazole. '"H NMR and fluorescence
spectroscopies have been employed to study the binding properties of the system, and the results
were consistent with the formation of a 1:2 complex. The system displays fluorescence of moderate
intensity, which was greatly enhanced upon addition of tricyclazole (TC). It is noteworthy here
that the addition of other pesticides to the same complex fails to change the fluorescence. Thus,

this system is capable of the selective identification of TC in aqueous solution.
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Scheme 1. Structural representations of Q[8], HPy and TC.

2.Experimental section

Instruments. Fluorescence data were recorded on a Varian RF-540 fluorescence
spectrophotometer at 293.15 K, whilst NMR spectroscopic data were recorded on a JEOL JMM-

ECZ400 spectrometer in DO (pD = 4.0).

Reagents and Chemicals. The synthetic method for HPy is provided in the Supporting
Information (Figure S1-S3). In the laboratory, the relevant preparation of Q[8] was completed by

(491 All pesticides used were obtained from commercial sources, and

using the literature method.
further purification was not necessary. Stock solutions of pesticides (1x1073 mol-L™!), HPy (1x1073

mol-L ') and Q[8] (1x107* mol-L ') were prepared using double-distilled water. In addition, a

variety of pesticides have been employed herein including Propiconazole(PPZ),

Tebuconazole(TBZ), Dinotefuran(DFA), Tricyclazole(TC), Azaconazole(ACZ),

Metalaxyl(MTL), Triadimefon(TDF), Pymetrozine(PTZ), Pyroquilon(PQL), Flusilazole(FSZ),
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Triadimenol(TDO), Acetamiprid(ATM), Flutriafol(FTO), Pyrimethanil(PMA),
Thiamethoxam(TTA), Penconazole(PCZ) and Hymexazol(HMZ) (the structures of the 17
pesticides are shown in Fig. S4). The preparation process of the solutions employed herein was to
dilute the stock solution to obtain the corresponding concentration standard. This involved initially
storing the stock standard solution at room temperature for several weeks prior to use. When
preparing the standard working solution, double distilled water was gradually dropped into the
stock standard solution. All other chemicals were of analytical reagent grade. The extracts of yam,
cabbage, nectarine and capsicum frutescens were provided by the Guiyang Quality Inspection Base

of the National Quality Inspection Center.

TH NMR spectroscopic measurements. Experiments were recorded at 25 °C, using a JEOL JIMM-
ECZ400 spectrometer with DO as the field frequency lock. The observed chemical shift is

reported in parts per million (ppm) relative to the built-in tetramethylsilane (TMS) standard (0.0

ppm).

The detection limits (LOD) measurement. The calculation technique used for the LOD was
based on the standard derivation of 10 measurements without the guest molecule (o) and the slope
of the linear calibration curve (K) based on the formula LOD = 3c/K. In the absence of guest

molecules, the standard deviation for 10 measurements can be deduced using: o =

anl L (xj — X)?, where n is 11 measurements (the relevant data is shown in Table S3).

Measurement of fluorescence spectra. HPy of concentration 2x107> mol-L™! was obtained by
diluting the stock solution. A certain proportion of Q[8] solution was gradually added to free HPy.
The maximum emission wavelength (Aem) of the sample is 510 nm, and the excitation wavelength

(Aex) is 376 nm. HPy>@Q][8] has a bandwidth of 5 nm for the emission and excitation.

To the aqueous solutions of the HPy>@Q[8] inclusion complex (4x107% mol-L™"), a known

amount of pesticide solution was gradually added in proportions. Fluorescence spectra were
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obtained upon excitation at 376 nm (emission and excitation bandwidths: 5 nm), at room

temperature, and the emission intensity was monitored at 510 nm.

A known amount of tricyclazole solution was added to the extract sample, followed by an
aqueous solution of the HPy>@Q[8] (4x107% mol-L™!). Simultaneously, at room temperature, the

emission intensity data was monitored at 510 nm (excitation and emission bandwidth of 5 nm).

3. Result and discussion
3.1. NMR spectroscopic analysis

The use of NMR spectroscopy is central to the investigation of host-guest interactions. The
technique has been employed herein to provide information about the interaction between Q[8]
and HPy. Displayed in Fig. 1 are the 'H NMR spectra of the free guest HPy (see A), Q[8]/ HPy
with ratio 1:2 (see B), and at the bottom (C) the '"H NMR spectrum of Q[8]. It is evident from these
results that, when in the presence of Q[8], specific protons of HPy, specifically Ha, Hb, He, Hd,
He, Hf and the methylene proton Hg undergo significant upfield shifts from & 6.82, 7.52, 7.06,
7.64,7.86,8.42 and 4.43 t0 6.12, 6.78, 5.89, 6.46, 6.94,7.99 and 4.40, respectively. Spectrum B also
reveals that the proton Hh of HPy are slightly shifted downfield. These results indicate that HPy
has been inserted into the Q[8] cavity, thereby forming HPy,@Q[8] (for the COSY NMR spectrum
of HPy>@Q[8] see Fig. S5). Furthermore, the mass spectrometry results provide strong support
(Fig. S6); the mass spectrum displayed a signal at m/z = 906.31, corresponding to the molecular

ion [HPy>@Q[8]-2Br’]** (calculated: 906.31).
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Figure 1. '"H NMR spectra (400 MHz, D,0) of free HPy (A), HPy,@Q[8] (B) and free Q[8] (C).

3.2. Fluorescence emission spectra

To further understand the mole ratio of the interaction between Q[8] and HPy, fluorescence
spectroscopy experiments were conducted. As shown in Fig. 2, the strong green fluorescence at
Amax 510 nm exhibited by HPy (2x107> mol-L™!) in aqueous solution (Fig. 2A) is significantly
weakened on gradual addition of Q[8] until a 1:2 (ratio Q[8]/HPy) is achieved (Fig. 2B). This
result is consistent with the formation of the species HPy>@Q[8], which was further verified by a
Job’s plot (Fig. 2C), for which the maximum peak appeared at a mole fraction of 0.33,
corresponding to a 1:2 binding stoichiometry for Q[8] to HPy. Adding Q[8] to a HPy aqueous
solution leads to fluorescence quenching, which may be attributed to charge transfer between Q[8]

and HPy.
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\Figure 2. (A) Fluorescence spectra (Aex = 376 nm) of HPy (2.0x10°mol/L) on increasing Q[8]
concentration (0, 0.1, 0.2------ 0.8, 0.9, 1.0 equiv.); (B) the corresponding F vs. Nqs)/Nupy curves;

(C) the Job’s plot.

3.3. Fluorescence regeneration of HPy@QI[8] by TC

As mentioned above, a non-fluorescent host-guest system allows us to think about whether it
might be applied for analytical detection. This can be achieved by designing it so that it is capable
of ‘turning-on’ fluorescence, for example to detect pesticides. To evaluate if the system HPy>@QJ[ 8]
could indeed be utilized as a pesticide sensor and for monitoring the concentration thereof,
seventeen pesticides (Fig. 3) were screened using a solution of the HPy>@Q][8] inclusion complex
(4.0<107% mol-L™"). In the case of the fluorescence emission of HPy, the emission continuously
recovers on increasing the TC concentration. By contrast, the addition of any of the other 16
pesticides under the same conditions (i.e. addition to a HPy>@Q[8] aqueous solution of the same
concentration) failed to result in a significant increase in fluorescence. Such observations suggest
that the inclusion complex HPy@Q[8] does have the potential to be employed for the selective

recognition of TC when employed in aqueous solution.



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

~
>

~—
g

(B)

Probe PTZ TDO DFA PCZ ATM PQL PPZ ”TCV

600

400 |

TTA TDF MTL HMZ FTO FSZ PMA TBZ ACZ
200

Flourescence Intensity(a.u.)

(&) ™

Flourescence Intensity(a.u.)
w
=3
<

& - .

Figure 3. (A) The impact of the 17 pesticides (1.0 equiv. of host-guest complex) on the respective
fluorescent response (Amax em = 510 nm) of HPy>,@Q[8] (4.0x107® mol-L ') (2:1); (B) Photographs
showing the HPy>@Q[8] systems containing 1 equiv. of host-guest complex and 17 different
pesticides when exposed to UV light (365 nm) ; (C) The impact of the 17 pesticides (1 equiv. of
host-guest complex) on the relative fluorescence intensity (Aem = 510 nm) of HPy>@Q[8] (4.0x107°

mol-L™) (2:1).

More interestingly, the fluorescence intensity of the system is much higher than that of free
HPy when 1 equivalent of TC solution is added, and adding TC to the free HPy solution does not
cause the changes of fluorescence intensity (Fig. S12). The fluorescent changes on gradually
adding TC to the probe were then studied, see Fig. 4. It can be seen that the intensity initially
increases as the TC is added before eventually flattening off (the non-linear fitting is shown in Fig
S10). The initial enhancement is linear (Fig. 4B), with a linear regression equation of Al =

216.15C+35.53 (R? = 0.99113, C denotes the TC concentration). The detection limit for the TC
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was determined to be 3.70x1078 mol-L~!. The linear range was 4x10°~2.4x10"% mol-L"!. Such a
trend means that the fluorescence intensity can be used both for the quantification and detection
of TC residues. The selectivity of the probe is good, given that none of the other pesticides
employed herein caused any significant interference (Fig. 5. The relevant fluorescence spectrum

is shown in Fig. S13).
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Figure 4. (A) The titration fluorescence spectra for HPy>@Q[8] (4.0x107° mol-L™!) on increasing
TC concentration (0, 0.1, 0.2----- 1.8, 2.0 equiv. of host-guest complex, the maximum volume of
dripping to 24 ul TC); (B) Linear fitting curves for the changes in the fluorescence intensity for

the complex versus different concentrations of TC.
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3.4. Fluorescence turn-on mechanism

In order to gain insight into the mechanism operating when the fluorescence is enhanced upon
addition of TC to the inclusion complex HPy,@Q[8], 'H NMR spectroscopic studies were
conducted. The results revealed that the protons associated with TC underwent an upfield shift
(versus free TC), consistent with TC encapsulation by the Q[8] cavity (Fig. 6). Concomitantly, a
shift to lower field (versus HPy>@Q[8]) was observed for the protons Ha, Hb, He, Hd, He, Hf and
the methylene proton Hg of HPy. Some protons of HPy have returned to the free state (black dotted
line in Fig. 6C), and some remain at a higher field (red dashed line in Fig. 6C) relative to free HPy.
Such observations demonstrate that one included HPy molecule is displaced by the TC molecule.
The result is that both HPy and TC simultaneously bind within the Q[8] cavity, i.e. formation of a
1:1:1 complex (the mass spectrum is given in Fig. S11). Subsequently, the interaction between TC
and Q[8] was studied by UV-Vis spectroscopy (see Fig. S8) and isothermal titration calorimetry
(see Fig. S9) experiments. Indeed, the ITC experiment revealed that the binding constant K, of
TC@Q[8] is higher than that the second binding constant K. of HPy>@Q][8], but is comparable
to the first binding constant K, (see Fig.S7), which would explain why a bound HPy molecule is

replaced by a TC.

11
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Figure 6. 'H NMR spectra (400 MHz, D>0O) of free HPy (A), HPy,@Q[8] (B), TC@HPy@Q[8]

(C) and free TC (D).

Based on the '"H NMR spectra, a semiempirical computational model was constructed via use
of the fast tight-binding quantum chemical method GFN2-xTB, as implemented in the xtb 4.8
stand-alone program, see Fig. 7 and S15. The model for TC@HPy@Q[8] reveals that the TC forms
a -7 interaction with HPy (binding energy = —49.4 kcal-mol '), and it becomes apparent that when
compared to HPy>@Q[8] (binding energy = —46.1 kcal'mol!), the tertiary complex
TC@HPy@Q[8] exhibits enhanced stability. It can therefore be surmised from these results that
greater fluorescent enhancement is achieved from the stable inclusion complex, whilst the inability

of the other 16 pesticides to replace HPy means they afford no fluorescence variation.

12
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Figure 7. (A) Semiempirical model of the ternary inclusion complex HPy>@Q[8]; (B)

Semiempirical model of the ternary inclusion complex TC@HPy@Q][8].

3.5. Detection of TC in real vegetables samples

We have attempted to utilize the system developed herein in more applied settings, namely
for the detection of the level of the TC residue in rice leaves in local farmland. Given that no TC
residues were found in the rice leaf samples, a different approach was taken, whereby dilute TC of
differing concentration was smeared over the surface of rice leaf. On adding the fluorescence probe
solution, fluorescence signals of differing intensities were observed (Fig. 8) under UV light. The
different intensities are associated with the respective TC concentrations, and this suggests that

this probe can be employed for the detection of TC residues in real agricultural products.

13
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Figure 8. Rice leaf smeared with solutions containing different concentrations of TC to simulate

pesticide residue.

These studies were then extended to the attempted detection of TC residues in extracts of yam,
cabbage, nectarine and sweet pepper. Different concentrations of tricyclazole solutions were added
to each of the extracts of yam, cabbage, nectarine and capsicum frutescens, followed by addition
of the fluorescence probe solution (see Fig. 9). Under a 365 nm UV light, the fluorescence intensity
of the system is seen to increase with increasing tricyclazole concentration. Subsequently, we once
again added different concentrations of tricyclazole and the same concentration of probe solution
to each extraction solution and performed fluorescence spectroscopy experiments. The results are
shown in Fig. S14. In each extract, an increase in fluorescence emission intensity was observed as
the concentration of tricyclazole increased. This again suggests that the system has potential

application for TC detection in real vegetable samples.
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Figure 9. Extracts of different concentration of tricyclazole solution in the presence of the probe:

(A) yam; (B) cabbage; (C) nectarine; (D) capsicum frutescens.

4. Conclusion

Herein, we have synthesized a fluorescent molecule HPy and have explored its host-guest
interaction with the cucurbituril Q[8]. Our studies have revealed that the cavity of the Q[8] can
encapsulate HPy and form an inclusion complex of formula HPy>@Q[8]. The encapsulation of the
HPy results in the quenching of the fluorescence emission. However, following the addition of the
pesticide tricyclazole (TC), the latter can replace a HPy molecule in the Q[8] cavity, which results
in the ternary complex TC@HPy@Q[8], and a sharp increase in the fluorescence intensity. The
system is useful for TC detection given that none of the other 16 pesticides tested were able to turn
on the fluorescence, and can be used to detect TC residues in real agricultural products. The simple
strategy reported herein provides a perspective going forward for utilizing host-guest chemistry in

the detection of other analytes of interest.
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