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Abstract: A new method for the rapid detection of neonicotinoid pesticides based on metal halide perovskite quan-
tum dot fluorescent probes was constructed by taking neonicotinoid pesticides as the target and combining fluores-
cence sensing strategies. The linear detection range of the method was 0-20 mg/L., the linear correlation coefficient
was 0. 993 9, the detection limit was 0. 17 mg/kg. The recovery rate of clothianidin spiked in banana and radish sam-
ples was 79.3%~-115. 4%, and the relative standard deviation was less than 9. 4%. This method has high sensitivi-
ty, high selectivity and applicability, and provides an effective detection technology for the risk prevention and con-
trol of clothianidin in agricultural products and food. The interaction between clothianidin and perovskite quantum
dots was studied. The results showed that the interaction between perovskite quantum dots and clothianidin was a dy-
namic process, and the fluorescence quenching of clothianidin to perovskite quantum dots was static quenching of
new complexes formed by hydrogen bonds or van der Waals forces. Its content can be used as the technical basis of
other spectral analysis methods, and its analysis and detection results can provide valuable suggestions for the safety

supervision of fruits and vegetables.
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HT I B 25 4 245 (Neonicotinoid pesticides ) S 4k
AL L H RIS IR HU A IR S R R 2
Jei B85 DU R 6 2% UG A = A5 A S e A B8 T
PR B A 285 ) B AR T R ) o T 08 6 218 4 24 30 bkt i
T, 2530 0, AE0E A S K AR AN AR A ) 2P R
PEA, A 30 1] 0 ok o FH A 25, FEXS AR R i
B e MK R S5 Z2 BV ) R R E A B A A
SR PR BT AR B A 25 5 B A AR AR )
TR, R N A it TR i U 3% 2 9] L i e i 988 A
S5 T O AR S A 24 A (S e i i
1% L B M T 5 RE g 52w B LR A B, TR I 0
KA KBl A= s A — e REBBEAE T . O TR
AT B 0 22 4, VF 22 1 SR Ak A 8 T T Al 2
251 K ER IR B (Maximum residue limits,
MRLs) o il 40, W 2 il a2 1 8 2 F0 A By vh 2 2 3
AR B2 A 24 K AR P 9 B R Bk B BR 4 (10~200
we/kg) , B F bR ME GB 2763-2021 g H Jlie 76 A [A] £
i A 0. 01~20 me/kg, T2y RIEY
R 52 2% 2 NS AR 24 % BR BT 1) 52 ) R, A 1 —
ol PR A 00 2R B 25 A 7 i R AR B AR 24 5k B
MR RA B

FURT G T4 25 5 B A I 32 2547 SUHH 43 (Gas
chromatography, GC) A A% -1 (Gas chroma-
tography-mass spectrometry, GC-MS) | & & ¥ AH {2
i% (High performance
HPLC) W A €4 3% - 53 BX 57 %% (Liquid chromatogra-
phy- tandem mass spectrometry , LC-MS/MS ) 45 43 ¥t
Trvk BT N T AR 2 5 BRI T T A R
HAT v W R 3 e DR O AR X 5 A (3
AVAH BT A o 2GS I Iy vk BAT i 2o ) R
TR PE A 5 H AR 23 1 B A AL X AN AT 4
JEUR NG R W LR T R . HATA LA
YOCHREN AT T 9CH I, 645 TT AL K 44 kL
Aw) FHER i AS R ILBOL YR . S H AR 3
JCHRET A LE 85 Bk 5 R B 0 S 1 26
PE RSO T AR AL AR ETE . L, 3
A3 5000 P T 5 B it 1 5 PG IR B R AT R
A 25 A

VD 2 5 Ok R — L 45 Bk B & 1 AR

liquid  chromatograph,

(Perovskite quantum dots,PQDs) , HEKRZH S
PR RL A A 00 S T, v R AT R R R 1
FF A LR B LR R R T R A Re . B
ARES T4 GE R 21 ARG OK 5 85 BRAT A4 A0 e ik
SEAL LT 23 77 A8 v (8] 25 BB 9k B L AH B ik
i @A R R IS S B TR N R
A RICBUCR R R T, 9Ot 7 7 A ik
100% . £5 80 & 1 5 nl LU o 5 47 8 19 4 24 93
TR EAEM , SEBTOCAE T A1 58 SO K, A
M52 X H AR B 8 A I . XA SO IR B A
e R R e R R R o 1 1) R AR RN T AR
Vi Wy F0 B0 35 v A 2 5k B RO A I AR R AT i
30 R FH A i B P T 0 5 1 45 < T 1 Ak ) B B
TR R A PR LR MR 45 5 3-HA N = &
SR HE A e 0B R R R TR AT Bl A IR o
5 W B A B PR 1 T 5 I A e K R i —
JE R AR, i T LS R DG E A A
PE, DR TR RS R T AL AR
B 1 G 27 R I AR E M D A AR IR T AT B
KB 3" ABEFEAE B R 45 R ARl L L
A 2 o 2 WE Mk Sy B 1) ), 2 9O R IROR
W N TR T R A B R i PO IR
PR ARG TN W b A 245 1R O v

2.1 KFIFALEE

iR 7 TR AL B 3L 4% (MABr, 99. 9%, Greatcell
Solar) | ¥ 1t # (PbBr,, 99. 0%, Aladdin) . il /2
(0OA, 90%, Sigma Aldrich) \ N, N- — F 3t I i i
(DMF, >99. 9%, Ourchem) . — % H % (DCM) . (3-
HENHE) = L AKRERE(APTES, 99%, Sigma-Al-
drich) , F 2 (299. 8%, Ourchem ) 35 2 117 B 25 it .
JIEA A A7 i A I AR A, O #E— 2P Atk

AR AEZE WL (25 C)F L 1.0 em £ 383,
F F-7000 525568 AL s 1 PO EIE . TR
FLS1000 %¢ ¢t 3% {X b fff Fi EPLED-375 St i #il
G HL A% 3 A8 (900) 30 % 2E 47 5 A9 55 il
## (Time-resolved photoluminescence, TRPL) . ZI.
A1 Y63 (Fourier transform infrared, FT-IR) 7F {8 B
M- 75 3 21 4b 43 ' 6 BE 31 Thermo Scientific Nicolet
iS20 -, W FF b VA WO A KBr F b A ke ) o 2% o
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¥R 545 &

X 5 28 495 K A7 4 ( X-ray diffraction pattern, XRD )VIE
Rigaku SmartLab SE fif 1 4% Fid 5%, TAEHL N
40 kV  HLUE A 30 mA , R B 2(°) /min, £ 4
5 [ 10°~80° (20) o X HBF £k 6 HL F fiE 1% (X-ray
photoelectron spectroscopy, XPS) ¥ lll & A Thermo
Scientific K-Alpha BE % L Fl AIK, (1 486.6 eV) i}
RARHEATEERA I T R A MM S i
S HLF i fUBE (Transmission electron microscopy,
TEM )% JH] FEI Tecnai G2 F20 3% 5J #18% , 76 300 kV
I R AR, R A ASUB AR . =0l
jif K JH Renishaw inVia Y63 UK M, 306 I K A
532 nm , 1% I 3 FEL A 50~4 000 em™

2.2 ERBRRUYESHKEY EF = CHNH,PbBr,#

Hl &

0. 8 mmol (89. 6 mg) CH;NH;Br.2. 0 mmol
(733 mg) PhBr,, 100 wL OA F1 200 pnl. APTES 5
4.0 mL DMF R & & T % U] 9 3 58 b o 48
FELERIE O AE VIR . R KT AR
T E A E] 100 mL 5 FF R O e 5 RO 2
# 20 min L3k 45 CH;NH;PbBr; PQDs £ & i 1 -
B o, 4R S R AT S0 (4 000 r/min, 10 min) , BE K
B0 BORE S TCUE 8 43, [ B FH R 2 8 R i T
TE P ) = PO R AT WO o SR R RE IR
H2S TR N T4 8.0 h 8145 15 1] CH;NH;PbBry
PQDs i R FE .

2.3 EFREEHENEEER

PRI 20 mg £5 Bk A" 7 AU T° 10 mL & B
Wb TC ] 3 mL W RV VRO B 41 R 0,1,2,3,
4,5,10,15,20,30 mg/L 2 {3, 43 % i A 100 wL
(1.0 pg/mL) .200 pL(2.0 wg/mL) & T & , 7E 30,
40,50,60,70 “CF #5652 30 min, #4726 3
A 2P B AT . PO T E
KWK 365 nm, FK BRAE TEE S nm, & G B 5% i
B 10 nm, F 5 75 Bl 300 ~ 800 nm , G HL % 3 45
JE 900 V, 14 3 JF 1 200 nm/min, JiF A i & 34 5%
AAEE (K Lem),

2.4 MHERBAESRKEN S

TERE T B SR B AR T P S 4 B O VA
SEPHPE . F IR B AR A/ NV VRA oz i
PN IS L LE-10 CLAFORAF , — N iHEAT AR . HL
T R B VR AU AE A IR A 1 5] o BRI 10 g iR
(FEHIE0.01 )T 50 mL IR LA, A 10 mL
M B VB X i R ZUR 5 1 min, ITA 4 g 7C

IKBREREE (1 g ZALEN 1 g — K& .0.5 ¢
FrE IR — A K &9 R 2R 1 min J5 4 200
r/min &0 5 min, S HEWHL6 mL FIE W 2 A 900
mg i FREE K 150 mg PSA 1) 15 mL BRI B DA L iR
BEIRZ) 1 mins 4 200 r/min B0 5 min, WH FEWH 2
mLid 0. 22 wm fFLUEME, 2 H -

] 5 mL HE A Pl A — a2 = I ES R i 1
SRS A AN TR IR i 00 52 PR AE S, SR A R IR A
WRBEER RGBS MEH— BT S KR D
VSR B B L €8 L rp AT 2O I . 10 Sk
B SRS bR AR B [ ]l S U B
B T S RE S ML L T S BR AR S . S
I R B BB 4 T VR i A8 RRE 8 - S K
B Rl A | NN AT B P Rl ES i Wl
B, B0 UE T ST 4 BT O A AR 1

ST G H  43 Bt 24 R B = A AT 5L 0
RS2 55 1) R 25 8 R B

3 #R54T#%

3.1 BHTEFAERARNENEEIER
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Fig.1  Ultraviolet spectra(a) and fluorescence spectra(b) of
CH;NH;PbBr; PODs with different concentrations of

clothianidin
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A WE U ok B B 5 N, CH3NH;PbBrs PQDs 280 5
JE 5 W WA, 156 BH W LU X CH3NHPbBr; PQDs E
HARIHEKVER . B4, CH;NH;PbBr; PQDs [ %€
6% Bt B 501 nm 2085 % 520 nm , iX 7] 8 J2
F CH;NH;PbBr; PQDs 5 Mg H i 2 [8] (1) A1 B4 FH
W THEAEY, 88T AR AERTEN
YR,
3.1.2 RAFEXRZE
PEICHE R 48 29603 5 HoAh 3 08 7 A
HAE 51 50 o B AR A B4 o AR 40 74 K i
B, ST K AT LA w5 SR KRB SR,
BPEKAE W5 F 59 456 TE BT 8 1 B A Pl 5
SERMK MERENT S, EEWNREdT
B, A K B I =2 AR o Bl 8 K ) —Fh
THR ok e R A R R R BE RV )
A, T B AR U BE AR K AR O K R BE AR OK
R R TR BRI K H R R
(a)
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-@-313K
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T sk
- ©
<3
= gtk
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35 o 2
o
IR
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[QI'/(107° mmol-L™")™

B T 2l R . g v 3 A4 B Stern-
Volmer 757 #2 (A 3 (1) ) 1 Lineweaver-Burk J5 2
(A(2)) KA B .

Doverfol=reafo) ()
F, )1 1
(FU—F)'J: AT LA

Hor, Fo 9600 F I AR K50 |5 B 98 6 i F
SEVEE I F I A R FN G 098w B K, A K,
ST K H B (Lomol™) , 7 & Jo M K I k2%
ST F A (s) kS8 9T K R H F (L.
mol ™+ s™) , [Q TR I BV g H e 1 ¥k FE (mol- L),
Lo AR EE 43 90 & CHNH;PbBr; PQDs
TE 5 6 &% WK (365 nm) F19¢ % & B I K (532
nm ) &b 1 W A
TR R 43 90 LA Fo/F 3FQIVE I L Fol(Fo-
FOXTQUWERE, anl& 2 frs o
(b) 3.0
2.5F

2.0

1.5F

FIF,

1.0

0.5
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[Q1/(107° mmol-L™")

(d) 20

1.8

ji NV
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[QI'/(107° mmol-L ™')™

FI(F,~F)

[l 2 O[] e J3E 1 Ul X6 100 WL CH3NH3PbBry PQDs Y2 IR KAEH : (a) Fo/F ~ [Q 1L, () Fo/(Fo=F) ~ [ Q11 s R [a] v &
Wt X 200 WL CH3NH;PbBr; PQDs Y ZE SR KAEH - (b)) Fo/F ~ [QIE (D) Fo/(Fo-F) ~ [Q ]
Fig.2 Relationship of Fo/F ~[Q]((a), (b)) and Fo/(Fy-F) ~[Q]((¢), (d)) of CH;NH;PbBry PQDs-clothianidin system at

different conditions

TV T RIS 5 HEW 09 AS [RR EE T
WE 1 e % CH;NH;PbBry PQDs 4 %€ Y6 3% K 5 0
PP R R F R T LA R, ) AS [ v JiE 1 o
JH 5 W T 43 i AAS [A] 1 %) CH3NH;PbBr; PQDs,

g H j% X CH;NH;PbBr; PQDs ) Stern-Volmer [ £
BHEA R 2 & (K 2), HEEE R E /T
T, A BRI R L TR B, W] CHGNHPb-
Bry PQDs-IE Ui fA 5 (12 JC A IR i S 1 K
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Tab. 1 Quenching constants, bimolecular quenching rate constants, binding constants and number of binding sires of

CH,NH_ PbBr, PQDs-clothianidin system at different condiations

PQDs T/K K /( Lemol™) K'I/(L-mol"-s") K, n
303 3.41 % 10° 3.41x 10" 3.98 x 10° 1.70
313 1.36 x 10° 1.36 x 10" 1.00 x 10’ 1. 60

100 pL 323 9.70 x 10* 9.70 x 10" 2.51x10° 1.50
333 9.51 % 10* 9.51%x 10" 2.51%10° 1. 00
343 6.94 x 10* 6.94 x 10" 5.01 % 10° 1.00
303 5.61 % 10° 5.61x10" 3.63x 10" 2.26
313 3.39x 10° 3.39x 10" 3.16 x 10" 1.85

200 wL 323 3.24 x 10° 3.24%10" 1.15% 10" 1.89
333 1.97 x 10° 1.97 x 10" 6.46 % 10’ 1.25
343 7.13 % 10* 7.13x 10" 6.46 % 10° 0.91

%2 EHEEI CHNH,PbBr,PQDs k) Stern-Volmer f £
Tab.2  Stern-Volmer curves of CH,NH,PbBr, PQDs-clothianidin system at different conditions

T/K 100 p.L PQDs R 200 wL PQDs R
303 Y =3.40768x - 0. 92605 0.9413 Y=5.61279x - 1. 5886 0.913 52
313 Y = 1. 36404x — 0. 38779 0.902 76 Y = 3.38866x — 1. 47982 0. 906 87
323 Y =0.97001x - 0. 19917 0.95523 Y =3.24367x - 1. 11339 0.937 61
333 Y=0.95117x - 0. 04234 0.989 83 Y =1.96846x — 0. 10023 0. 949 38
343 Y=0.69417x - 0. 11303 0.9939 Y =0.71256x — 0. 24467 0.973 55
3.1.3 Z&- AW RIS ERK Ho K, RS w8 n NG, TEH
WK 3k T v i 285 5 A BORN 45 6 5SUEe] it BT 0 50l L g (Fo=F) [F X5 1g[QWE I (K 3) .
A 2 (3) Rk A GEA - RO A B LR RO R 1, S5 5 D
(FO - F) 0] (3) Bn B AE 1~2 28], 368] CH;NH;PbBr; PQDs 51
lg| ——— | = 1gK, + nlg| Q |, 3
F Y3z R AR R R v AT BB AE 1~2 25 A A
1.0
(a) W 303K ) 12k W303K
® 313K ®313K
A 323K 1.0 A323K
0.5¢
®333K - 333K e
& ® 343K A & 0.8 @343 K
= 0 = 06
= =
% = 04f
-05F
0.2
_1'0_ 1 1 1 1 1 1 1 1 0_ 1 1 1 1 1 1
-5.5 -54 -53 -52 -5.1 -5.0 =49 -48 -4.7 -54 =53 -5.0 -438 -4.6 -4.4
1g[Q] 1g[Q]
K3 RIR 4 F CH;NH;PbBry PQDs-BE H i 1g(Fy—-F)~[ Q1K . (a) 100 wL CH;NH;PbBry PQDs; (b)200 L CH;NH;Pb-
Br, PQDs

Fig.3 Relationship of lg( Fo—F)~[ Q] of CH;NH;PbBr; PQDs-clothianidin system at different conditions. (a) 100 L. (h)200 wL
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3.1.4 RAFHAKAEAMERA

INGFE YRS FZ I 8 A
S AR Ty VR T D R K AR O, 2 R
AR A KB, SR K AR A AH AT DL AE— AR,
AL A3 (4) ((5) 50 51K 15 AH (5828 ) L AS (i
) AGCH HHAEAE) :

AH A
InK,, = As

TR (4)

AG = AH - TAS =-RThnK,,, (5)
W2 LA B A AR (4) (5) RS F
WE HL % 5 CH3NH;PbBry PQDs A HL AT JH Y 44 J) 2%
SH(F3) . HE3IAHL X T CH;NH;PbBr; PQDs-

WE IR ZR L, AH < 0,AS < 0, ] DLW A5 4 7 % S
N ) o S s s AE ) o B T R A R s
SEAR G ARE = FEK, T LR G R A A
W51 A ], 7 AR ] ) o A s W] DL A R
RGN T T AR WD R 22 R A Y H RS
I35 7 AR B W S PE . REE RN,
BLRZ G0 b 98 D3 32 F Al DR 22 i s e, 7
71 ] RE IR A7 B Ak 2 5 1 T8 I L H 67 22 (8] A AH B AR
MENEMEm ., FEBBMRE, ERRYS
CH;NH;PbBr; PQDs #H B E F 1 35 155 7 1 th 6E >
f{E , ¢ W E 1 5 CHSNH,PbBr; PQDs 45 4 1K i
BEEVHEEE AR NS,

%3 ARERET CHNH,PbBr, PQDs SIER B EHEANRNESY

Tab.3 Thermodynamic parameters of interaction between CH,NH,PbBr, PQDs and clothianidin at different temperatures

T/IK AG/(kJ-mol™) AH/(k]+mol™) AS/(J-mol"-K™)
303 -34.74
313 -34.41
100 pL
323 -34.07 -44. 95 -33.68
PQDs
333 -33.73
343 -33.40
303 -33.74
313 -33.07
200 pL
323 -32.39 -54.1 -67.2
PQDs
333 -31.72
343 -31.05
3.1.5 kA CH;NH;PhBr; PQDs 5 Mg 8 e A1 B 4E F #f S5 457 &

S W 58 CH3NH,PhBr; 1  f3 FF 5 3l ) 27 4

PE AT T 0 — 16 TRPL i i & . A= (6)

MRl I L Pk e /N 3R 3 i 47 43 B, TRPL 32 9 i 26
AT AR G b 55 0048 B D R L () U

I(t) =A™ + Aye ™, (6)

Forp A RN A — A B S R B (A + Ay=1) 002

BF ] 7y T 2y 43 90 AR 3 PR S 5 T 4 338 5 Dl 1 1)

V- ()R IEA (7)) 15

. - AT+ AT

" A, + Ay,

T WESEAE ) Bl ) S REE #3471 H — 4K TRPL

U 2RI, R 4 ] G B e i

AH L T 8 W) 9 CH;NH;PbBrs i 7 5 H A7 89. 63 ns

() £ 78 #5iy , CH;NHLPhBrs 12 1 15 -WE B 1 9% 6

WA A A W AR Ak, 29 88. 88 ns, LI

(7)

FRSTER ISR

1 ° PQDs
- e PQDs-clothianidin
E o1 7,=89.63 ns
i ’ 7,=88.88 ns
2
N F
g 0.01
<
z
ool o o S T e S8 T
100 200 300 400 500 600 700 800 900 1000
t/ns

K4  CH,NH;PbBry PQDs 5 CHyNH,PbBr, PQDs-clothiani-
din (9 —f& TRPL g il £k
Fig.4 Normalized time-resolved photoluminescence (TRPL)
decay curves of CH;NH;PbBr; PQDs and CH;NH;Pb-
Br; PQDs-clothianidin
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3.2 BHTEFREEARNRUBEER

¥ CH;NH;PbBry PQDs 5 8 Ht il 1R & 7% W AE
TR B0 ELAS TR S A B R R R AT
XRD A1 Raman Jll i , #F — 4 % %X CH;NH;PbBr,
PQDs 5 g Ht il 2 W] () SOU AR BLAE H o

WK 5T~ ,CH;NH;PbBry PQDs 7£ 20 = 15. 14°,
21.42°,30.28°,34.00°,37.35°,43.3°,46. 08 &t
Y UL % 3] XRD W, %t 5 T (100) L (110) . (200) .
(210) .(211) ,(220) F1(300) 74~ EA 57 7 45
M) fn L JB T B A S 7 AH 45 (Pm-3m space
group) [ A HLICHL 2% AL 85 ER 1 i 2 i 45 2R
FEW] L 7E 1453 em™ .2 972 em™ &b A2 T 5 1 7 B 04
J& CH;NH;PbBr; PQDs () CH;—NH; 3£ 41, [7] i 78
1453 cm™ 12 928 em™ Ak (8 7 5 16 43 53] & APTES

10 —
(a) s —pQDs

——PQDs-clothianidin

—
(=]
S
—

—

(110)

Intensity/10°

10 20 30 40 50 60 70 80 90
20/(°)

(c)

Jic & ) Si0-Si\Si-CH, Al NH, fg A4 35 . b 4b
—NH;" 3 F ) $7 2 05 A 2 928 cm™ ¥ F £ 2 870
em™, 3% AT fiE & X 9 APTES 5 CH3NH;PbBry PQDs
1) 2% T Bl B AR VR B, —NH I B JE 4> 7 N
S8 . 5 CH;NH;PbBr; PQDs A [t , CH;NH;PbBr;
PQDs-WE H e A 22 XRD WA AN AE W T8 A8 /N 13 B
A YK RS 5 A AR XRD e i ) AR
AT RE 5 b A RS Il IN A OG5 A, it A Gk o B 285
fn T AT B Al 2 5 B0 XRD W o B s N B
K FEGHFHRIEAA X, EEIRRTE
JGIETC W O B AR AR R AR A A TR A
% 5 BT B BE (TEM) B % @ 7R CH;NH,Pb-
Bry PQDs ROSF ¥ 5] H o3 Wtk R4, 5w du e /E
JERLAR AR R WA R

(b) 3

1453

- J_AAL

Intensity/10"
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Tab.4 Recoveries at three different concentrations and in-
tra- and inter-day precision for analysis of clothiani-

din in fruit and vegetable samples

Intra-day(n=3) Inter-day(n=3)

Samples ~ Added/  Recovery/  Added/  Recovery/
(mg-L™") %o (mg-L™) %

2 84.4+5.2 2 79.3+3.6

Radish 3 109.2+7.2 3 101. 7+6.7

5 77.3+3.8 5 85.8+8.7

2 104.7+6.9 2 85.9+4. 4

Banana 3 113.1+5.3 3 102.4+9. 4

5 89.6+8.9 5 115.5+4.6
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Fig.10  Fluorescence emission spectra of CH;NH;PbBry
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Tab.5 Recoveries and RSDs for the analysis of clothianidin

in actual samples

Actual
Detected/  Recovery/ RSD
Samples addition/ »
1 (mg-L™") % (n=3)
(mg-L7")

2 1. 69 84.5 9.1

Radish 3 3.28 109. 3 6.5

5 3.86 77.2 5.6

2 2.09 104.5 9.5

Banana 3 3.39 113.1 5.1

5 4.48 89.6 7.5
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