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Abstract

To clarify the microscopic “off-on” fluorescence recognition mechanism of PID fluorescent probe
for heavy metal ion Hg?+*, two computational schemes including conventional B3LYP and long-range
corrected CAM-B3LYP functionals were adopted for DFT and TD-DFT quantum chemical calcula-
tions in this work. Multiple electronic structure characterization methods including average local
ionization energy (ALIE), density of states (DOS), electron density difference, atomic charge transfer
contribution heat map and oscillator strength were combined to systematically analyze the changes
of molecular orbitals, electron transfer and photoexcitation characteristics of PID probe before and
after reaction with Hg2+. ALIE analysis verified that the C=C double bond region of the probe pos-
sessed the lowest ionization energy, which served as the core active site for specific coordina-
tion/addition reaction with Hg2+. In the absence of Hg?*, the PID probe exhibited intramolecular
charge transfer (ICT) effect with extremely low oscillator strength of So—S1 transition, leading to
complete fluorescence quenching. After specific reaction with Hgz*, the molecular conjugated skel-
eton was reconstructed, and frontier orbitals were localized on the fluorophore core simultane-
ously. The excitation mode transformed from intramolecular charge transfer (ICT) to local excita-
tion (LE), which greatly increased the probability of radiative transition and emitted bright blue
fluorescence. This study fully revealed the structure-property relationship of PID probe for Hg2+
recognition from the perspective of electronic behavior, and provided theoretical support and
standardized computational analysis strategy for molecular design and recognition site optimiza-
tion of heavy metal ion responsive fluorescent probes.
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1. 5|8

RIET(Hg) R —RAABERNE . SR A E SR T5 0y, |2 kiE T e AT B,
JRIT R A TV BROKHE, 22 RK ., R BEIZR E 4 Ja il 2t Nshia 5 AR A ER1] [2]. Hg?' /]
FRMPBEERTERE, P2 RS, BAMREE . TIREARTREESES, KR
Fe RGBT RETEE LB, R KPR B AR HE R R K A Hg? B i B AR,
SCBUPA KRS AN He? i R s A vE DA I, 0 A QB AR RS PPAG .
LT A 1) B A AN T B AR R A0 B 5 S N 3 S

TEIA R AR T, JR 7RO R A A B AR A R SRS B A RS
EBE G T FEAATABE ST, Jekse L R SR AL S BB, Xk DL 2 B2 PR B A 5 4 R 7K T
TR FOCHA AT HAR T AEARAE R WIS I 2 PR AT SCBLE A/ R e 1 ¢
JeRBER IS, CHONE SRS 7 U SUR M R T TT [ [3]-[6]. Horh RN TOCIREHMKEE He'
FRDTHRRER RIERCAL IR RN, MRIR L2 7 T P a5 S TOE “5% - T8 (55
i, MLEE SRR BB R IO0. & 7T IRE S, M@ s EM L Hg® Rl 4 & 1 e fi
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bk & 8

I3 ROGAE T VI A i OGO I R LT AT N UE, TN BT RS (ICT) 5 R iUk
(LE) & P2 5 6 K5 58 6 B (R KR O FEFIUR B ICT AU T BT R AR i Be KR B #, Wk
BARE S EE 5 XS, T RINLIE: 1 LE B R ANAE DA N &R A, YEES
P, HRETTOT MR BT, A AR TR 7]-[10]. PID R4 LLEE(Pyrene) NP EZ . 1,2-2%
BTN R B N EE BT C=C XUE A AL, AIRr MR R He? IR R AU B, E MR
I ER TG 2 G B B 0 IR 3 T O B[ 117

JUEZIREF A& 1) Hg? kB, (HIUA I AU B AR 02 1, R M55 44 £ R 1) B
FOR A ROMALER : C=C XU N He? 5 Ji R VA S Hg? 85 A 105 ICT [A] LE B4 (T v A e |
D¢ HH IS 5 W8 1 R C BRI BBk Z RBERHUE, WORPRSI T 3Tz 8 2L > T8I S T Re il
ks

P35 R EB B T4 BE(ALIE) @ A8 HE 8 7 7 o5 IS PEAL s I AT I e sR B A F B, T EW S T4
7] X e L 2 LB M D R s S BE(DOS) #2270 Ji 1 AT DTk A 45 & TD-DFT 1o it
B, REUE SRR AT PIE AT . TR A SRS IOTRHE, Tl — B S B 2O IR HL I B 1e
SN R . ASCLAFES PID #R%F . PID-Hg? R ML E AW 4, K+t DFT/TD-DFT & 74115,
5B ALIE EIESE Heg? 1EH 1) C=C XU R NAL 1L, 2 4ERERT LR BIRT G HUIE A . BT IERAT A5t
VB ZHEN,, ERERR Heg? W5 ICT In) LE WURMR AU #e . S 2 sBLIE (0O T 8 RO 0K &
TR BT R MRE M o T GE . U AU IR LS T LI HR T, R — BT B
&8 B T UOGEREN T S M ER A HriE .

2. iEEE

A4 T AE T H R T Gaussian 16 F2F7 584, SR B3LYP 32 iR & 7 F 23S T L 45 M iRk,
&)@ Hg JRFikH LANL2DZ JE# A, C. H. O L@ E TR 6-311G (d,p)FEdl; /KA R
PCM P Q7 B R AR MR R o se ke e R S5 M AL 5, JF 8 TD-DFT 15 3RHL So—~S) 55—
RERITSHWOR e I TR FUBERTAAK): KA CAM-B3LYP KR IETZ o B 52 43 LA R AL
TD-DFT Je¥BiHE, HTRIE ICT KB4 RHE SRT AT E MZE[12]; FIH Multiwfa
WRRE TR 58 ALIE “FRRE FIhBE. &% E DOS. HTFHEZES . JE T B Tk A E.
X - B0 A S L) S E BT, W EE PID Y B 4REE . PID-H? & Wi i 145 #2213

ST AR E WAL, R SIREEZPE)RIE G & A7 i B B EE TS PID 5 H i B 4%
G AG: AG<0 RERNMSHE K RS PID-Hg> E &8 LTS5 He-C K. C=C i
B AR M, B He?t 5 C=C XU L N s i AR 55 Be A7 4 FH o

ICT BBGIREN ) TAFAE S T KRR FE R R AE, (648 BILYP iz R KA 1 AH ELAE FH A A
B, GARAMTHUE S R REH R TR SR K CAM-B3LYP SIANFE KR IET, B
MR KFE AT R IOR A, 1EIL ICT/LE VI R R REHMA R .

3. ER51H8
3.1. ALIE B2 He R MRS : oF C=C W§E

121 R 8 1 TAL BE(ALIE) AT ELLRAE 73 74 DX 1 5 5y R L WL T IR, ALIE BUEDBAIG, X R7[X
SR T TR, B S R A T Hg? AR SR ARC AL NSO . PID REF AN Hg? HLAI LA I ALIE
SATEIE 1A 2 B, B2 oy RHEE AR C=C W X I ALIE BUH B E IR TR, WHRTH
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WG, C=C WA FFHFRESR. BERRINHEEXE, & Hg? 32, RAER RIS S R
MOHZMENRIRMEESEE T, 558 T C=C YR ATALINE, BEIRPRET R AT L0 s e 5 R i 42,
fifE R 1 PID ARET 0T He? 1 i 35 Fade 8 14 o ALIE T 25 L A F 3 PR 2 1T By C=C XU AR A% 0Ar R
NPRET 53 U (R U LB et Y 7 e I R B PRt B B Rk « He? VM E SRS T, S5 8
HLF- C=C BB R LN, R IRET R A L e i Fe R i 3 . RIS UEIE RV, BOMaEE Hg> il 4hi&
Z5lE C=0. WARMMEFBRA I E A GRE: Hg*' 5 C=C XM AG NFE(B K), Sk, HEH
44 AG YRFERNIELEA RS S), NHR1ZZHHRHRIBES G0N, ERAMERE PID #R41X Hg?
(BBt . ALIE THES R G RIF 4G R, WEUEH C=C WA OAL R, IREE
I3 F UM (B VA OBV R 92 T 7 R ARS8 ) B A B B kA

Figure 1. Schematic diagram of Hg?* detection mechanism of fluorescent probe PID

[ 1. FeERE PID 4050 Hg AL

Figure 2. ALIE (average local ionization energy) diagram
of fluorescent probe PID

2. WHIRET PID ) ALIE (FHIEHEFLsHE

3.2. DOS BEBENH: RNAIERZNENHS ICT/LE BEEXET
A% (DOS) EE i ELWHF 4> HOMO. LUMO #UE )R- FHIB vk, X4+ W B2 5 R
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KRR T EOER . 1) #55 PID #%F DOS RHEACT #) (& 3 fioR). Hh BaERREEHEE. 4
RN BPUETTER. W AR 1,2-2800 v BUUE DIRG9 PID SREMNAEE, s i 5UE HOMO
FE HEE(Pyrene) W RHZ IR THUE TR, HRARTHUE LUMO AT 1,2-Z5E T H B, HOMO
5 LUMO $UI# 58 443 & 4> TP AN LI B G, B 25 (8] 50 B8 0 3 o BT84 A0 RRAE N o 1 N HRL T i S
(CT)FR Bt AT &5 SRt YU BT I EE A PR B G 3 1 B 1R R RS2 AR B G B B A 78, IR AT
R o RIS THEOR SIRME M st R CE, SRS X LUR I 8 S BT RO T, MR IUNIREN o
Jt. 2) PID-Hg? 774 DOS ##iE(LE #2X) (4015l 4 fiuR) He?' 5 C=C W45 & 5 70 T 2L ®E A, 774 DOS
Kt R AR A ME2E : HOMO 5 LUMO #UE Y R T e B L e O G B %, 0 TANMEAE RS BT
BB B . SRR AN O B B AT, R AR R R ISR (LE)s SRR T T3
EHESERERERS, JEAhBoEE S, AT S S, BRRSAEREE 9. DOS X4
REBFI: Hg> 456 C=C XU 5| K AT 26 IE 70 A A, SEIUBCR B0 ICT I LE P04, &9k “%
-7 R TE AR .

. ——Total
—— Pyrene
——1,2-Naphthoq

DOS (A.U.)

J A 2.5eV | J l

Energy level (eV)

Figure 3. DOS (density of states) diagram of fluorescent probe PID
& 3. FrIREE PID #) DOS GSEE)E

Total

1

DOS (A.U))

3.8eV
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Figure 4. DOS diagram of the reaction product of fluorescent probe
PID with Hg2*
[& 4. CHIRE PID 5 He? R =R DOS (S E)E
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33. BFEEESSEN -BF5H: EYZNBTERTA

FEL T T 22 00 B 0 DO R A R (P IRUR X3« SR O B SR X, T B AT R4
So— S WU il LTI AR

Ui PID #REF( 5): 2R O)TEEN A THRIT, BT EEXEO)EPESERAER, BTkE
PRI KB B s, S ICT W PR ARRAL, ARFRI BN, 9P K PID-HE> 7 (14 6): X
S ERXIE S EE T HIOCRHZAE, LB TIER, (UL TR T EHE, brifE LE
JRIHCRAE, RS RIE AR BRI, B GO, 2% - T i SR TEEE SR e
Wit EMEAE ICT 5 LB PR i r BB AT M BN ZE SR, PR SONLRT & 7615 5 1R 2132
1t

ORI SR T

Figure 5. Charge transfer distribution diagram of fluorescent
probe PID

5. ROEERET PID BRI 2%

0
R, SRR T

Figure 6. Charge transfer distribution diagram of the reaction
product of fluorescent probe PID with Hg?*

6. RLRET PID 5 He?' R M =R B4 8 0 1
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34. ETRARBREBHAE: EEBRNSETRTES5ER

J 5 s e B DR AN DU T 17 5 AR AR, e B A SR TR AN, T PUE A ke,
BACAF R BAE BT ERIE P APE I o 2R I EEARGR 2 X T UE ST R BB R, BR BN R Tk, Wt
R TTHR. 7 & PID $REF(1&] 7): 2/ utikR 74 ® T o, B m ok o TRk B, i
SEHE R T PUE B TS, EEIESE R T4 ARGE). BT REGERR) T A, KR ICT AN 5 R,
PR K s PID-Hg> 711 8): 22X T st kSR T 2N e G BT E R T, HUE BB TTlioRIE STt
SEREY] He 85 & Jn T BB OURIR TR, R iR o e — BRIT IS, 08 o 9 o A S BRI AR
R, LIIOETTH .
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Figure 7. Charge transfer heat map and molecular structure diagram of fluorescent probe PID
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Figure 8. Charge transfer heat map and molecular structure diagram of the reaction product of fluores-
cent probe PID with Hg?"

& 8. FOLIREt PID 5 He?' I R~ HIRIFB fard 1 IR B R 4544

3.5. MARESHRTEEENEIFIOLIF KT
TD-DFT 5455 So—S BRITREOCWEI S, Ik 700 E ERRLEN BT MR, BUEl&E IOt R
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SRR . ¥ B3LYP. CAM-B3LYP WEZ RHE MR KWK KK RT8ES S % CHR[11]
S v S E T L

T8 PID 84t

B3LYP: Jdaps=362nm, f=0.0008; CAM-B3LYP: Aus=355nm, £=0.0004; FiEZ KI5 BIALIR
THRE, ICT KR S E0R G O/, BURA R AR AR R AR, PREFTE 9

PID-Hg*" & &4

B3LYP: Jlewm=468nm, f=0.8014; CAM-B3LYP: Jem=459nm, f=0.8327; AN LE Rk
WOR G, RTIRERT = MRS, REFTEMR TSR, RSB T TG E, RITH
TR 05 s

5 SCER[ 1T SRBR BT bl SEIG A PRET A B, He?" i & 0% 452 nm, P EZ o B0 KRG 5 S50 I
7& <16nm, RZERKIFE/T A= © PCM Rz FIBEY A 2% B/ Ko T2 WSRO
@ HIR N TESRMWA, LA RFAES TRE. BRI @ ZRTHAIKHAE A R%E
Ww#, CAM-B3LYP KFERRIE 52 W& 4a /), UEWIHKCTR R IEIZ bR & FU AR ICT 6 &

IR F9RE 5K sE Bt L B A B IE S ICT—LE SRR 42 PID #R%FSZBL He2 6T 18 1)
Zo B, KFERLIEIZ B CAM-B3LYP 14 R GGV & B &, 1 — 0 SCHEAR OB S5 1R 1)
FLSEES

4. &g

Awtsti@Est DFT/TD-DFT Z4EZ T4/ 5E, REHR PID % GHREN 1% 1R He A HL
fil, L4~ 1) ALIE “F¥EME FAaett S, PID 401 C=C XU X 1 i S e, 0
TIEVERGR, /& He? R AR R ERCAL IR SR AT 55, fRREARAET S e 0 He? 1y 755 0hs 2) R4k
& Hg™ Wi E PID #8%F, HOMO L H 6. LUMO EEZEM T, HUES R BEiE KD T N B
F(CT), KEEEE Ao FREBIMRBIEHEE S0, So—S IRFIREEMRAL, WEETIE “k7 RS
3) Hg?'5 C=C XUEF M 4E A Ja M 0 T80 42, PID-Hg> 74 HOMO. LUMO ¥ /538 T b7 e ik
B, WO ICT #7480 RMK (LE), B IAEZR AN EHE, PUEE SR ERA, R
KiETHer, SRR R hl, R R E GRS, WL “IF” 59 4)DOS BHE. HTH
JEZES R BAE JRFRE 2 A H A RA I, SERME RV - FUE A - T
R - LR MR R

AW B ) ICT/LE RT3 bLE], S Hg? mi B 58 S PRET 77 B v R A ol it % . mldd
WS C=C RUEAL ST =% BT Hg> W N R B, s 2Ot 50 i1 v Bok s 7 2, RS HE
2 ICT 5 LE &8, JFR M E M AR HH PR (19 5 4w 28 etk E s IR AR SCR A ALIE 5@ A7 R B B +
ZUELE BT R IES, TEEITRE LSBT AN T IOGIRE BRI L B i

23
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