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Construction of crystalline composites loaded with

fluorescent dyes and their sensing properties

ABSTRACT

Fluorescence sensing detection has the advantages of high sensitivity,
good selectivity, and is not affected by external magnetic fields, and has
been widely used in biology, chemistry, medicine, environment and other
fields. Compared with other types of sensing materials, crystalline
fluorescent materials not only have accurate structural information at the
atomic scale, but also have rich structural tunability, that is, excellent
luminescence performance can be obtained through the adjustment of the
structure of the main structure and the guest molecule. In this study, based
on the synergistic effect of host and guest, crystalline materials such as
two-dimensional layered rare earth hydroxide (LYH) and metal-organic
framework (MOF) were used as the main body of the structure, and the
selectivity and designability of crystalline luminescent materials were
improved by introducing light-emitting guest molecules, and the
fluorescence sensing performance of crystalline materials was enhanced,
which further expanded the research scope of crystalline fluorescence
Sensors.

(1) It is of great research significance to conveniently, quickly and
accurately detect nitroaromatic organic toxins and harmful substances. In
this study, LYH was used as the ion-exchange matrix material, and the
anionic fluorescent dye guest molecule 8-hydroxypyrene-1,3,6-trisulfonic
acid trisodium salt (HPTS) was introduced into the LYH structure in situ

through a simple and effective "plug and play" strategy, and the ultra-
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sensitive fluorescence sensing detection of p-nitrobenzene, p-nitrotoluene
and p-nitrophenol was realized. Combined with theoretical calculations,
the response mechanism of LYH-HPTS to the fluorescence quenching of
nitroaromatic hydrocarbons was elaborated in detail. In addition, we have
built a fluorescent paper sensor that effectively transforms LYH-HPTS
from a theoretical detection to a device application.

(2) Trace amounts of water affect not only the yield of chemicals, but
also their activity and application. A simple, rapid, and accurate analytical
method for quantifying moisture in organic solvents 1s of great significance
for pharmaceuticals and some chemical products. By taking advantage of
the difference in the fluorescence color of HPTS protonation and
deprotonation, under the condition of ultraviolet lamp irradiation, the
excited state proton transfer occurs in HPTS, and the water in the organic
solvent binds to the proton as a proton acceptor, and part of the HPTS
deprotonation leads to the fluorescence color change of LYH-HPTS, so as
to achieve the purpose of detecting water in the organic solvent. At the
same time, the color recognition function of smart phones is introduced to
eliminate the naked eye error, so as to achieve the effect of accurate
detection. It provides a fast and accurate detection method for water
detection in common organic solvents.

(3) Compared with LYH materials, which have a fixed structure and
difficult to control the structural framework, metal-organic frameworks
(MOFs), as a porous material with a highly controllable pore structure and
surface functionalization, are easier to control their properties, so they have
unique advantages in the detection of antibiotic content in the environment.
In this study, the luminescence properties of MOF-808 were successfully
regulated by in-situ loading of fluorescent dye guest molecules, and

excellent luminescence sensing performance of tetracycline antibiotics was

v



RT3

achieved in an aqueous environment (LOD = 79.9 ppb). In addition, the
construction of a convenient luminescent test strip sensor provides a new
way and method for the rapid and cyclic detection and monitoring of
antibiotics.

Author: Yexin Shen (Materials and Chemical Engineering)

Supervised by: Xiandong Zhu and Daxiang Gui

KEY WORDS: Layered rare earth hydroxides, metal-organic frameworks,

fluorescent dyes, fluorescent sensors
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Figure 1-1 Schematic diagram of (a) intramolecular charge transfer and (b) photoinduced electron
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Figure 1-2 Schematic diagram of (a) fluorescence resonance energy transfer??land (b) excited

state intramolecular proton transfer!?3]
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Figure 1-3 The structure of a fluorescent sensor for (a) K261, (b) Mg?'2"), (¢) Ca2*28], and (d) Cu?*12%)
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Figure 1-7 Preparation method for the Dye@MOF fluorescence sensor (a) one-step method [#31;
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@ Ultra-high sensitivity
@ Rapid response capability

@ Superior selectivity
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Figure 2-1 Schematic diagram of the detection of nitroaromatic hydrocarbons by LYH-HPTS
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2.2.3 Y2(OH)sCle1.5H,0 (LYH) & Ol &

KK #IER T Y2(0H)sCl = 1.5H0. T ZG A 2-1 Fios.
WET 1gYClz « 6H20 H ) 7.5 mL ZKINAZIE A 0.21 gNaOH 1 0.21 g NaCl /)
2.5mL /K. EEERARITIE IR IBITE B, s 20T G A0 78 I 37K 25 81 3%
HIEAE 150 C FHET/KIALTE 12 /N BrAE P~ & B, HIKR 28240
B, SRIGTE 80 CHIXTAE N T
2.2.4 LYH-HPTS Hy#I%&

B E 8-FA Ik E-1,3,6- —FHIR — 4N ER(HPTS)¥A R . FLi 10 mM/L HPTS %
W, FREL 0.26 g HPTS D& 208 F K M T b, REHE 2 50 mL
REMHPE S0mL, 155 10 mM/L HPTS i&W. WRIEFHRESIE C1Vi=CaVa.

# 2-3 HPTS R H PRk B2 ) el 22

HPTS & HPTS VAR HPTS &) KA (mL)
H PRt B (mM) W JE (mM) A (mL)

1 10 0.9 8.1

0.5 10 0.45 8.55

0.1 10 0.09 8.91

0.05 0.1 4.5 4.5

0.01 0.1 0.9 8.1

0.005 0.1 0.45 8.55

0.001 0.1 0.09 8.91

BB, R 2-3 i, REGIRS, ¥ 10 mM/L HPTS L 1
mM/L. 0.5mM/L. 0.1 mM/L. 0.05mM/L. 0.01 mM/L. 0.005mM/L A1 0.001
mM/L Ny B AR IR RS o

LYH-HPTS # it B F %k dl % . 10 mL B OLEHIMA 01 g
Y2(OH)sClI *1.5H,0, JENMKE 435178 1 mM/L+ 0.5 mM/L+ 0.1 mM/L- 0.05 mM/L.
0.01 mM/L. 0.005 mM/L. 0.001 mM/L [ HPTS /K¥## 9 mL, #E510H05, A
IKBTEIRPEIRLE 30 CREY 24 /NiF, BRI A, HEB 1K R BE 5%
F 3 W RJETE 80 CHIRTHH N T 1 4 /N
2.2.5 LYH-HPTS XAEES B IR S MR TR SEAS N4 5E MK

N T REUAS [F] (R RS 2 05 A &), F LYH-HPTS [ VA RE T 2mL A
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FHRE . RE, R F I NTPNEETINN LYH-HPTS ¥, 875 b3 2
/NI, AREIA ST R BE)S, SR SR A IS . TR
R4 AR S, JEREN 1.6 uM ~ 1.625 mM.

NI LYH-HPTS X557 & RS Rl i ie £k, 78 LYH-HPTS &
WA R ZBE &4 DMF. AEd. B2, BB, KPR, KIL. KW,
Mk, 2R HRESEA T, ot B IH ANRVE R 9O S Re . BRI & S
W, BCFIME.

2.2.6 RHIAGKIEEI[IAHIE

FREX LYH-HPTS 0.2 g #1 PVDF 0.05 g, B, WRAHHIIE, A N-
FIEHE D el 1 mL, $EFE5), TG ORPRR, B IRRENELR L, TN
THEH, 80 CHET 2 /INifo FEEAMTHF T, W85 eI Rz +,
HBEBIR IR A 1.625 mM IRER S, SREECHE RIS, &3 10
Ko MZE T IEAR I TR I DR ANEL SRR -

2.2.7 LYH-HPTS ¥k & Mt

FREX LYH-HPTS 0.1 g 5 9 mL 0.01 mM §¥] HPTS ¥ — iU H AR5 20
w 365 nm EEAMT NS — &, /- AERSS 1hy 2hy 4h. 8h. 12h )5, WHAW
WA TS HPTS 55 LYH-HPTS Z065R %, X HEAFIAELT HPTS KGR E M.
¥ LYH-HPTS 0.1 g i 87E SmL [ EE. fEEZRER T, RN HSAREZE, #t
RFF, HHIERION, 1hy 3hy 6hy 12 hy 24 hy 36 h JFIRTE e EAR L.
[FIKF LYH-HPTS WRIEFEK . HIEE . AEEER 36 /NI, X HgEAT X S ZRATiT
M
2.2.8 BIRIHE

5&F B3LYP-D3BJ/6311G**M3 WIZE BRI rf BT 1 & He AR R, 3RAT
£ Gaussian16 BT 5L TGRS, {8 IEFPCMU! 5 A5 Ay
()R S Bl SEBR VAL IS . BT 7 T 3 AR AL B A B R T A B/ s, A
AT KBS
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2.3.1 LYH BIE&HWER

l — LYH-HPTS
N A

1 ——LYH
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l bl
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20(degree)

2-2 (Q)LYH f&EH, PR AN HPTS 51N LYH ZE 2 AR ER; (b)LYH & HPTS

Intensity(a.u.)

5/ N\ LYH JZ[a]J5 PXRD KEl; (c)LYH 5 LYH-HPTS ] SEM

Figure 2-2 (a) Schematic diagram of the structure of LYH and how HPTS can be introduced into
the LYH interlayer space; (b) PXRD of LYH and LYH-HPTS; (c) SEM of LYH and LYH-HPTS

A 7K B D 1 1 e JEE 435 b 8 2 IR A+ A Y2(OH)sC + 1.5H0
(LYH)!M4, sEEGRY R X 2R AT 5 (PXRD) B 5 BB AR 45 JL (B 2-2 b)— 3, FSk
AAIAT R & T . MRIE PR AERE R, AT LUTE R 2R E] LYH B A
U ARG, AT EIREEALI(LDH) (K 2-2 ). PN d R AT (42 IR
FAETEANGEM T —A 8 BT YRR —A 9 BLALif =M% =M
FE o BAEAAMR L p3 B 7 2UE R R = AMER T . Y2(OH)s(H20)] 2 (12 A1 FE
8.37 A, SRS FTEZ M LLPT HLAT o« 4N[Y2(OH)s(H20)] BH & i 5 3
ATy BEO R EAE AN IS S A FLAE o X AR IR G M LYHs BA R
TR A5 R AT P AT R YR, DR e (2 (R BE AT L R AR o R (1 SE SR RS 4 A
BRI, LYHs s FE R I ARAN & RS PR AL U B AT R AT ROt iE KK
(A 5B o TERCERRN b, FRATT R T B RITE 52 Ak T BT S 158k Yekl . HPTS
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B Tl B ac et N LYH P iEE. HPTS & il # A E R . &
PO )5 LYH 2580 AH BAE (1 2-2 a)i@ i x4 4 85 (SEM) A PXRD
AR kA, FATRI LYH &Y ST el Jo (R ke TIRA w80k, 1A
FEE B R TT T ORYF TR IR E (Bl 2-2 b, ¢), [AII@#E EDS Mapping 4%
B AT DA B R il e T R SR IL, IO R, KR H T =
CI'# HPTS #i#, iFsZy HPTS MIAII5I N LYH 2 E] (K] 2-3).

Map Sum Spectrum

Wt% Wt %
Sigma

M Map Sum Spectrum

39.88  0.17
Cl i 0.08
Y 50.35 0.18

LB PN RS LG A LS LU i S B T o s N DEL 38 LS Al BS1 e ' TOtal: 100'0
0
M Map Sum Spectrum Map Sum Spectrum
BAfHiE L Elemen BRI
Sigma
38.41 0.20
0.10 0.05

Cl 9.32 0.09
Y 52.17 0.21
Total: LX)

T T R O R T VG T R T R T 5 L G P YAT) i il RAU N e

= A .

Hm um

& 2-3 LYH 5 LYH-HPTS [{] EDS } Mapping [

Figure 2-3 EDS Mapping of LYH and LYH-HPTS
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Figure 2-4 (a) fluorescence intensity of LYH-HPTS as a function of HPTS concentration; (b)
Fluorescence intensity of LYH-HPTS as a function of HPTS concentration; (c) LYH crystal fitting
data with LYH-HPTS samples and PXRD spectra after immersion in different environments; (d)
resistance test of the original dye HPTS and compound LYH-HPTS under long-term light

exposure
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BT BIRE S, ARSI 7 “RIEEIH 7 SN, B 2 A ok
JeblorFHEGN LYH W28, 17077 AT R A B . BE S 175
MRZEW, WIZ A A ) LYH-HPTS #EEIRIUE Rt ve 7 LR 8, 1
HAF R HAE 6 BUR O LYH #RLE A B3 B4k 05 e R, IR T LY H-
HPTS 7E FEEE I 5, BRI 390 nm, KRS IE KA 423 nm(&] 2-
4 a). FHESRWMNAZ, LYH-HPTS BInHb iR ok T % 6 AR K 1 1 (K 2-4 b).
A LYH-HPTS A4 RHEK . FEE . G52R8 VR R 36 /Nf PXRD #idE 1 48 Ok
Fefa g (B 2-4 ¢), e e A 0 I Y B i B R B0 T BRSO R E
M Ve s M 7 T A AR A B LSO RHE R 5 T8 R 5)
RAENIRIRPL . 3K G805 TS50 AR Bk FE Rk A BRI, 7RG
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SE T GO . KD RREE SR, AR 548 HPTS ekl TR T
e 168 /NGOG TR 60 %LA 1, £ 20 w, 365 nm EAHMEIRG TR 12 /)
I JE 986 T B 80 %L Eo MEEZ T, W IR [E AL LYH Hla) 2 ) HPTS, Joig
FEAE ARG N IERAE 20 w, 365 nm S AMGIGIRGT T, 6P RE A LRSI T 20 %
(K 2-4d). XEKBEEMEZ, HPTS FOGE A2 5 &R 5. Bl bl B
5e, ATRPUEL 2722 #eoks HPTS #ANF] LYH (a2, TR+ A HLfe
HERA(TICT), 6 A SRR AR PO K IS B 8AMH], I3RS BAT =7
e A e SE M LYH-HPTS [H 458 Y68

EABNE, WEY LYH-HPTS AMUEGRF 26, 1w H LRI E
SR SIS A AR B Z A AEAR SR AR OCE o BEAh, 2 BRI AR
(R RO EREPE . PR SR T AEIAAT A . N TIRABEFE LYH-HPTS %
RS A AW EIREETT, AT 5] N LYH-HPTS, #i (R HAE H B+
M5 A, AT T RGN PRI K E S5
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Figure 2-5 (a) Fluorescence emission spectra of LYH-HPTS in methanol at different
concentrations of NB; (b) Correlation between NB concentration and quenching efficiency.
Insertion: Fit linear relationship (0-160 uM); (c) Rapid response curves of LYH-HPTS to NB; (d)
Fluorescence intensity stability of LYHHPTS in methanol and 1.625 mM nitrobenzene
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HATERMEIL G A, DS ROG IR RS NB IRFEZ ARG R RO KA

Al LA Stern-Volmer (S-V) 7 F2 & & Hfid 1o/1 = 1+Ksv[Q], Hrh 1o F1 T 7 A F 7~k
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Figure 2-6 Fluorescence emission spectra of p-nitrotoluene (a) p-nitrophenol (b) methanol solution
at different concentrations, fitting curves of LYH-HPTS emission intensities at different
concentrations of p-nitrotoluene (b) p-nitrophenol (e); Stern-Volmer quenching constant of p-
nitrotoluene (c) p-nitrophenol (f)
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RE o b4, LYH-HPTS % 828 (R 35 55 75 e 4 5 0o i 2 1 0o i 268 FR Rt 3%
B B POCRRBOR - A 2-6 Jlrzs, WA &R B AN fiF 5 F 2R ) LOD 7>
KB T A NETRIEZIR 0.51 uM (22 ppb)Fl 2.3 uM (98 ppb). XS K M Z IR
THEMYM R ZE R R Z, EEREPR, RETEMEAAEE, e RO, &
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Figure 2-7 Fluorescence intensities of different small organic molecule LYH-HPTS methanol

solutions at an excitation wavelength of 423 nm
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2.3.4 FTF LYH-HPTS BT SEIR 4RI A 14 €

TEAERI AR, DAL MR8 R M R0y [l et A SR R o2 AN T sl
(K1 BRI, FEOREIR (1 5230000 P AT bR AR IR 7 B9 2 A A0 T [l i R ¥ )
B, XA BRI AT R, T HOROIG N T A ORI AR . ST, AT
TR T — P E S A AT R 2L 1) PO AL IR A5 (] 2-9 a. b) . 5B AVIR LYH-HPTS
FALE, AR ZOURI 28 (K PG PR AN 75 2 B 0 55 2 B AR, A R AIK T 16 A
A, FEE TSR . W] 2-8 BTN, SOGARAL A IR AN IE T Y) SEM
FJLAEH, LYH-HPTS MUI#E 32 i B4t b, RINTESORFETE . &l 2-9 ¢
IR %ot 98t AR AR RAG 0 AR e Ve AT T R G0N 7R 7Ok AR BN 1.625
mM ) NB FEEHUG , SOGILRIE 0 0R10, ARk I S, 405K J5aA
FEOCAEARKL N 8] YRR, RIS OG AR AT R B KRR AN 7 A HRIE ) “ off-
on” I KILFE

@28xﬁ%%@%ME&E@ﬁEE®%ME%

Figure 2-8 SEM images of cross-sectional (a) and frontal (b) fluorescent paper sensors

MBI 2-9c ATRAE H, BIAEZ I 20 RAEFIN, 264K 5 utase TR IR
U, BIGHREE SHIUETERE A LR EFAE 90 %LL b BT HPTS BiETHEE, [
IR AE A IS 7 LYH-HPTS S5 HIAE5E, Ik, 7E 1.625 mM fiF % 4 I I
AR &0 20 RO SERR IS, F 26 O BETERIEE M3 0 B v
HA e RIL AR, 5 5 ppb HPTS WRIEATXTLE, $ARKNE] HPTS
IR, 3t —PUEl] T LYH-HPTS A& PEAN 2O 4R A (B 2-9, 2-10).
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Figure 2-9 (a-b) Photograph of fluorescent paper under natural light and 365 nm

light; (c) Reversibility of the LYH-HPTS fluorescent paper sensor test
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B 2-10 (2)1625 uM NB ¥& BN BRI 20 IMIEPA SE88 R 9, LA 5 ppb
HPTS BRI L (b)1625 pM NB VAR FF BRI 205 20 /MR S8 5 IR UL
JGHERFN 5 ppb HPTS ¥R MO 1 EL AL
Figure 2-10 (a) Comparison of fluorescence spectra of 1625 uM NB and methanol after 20 cycles
and 5 ppb HPTS solution. (b) Comparison of the absorption spectra of 1625 pM NB and methanol

after 20 cycles and 5 ppb HPTS
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] 2-11 (2)HPTS 5 NB 73 FlEIBUR & T~ =&l (b)HPTS 5 NB 70 FIRIUR &
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Figure 2-11 (a) Schematic diagram of proton transfer in excited states between HPTS and NB
molecules; (b) DFT study of proton transfer in excited states between HPTS and NB molecules;
(¢) N-O--- H and C-O--- the change of the H bond as it approaches the station; (d) Fluorescence
quenching spectra of LYH-HPTS under the excited proton transfer mechanism

2-11 b Fros B THELAE RIE R HEY] T HPTS 7075 NB 7 1 Z A 47 (£
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3-1 LYH-HPTS & i G e 4% S8t E S S 7 o

Figure 3-1 Schematic diagram of LYH-HPTS synthesis and fluorescent filter paper sensor

3.2 SRIGERGY

3.2.1 SRR

fabrication and practical solution
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Figure 3-2 (a) Maximum saturation adsorption capacity of LYH for HPTS; (b) UV-Vis absorption
spectra of LYH and LYH-HPTS; (c) Fluorescence spectra and (d) TFIR plots

LYHs H&it 5 EIRE &R EA MY (layered double hydroxides, LDHs)Z&
L, 7E 2.3.1 IR, oy 1k A i) S A A R AR 2 18] 2 AR [ 3 114
B BB T4 HPTS ilid 5 2 A &0 7224, i % HPTS oK E, e
F| LYH % HPTS ) RULFI B &N 326 mg/g(& 3-2 a), iEB] 7 HPTS A Lk
LYH [E5€. [N, LYHs KOG IERERR BB R UGS, Pris s b Blolich 2R E 4k
SRRl R AR R, HRReiEd S E IR E S, ORI BN S 1L
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3.3.2 LYH-HPTS X8 AN T kRS & Rt &E
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Bl 3-3. LYH-HPTS 7E# 5 & 7K & (a) B K & /K & (b)DMF R H 98 6 & s (c)LYH-HPTS
TR & /K B DMF H 96 R 5T CIE ;. X LYH-HPTS 7£ 524 nm(d)f1 435 nm(e)ZbA&
DMF F17K 53 Bkt 2k:  (HLYH-HPTS 7E/K A DMF 28 't e e 1tk &

Figure 3-3. Fluorescence emission pattern of LYH-HPTS in higher water content (a) lower water
content (b) DMF solution. (c) CIE plot of fluorescence emission of LYH-HPTS in DMF with
higher water content, and calibration curve of LYH-HPTS for the detection of moisture in DMF at
524 nm (d) and 435 nm (e). (f) Fluorescence stability map of LYH-HPTS in water and DMF

FEH IR RN 40 Yot 56440 T, WFFT 1 /K B I i B P Ok R AN
HBR. @ikl 3-3a. b R, fEAIEIS KE R DMF ¥ 2R 90 H IR v] LA 58
PR, BEAE K S SRR, TR O6 ] B i CuB i e A gk th, AERGEK
B8 (1 %~35 %)) DMF H' LYH-HPTS 7E 524 nm &b &% 53 55 5 U B 2 3655, 7F 435
nm &b 195 555 5 5 U B 5 R B ZEAR R K B (0 %~1 %)) DMF H1, 7E 435 nm &b
(10 i S iR B2 D) B S 58, E 524 nm Kb S FE U BH &6 R B . Wil 3-3 d e T,
7E 0 %~1 %yEE N 1=0.59x + 0.4, R?=0.999; 7E 1 %~35 %JEE N I=0.025x +
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0.2, R2=0.985; LOD 7 0.023 % (36/S).
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CIE &K

Fig. 3-4 Fluorescence emission spectra of LYH-HPTS in methanol (a). ethanol (d). DMA (g)

and acetone (j) with different water contents, and the fluorescence intensity of LYH-HPTS at 523

nm with different water contents of methanol (b). ethanol (¢). DMA (h) and acetone (k); with

different water contents, CIE fitting of LYH-HPTS with methanol (c). ethanol (f). DMA (i) and

acetone (1) with different water contents were fitted with water content
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LOD = 0.9 % (36/S).
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Figure 3-5 (a) Hydrophilicity test of LYH-HPTS; (b) PXRD profile of LYH-HPTS after one

month of immersion in different solutions
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3.3.4 LYH-HPTS BIZ&#faE M
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Figure 3-6 Fluorescence emission spectra (a) and ultraviolet absorption spectra (b) after
immersion in LYH-HPTS with different solvents for one month
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ARG R R R E, T HPTS Bt th, X AU B 7 204 BHE 52 bR v
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K 3-7 3L LYH-HPTS F7KA I 5G4 HA I LS G 20 K489t RGB 14

Figure 3-7 Cyclic test of fluorescent test strip for water detection based on LYH-HPTS and

fluorescence RGB values of the test strip were cycled 20 times
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Figure 3-8 (a) Chemical structure of HPTS, (b) Forster cycle, (¢) Photolysis cycle of HPTS [24]
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3.4 RENG
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Figure 4-1 (a) 6-FAM@MOF-808 Composition diagram; (b) XPS spectra of MOF-808 and 6-
FAM@MOF-808 (Zr 3d); (c) PXRD profiles of synthetic MOF-808 and 6-FAM@MOF-808
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Figure 4-2 (a) Fluorescence intensity of 6-FAM@MOF-808 loaded with different amounts of 6-
FAM; (b) Excitation and emission spectra of 6-FAM@MOF-808 solid-state photoluminescence
properties (luminescence image with 365 nm excitation)
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Figure 4-3 (a) Fluorescence emission spectra of aqueous solutions with different concentrations of

tetracycline (Aex = 343 nm); (b, c¢) Fitting curves of 6-FAM@MOF-808 emission intensity at

different tetracycline concentrations; (d) Stability of the fluorescence intensity of 6-FAM@MOF-

808 in water and in a 20 mM tetracycline environment
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Figure 4-4 (a) 6-FAM@MOF-808 Rapid response curve to tetracycline; 6-FAM@MOF-808 (b)
reversibility test of fluorescent paper sensor and photograph of fluorescent paper

under 365 nm light
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AR DU PR 2 AR KOERAE 20 AR A AR FRARDO B 78 20 AR IINASS , 280
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