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Preparation of TLC-SERS Hyphenated Substrate and
Application in Monitoring Organic Reactions

LU Beibei, ZHANG Chenjie, XU Minmin, YAO Jianlin"
(College of Chemistry, Chemical Engineering and Materials Science , Soochow University , Suzhou 215123, China)

Abstract  Surface-enhanced Raman spectroscopy (SERS) has become a powerful analytical technique due to its
high sensitivity, strong specificity, and non-destructive in situ detection. However, there are still great challenges for
rapid detection with SERS in mixed systems. Herein, a large-area Au@SiO, monolayer film with highly homogeneous
was prepared by the liquid-liquid interface self-assembly method, and was transferred to the plate as SERS substrate.
By combining the SERS with thin layer chromatography (TLC) techniques, a novel TLC-SERS hyphenated technolo-
gy was constructed to overcome the difficulty of detection in mixed systems and allowed to realize the rapid separation
and high-sensitivity detection. Studies on the stability and uniformity of the built-in Au@SiO, SERS substrates were
performed. It demonstrated that the problems of secondary diffusion of separation spots and interference of silica gel
background in the previous TLC-SERS hyphenated technology were dissolved successfully. The new TLC-SERS
hyphenated technology was explored to monitor the Suzuki coupling reaction process of phenylboronic acid and
3-bromopyridine. The overlap of different species on the hyphenated plate and the by-product were recognized

according. Furthermore, it was successfully used to separate and identify the selective 1, 2-dialkylation reaction
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products without standard samples. The result revealed that SERS played the important role in characterizing the

structure of the spots separated by TLC and distinguishing the corresponding information for overlapping spots.
The present hyphenated technology based on the novel combined substrate can be developed as a promising tool for
solving the problems of separation on mixtures and fast monitoring the organic chemical reactions.

Keywords  Thin-layer chromatography; Surface-enhanced Raman spectroscopy; Hyphenated technology;

Au@Si0,; Organic reaction

#2433 (Thin-layer chromatography, TLC) R85 | P 2 n] 4800 5 Bl — e S i 43 25 7
. AR P, i P R 1) S 00 50 B bR A st R A 0T R A PR R T S ) e L X
Ay, DT T Be ik R A G . Mg ss 37 8 1 (Surface-enhanced Raman spectroscopy , SERS) /&
—PTE 4 R 2 TR S DX U B 3 Jay B 1 7 T RE TSR oz 2 B 5 I EOR 2. FI ] SERS H AR SR A 1Y
“FRBOGIE " AT B oy AR BD, PROLRA AT | PR & R S SO s Iz N R
M, 2R ah, IRRE RN IR G Y . 2R BT r 76 SERS th S L& oG, I
ME LB WA T A 8RR MELLRUIH TR Bl IGZRIETEAE A LSO TR A A 28 A v (R E I A W
. P, B9 22K TLC 5 SERS £ R (TLC-SERS) , K TLC [ ik 28053 55 15 SERS X 2143 5 R
R S PP AR &, DT S B2 AU JR R U 1) .

PATE ) TLC-SERS 1 HIH Al A4 2 G B IR -G W 00 15, ETRE s B 7E A, B 0 5t 46 J A K L
J5 345 SERS J3 , 8 i YGIERAE ARAT W B A5 AR A ., L 22 TR JCIRE s A A 8 9 2 i Al EoR 2
B ARG AN KR IO NS BT 3 RO AL R KR B R IR L, 15 B SERS 1R
SRR SN 2% | Takei S5 R i T BT AL EEAUKR IR Au 9K 2 5 TR BEREICAE 53 2 eI
J2, BT A i IR A A A, FE— R I BR KR HORME S S P 22 55 1)
AL, (B BRITTAR A Au 9K JZ2 1 SERS T Ml w5 B AT M G R R RRATG, PRMCTE 2B I F AR R A7 A
/5153 i SO = S ST 1 X S A 72111 D B BT 6 = D S 3 DL N A WA = 3 e DN Rl '
AR ) PRI ELT VAR S BB K, T S8 SERS A S AEURE RRARG, A, SO B S e i ke 2
A AT S AE S T SERS KGN , Ay b mR AR A R LA 3 S L RS2 AR e ) S B )t

AR P - TR AR S T8 2R 28 T R TR Au@SiO, 20 KT HUZ I, DLAE P B SERS 2
JIG, S55 H2 AT RERC T 2 1T TLC-SERS B FIEIE , LAT A Suzuki IR SN A RERL, ik 1 LATERK
FHARERAFAE A BE S A O EE AR 5 T U AF ), JEA ZIR IR 455 SERS R S5 1 35
B AT AL XA , A 8500 T TLC-SERS B FH B ARTE AR F1A HLALF SO, Wi A i 1o A

1 SEIGEH

1.1 KA E5{EE

UK 4 54 R (HAuCL, - 4H,0) . — /K& 7 BE IR = 41 (Na,CH,0, - 2H,0 ) FIEk B2 & 84 (NaHCO,) , 43
Mraf, FE2E A A PR Al 208 = AR AELE (CHNOST) , 43#T4l, Alfa Aesar B0 w] 5
TEFR 4 [ Na,0 (Si0,) o, Ml |k ie (CH N, 4l 99.9%) , [ if§ Sigma 23 ] 5 N, N-— F L /T ki
(C,H,NO, DMF, #iJif 99%) FIE C %t (CH,,, 2EEE>98%) , bl sibkA AR B A BRAA 7] 5 % FHI
6G (CyH, CIN2O5, 4l >95%) , BBI LN Al 5 93P T (CH  N2O) FTIRFHZL TV (C,,H, N0 ), A3 AT 4l
R AR A BR 2 R 2REER (CH,BO,, 4R 99% ) F 3-RMERE (CsH,BrN, 21 98%) , bt H R
B ] AAHL(PACL,, 2E 99%) , IR PEARH A | 5 W2 ZTRERR GF254, Aladdin BV H]; R H
e 4 £ 40 ([ C,H,0,(0H),0CH,COONa],, 411 98%) , Solarbio b 5T/ ] .

SUS010 7444 1+ i 5% (SEM ) A1 HT7700 Y75 5 HL ¥ & 5% (TEM ), H A< Hitachi /A 7] ; TU-1810
R UV 2240-01 W43 60 B (UV-Vis) , Jb 5t 8438 FH 22 ) 5 XploRA Plus 13 5 £ W iR 2 R 40
(Raman), HZX HoribaZNH].
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1.2 XIEEFE

1.2.1  Auft Au@SiO, 4 K b F 8y 4] & K K AE DA Frens ™ — 5 l4 F- 2400042 4 4 55 nm ) Au 44 K7
T, IR, DAL — SRR b BT, 7EREBREN KA UK IEAE T T F Au 90Kk T
JEAE AR K Si0, 58 )2, 15 558 2R 29 2 nm 1Y Au@SiO, A% 7S KR T4, SR IR 5 1 45 Au I
Au@SiO, K- F A BEE , FLAHDTE AN A B RAE WLIE ST, &1 S2 A S3 (AL RHF ).

43 5K Au Fll Au@SiO, 99K KE T [ 4155 )2 568 B AT ZVR fbniciE i B fs e vt . R A

IR ULE Aw/Si Fl Au@Si0,/Si BRI LR AE 1 mmol/L & FFH 6G /K FHIZ 3 h G BUH , FEaliK h
VR T B R R o 58 A X S MU B A Kok e TE , BE A R TG SERS JE IR Y
faE . FIRPRICRE A 2R, BEIRCE 2 X3, #EA7 322 SERS Wil . 43 51l £ 19 ol J5E G 19 i1 5 DXk
(10 pumx10 pm) N FEFT 100 4~ 5. 19 Mapping M3k, #& G KN 638 nm, EOEIIHE N 1. 41 mW,
S0ME KA EE. LAB P 6G AT 611 em™ ZbAY SERS W38 BE BE1 148304 .
1.2.2  TLC-SERS Bt Al Lk 09 #1 & B R AR IBAIEN & ¥ 1 g W22 PRI (GF254) il T A S it gk
H, A 4 mL S5 BN 0. 5% B B LT 4 ANV, D7 I B8 $EUFES 15 min J5 , FHITA
2 mL Au@SiO, Q4 KA FYRAR WL , ARSI 517 T4 FEAEE 15 min 5, 153035 AR EERR , FF
. BURE FIRARPIREE RS, S95IR B EE 236, TR T E TR 204, 176105 CFIgfk
30 min Jofd .

PR 9« R - B 1 TS Au@SiO, KR T H L3 )2, IR R B A B B Ak
(38 mmx5 mmx1 mm) R, TN E SERS B . i SERS BLIE T8 5 T B 72 WHEE I ()2 2
HraE i (BRANE N Au@SiO, 2 KR4, HARBERITRE G5, TR T 5 T BEAE ths 15 6
(RERZ TS IR EEZ M 0. 3~0. 5 mm /A7),

FH R IRA TR0 N B AR T FP TLC-SERS BRFHILIT, A0 B T3 A5 5 T 40 i Fnipe A S8 s 1y

ST . SERS AN 3R B BRGTIL , WOR B 638 nm, WOLTIAN 3. 77 mW, BEH 1045 TAE
Yrsi.
123 HETTLC-SERSH: HH A B0 E 4N Scheme 1 AT Au@Si0, 9 AR T TLC-SERS I FHH A
(0 BRI e A . BB S AR IR A AT N AR IR R JE R G, SR A SR IR v rh , — e B a5 ]
FHREY 0 B — R ANBEA . RO B I IC TS TSN LIRSS REIE A S 2455 T8, M aiFEdE s
SN R R I G TR BRI . XI5 Mapping BUGCR FTIR R 3. 77 mW ISR 1065 TAEY 5,
RN A K3 5100 150 7180 m, HESRAE 1200 /N5 S A 7 i % .
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----- Silica gel

Scheme 1 Schematic diagram of separation and detection by TLC-SERS combined technology
based on Au@SiO, nanoparticles

2 FHR5iE

21 WAKRPFHIRREM

DL P 6G M 4EH 437, MK T Au@Si0,/Si LI SERS 15 5 Fli fifi A7 B Ta] i 28 FL LI 1(A) ], AT,
TERTPI R NG SRR E , INEE 3 K~58 5 KMG 5 MBI KR BE 08, 2 Ja PRFsAE XA e, a3
20 d, feZ A5 0m E E IR E AR AR 1Y 75%. T AE AR R S5 T Aw/Si LR B9 15 5 5 B I el i K T
Au@Si0,/Si KR, 20 d G PR BRI 43% [ 1(B) ], vl UL, Auw/Si ZEJE A SERS (550 E /L4 =K &
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Az SR, R R AR R 1Y Au SRR IR R, R R S, AR I B S AR R A A R
RUMEYL, AT & A AR S D 2 R & AR SR B g, U T ISR R e e R 22, (R
RAT , BlE RILE K SERS RN R pd e . Rtk 15945 T Si0, B M7 2 MR YER, Au@SiO,/Si ZEJiK
HIFRE ML T Auw/Si ZEIE, BIE G4 I SERS FEIK
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Fig. 1 Time-dependent SERS spectra of rhodamine 6G(insets) and curves of peak intensity at 611 cm™
on the substrates of Au@SiO,/Si(A) and Au/Si(B)

2.2 TLC-SERSEXFEERIEARE

2 AR AT AN B 2 & B FEE S a8 G A SERS Y6 . o, %4k o 2 FUEZ Z Mt Al
RO g, 76 1013 em ' A0 BL T U8 TR H 3
L YER N C—O RS . AEIR AR I R
T ]G FZ RN, HLE T Au@SiO, 44 KA 78
55 IR A5 R S R e R B A A S 3 TR T 4 i T
RS A S5, 2902 2 E e R P
AW TS e I o T IR (G 2k b) , TN
B A D R VS O AR WL 2% 21 ] I ) SERS I

1100 cps

(P2 ), 50 b O 5 R 590 500 1000 1200 1400 1600 1800
f_ I JE T T 445 SERS 55, I TRETT T kI 2 Faman shiftom

(Scheme 1), HILIZILELE SE5SFH, EHF Fig. 2 Raman spectra from blank silica gel plate(a),
Eéﬂﬁuﬂﬂ mixing(b) and built-in substrates(c)

J T RS ISR A A1, DL P 6G (1 mmol/L KV ) ERET 01, BEHLIEH 304 1,
PL611 em ™ Ab A RFAEIE S JEHEDEST SERS 58 BE A e it [ B 3(A)FI(C) 1. mIAT, TRAEHIAS I FH LK
[ SERS 34 5 R0 AR X AR HEf 22 (RSD) 3K £ 12. 5%, 1PN BRI 9. 4%, J5 # 19 SERS ¥ SIS, X
TR T 5 22 BRSO, R EOR 5], SEORA LIS SERS 5 534511
A . TAE P BIE R RS, 9k B2 BEHES B A )7, SERSBYSRAN 434 155) , HiSEM #E
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Fig.3 SERS intensities distribution from the mixing substrate(A), Au@SiO, nanoparticle film(B)
and built-in substrate(C)
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AL S3. o~ T ik — e i 2 AR, ZEAUA Au@SiO, 9 kT2 38R E 14 [ K 3(B) 1,
K P R S Y S AR E R 22 7. 1% 38 2 9. 4% , BARIE TIR-A IS ETILE . (H N B ki
AR FH LR Ay Mg s s [ 81 3(C) MR FIRA RIS AL [ 3(A) |, FRE B REL Y Au@Sio, 49K
R SERS (55 ik [ K1 3(B) | X FE5 L HHL A OC, XFRERIRM S, H591%
80 ) R B P A TS A s A BEAIL RS, BRIILAE AR 55, X TFIRAIET S, S BEAL S 14 P " i
K8 T SERS 55, HIGAJMEAS 2%, X T BALI Y Au@SiO, 44 KA1, A SZ R 2 BRI, B A )
T2 FF 6G B B AN SERS A . 25 1, SERS R4 558 B K /NI A Au@SiO, 40 K7 > 4592 il
A BLIC> N B A8 T SLI
2.3 TLC-SERS Bx A E K MM Suzuki BB & Mz

AR, BliAE TLC-SERS BRIHOAR AT & Ji , ARl &e kil e | IR T Jeppaerin o Je A=
W 2R 222 il 2 RS AN K HE A R Y. O T 0 TLC-SERS B FHE AR i YL R, IR R H:
FEAT LA 25 BN 3 R 43 1 S 8 S ) B (A M g . 8 T 3- TR I R R B R 1) Suzulki (R ER S5 1 Ry A
AL AN PACL,, Sy BRI R S4 (A SCCHHE B, LEC B TR CERIAFREL S 5: 1 RS
WAE R T

Horp, ZRBIER AN 3-TR I BE B RRAE 1643 07 F 996 A1 1023 em™ 4L, 1292 em™ b AT & T3 C—C
4EiR2l, 1000 em™ Ab AU 8 FAREFRIFM AR S, 43402 32774 3-2R Mg R @ = PR, HARERE
ain I SERS 3% (51 L ] S5 (AR SCEZ (5 B B 4 g AN AAE AR 0] B 1o BURE 508 S 1 I 1) Mapping A%
. B 4(A)FI(B) 4Bl LR R F1 3- 750 H I 4RI SERS 16 o JLvE A5 5] i) Mapping iR . E4(C) 2
DUAE J0) 3- 2R ML IE A HE SERS 04 JEUEIS 21 1Y Mapping &1 . H1 0 B B 5 2 (o [ AT 231, S IA SO TR A
WRTFIG , 445 4000~9000 A1 12000~15000 wm XX 0] N AT PEAREE & [ 4(D) ], BES IR 0 80583 5
J IS P AT R A 3-VR ML E 1Y) SERS S AHXT I, A< H 349 3- 2R H I xof o7 9 B 50 R SERS S, B AH itk
s A K A

q996 cm™!
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Fig. 4 SERS mapping images and corresponding spectra Fig.5 SERS mapping images and corresponding spectra

Chem. J.

after the TLC separation on the mixture of benzo-
boric acid and 3 -brompiridine without PdCl, in
the initial stage

(A) Benzoboric; (B) 3-brompiridine; (C) 3-benzopyri-
dine; (D) the photograph of the TLC-SERS hyphenated
plate irradiated by UV light.

Chinese Universities, 2025, 46(4), 20240514

from the TLC separation on the mixture system of
benzoboric acid, 3 - brompiridine and PdCl, after
25 min

(A) 3-Brompiridine; (B) 3-benzopyridine; (C) biphenyl;
(D) the photograph of the hyphenated plate irradiated by UV
light.
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XTI SE I UET T SERS BARAIN , LA S 1 49 3-T5R ML e 1 3= 7 ) 3-2R i A W] 437 F 1023 em ™ 2 7Y
SERS AL Ay A% HevE [ B 5(A) 1, 3000~9000 m &by 32778 3-2E ik BEL 8 5(B) 1, 12000~15000 pm
Ab Ay SR ) 3-TRMERE 1 4(B) |5 DARI = HIBC A F 1000 em ™ &2k (AFAE SERS 14 Ry JE1fE HET T SERS A%
AI LA B0 B8 e FLBE 5 B PR IAE 3000~4000 pum AMFEAETR /0 T, XS T e 3- Kk e S
R F= AR AR, A SERS BUG A, nl G M AL 8 — R FiEmAL e, HEES
843 R BFASEI 4 1 77056 2R (1000 em™) Fl 32774 3- 2R MERE (1292 em™) ) SERS FREIE [ 1] 5(B) FI(C) ].
2 1] {A ZR o A AR ) I RS A RE 25 min 5, BORE S ARUR T, ATULEL R4 B2 T 1000~4000,
4000~9000$ﬂ12000~15000|Lnlgﬁ3/xﬁﬁﬁi[E§5<D>].

24 TLC-SERSEXAEES BRNIEEM " REN R

T i I R P RE , SRR SO AR R T4 B FASI . L SE R TR 4
Pt 35 X AL BEAE St 4K S H G 23 SRR BBURRPR ) 81, 2 ol 48 T AR ERASUE R B I b i 5, IFH%
H AT AR U 5 b e A SN, (HAEJZ M 70 8545 2 s A I i ) A= xE L o8, B
AT T AR A S AT TR s X B, 50X A DRI S Iy 2 75 2 A B I () B A S e s R IR . Sy T 8 ol
2 IR FH S G I 2B B RN AT AL, 3 5 S e AR PR AR TR B A 5k, DAJE A ek ™ 0
M@nam,ﬁmﬁa&ﬁa&a%wﬁ%ﬁm1%@n§@¢ﬁ%%u.%%%ﬁﬁﬁ&mmz,
W SR G0 o F 25 =L IR S6 (A SR )

w9 )Lgr 2
CO CoI CO
i ‘BuCOO),Z
,(')< S e 0

Scheme 2 Equation of cobalt-catalyzed difluoroalkylation-alkylation of dienoates

BT 6(A) Riz ot HeAb S s 1 JRE (4R o) RV 4 (F526 ) 1 SERS 415 &1 . 181 6 (D) MiRA Ik
P4 TLC-SERS B JL IR 43 B8 J5 50 A0 B IRl . 40 B8 )5 I BRE A5 1] (B /s B SRR J 5 (AR AR 1000~3000
pm X[ ) AR AR, ALHE AL FR 10000~15000 wm X 8] P BL— A BE A5, 76 B BRUERE i X BRI 45 0F UK
)2 G R AR TC A BT A A B A L R I R R AR R IR B S X I ) SERS D, AT
RINBR N )0 SERS FRIEIESN , 75 1505 em ™' 4b L T 5 SERS F#AEIE[ E 6(A) |, XFHEIE IR T =)
TR KAL) C—F gRR sl RGeS SN B K A BCET PR A B . AR T 1505 em ! b4

1588 cm!
A) 1588 ? o l

1500 1800 2100
1505 (B) ~ Raman shifVem™!

W ¥ ST
I I 1588 cm™!

1400 1600
1505 em!
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- 200
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1 | | 1 1
500 1000 1500 2000 2500 3000 0 5000 10000 15000 20000
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Fig. 6 SERS spectra of reactant(a) and crude product(d) of olefin addition reaction(A), SERS mapping images
and corresponding spectra from TLC separation on the mixture of selective 1,2-dialkylation reaction of
reactant(B), product(C) and photograph of the hyphenated plate irradiated by UV light(D)
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fIE SERS W R He i, HE— L) ] SERS UG AR LK 6(C) 1, FTLAFR H, N P Wy 7E ik AR b i & 4y
A5 DU N A= WA 2T 1588 em™ AbIH & F C=C 454k sl i FRAE SERS 1§ R L, H: SERS A
BREE 6(B) i, 454 K 6(B)FI(C) M & AT L M s #E 504 F 10000~15000 pm XX (1] N A9 BE 5 & F
FNE IR A IR A

BRI, TLC-SERS B FHH AR AT LS AR AR fE A 0 0 48 51, 1 EL T DAFE A bR iERE S o B A%
T, S0 A B R 0 15 6 0 AT AR RN 2 75 AR A = T BE R 454 . IERIE B, HELBE
FREE TR IR R THOCEE (ORI B T 20 3 wm) , SR HAR AT IO 518 B i E A7 A 70 X
gy, Bz ol B s A, TR i 1 ]

3 &

T AL S 45 HT R Y B Au@Si0, 9K KE §~ SERS JZ2 # TLC-SERS B FH IS , A AT LUS# 15 5
HS T, FRHEE T SERSIR 5 (35 e ffa e vk, HRZ 9Kk T B B9 BOMEE S kY 5
M) . K532 3N T Suzak (BRI 8 SZEE W, SEBR T BE s FH B FE B 14 2 74 3- A e AN e B
IR ZER ARSI, IF 0] T4 B B i iR I E B 0 B . A, R R AR i B S S B S v
(=) 5558, TEBA ARERE SR AE G X B, L2 (R LU S0 B SO S =R, 454
SERS SRS I T KN -5 7= 40 04 o B A, A SR 4 R 22 06 FH A AR AE B A A ML g Hh ) 7 s o e
AR DI ™ s K 4 e S5 T A

X #5428 W http: //www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20240514.
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