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Spectroscopy and Spectral Analysis

it

s
mE

ETREERN X E AN EFTRD
% SUBR IR R B 45 1 50 1

R, B ., & E., EmRALFH OB

S PRI TR R 8 266100
WOE WD U S Y U B S IZ 6 L SR PR SR B2 Ok 3% (SERS) A 8% HEVZ 86 B (DFT) J5
PHRTT PR R M 1 £ SR (PCB15, PCB28, PCBA7 il PCB77) (Wi & ik 22 5 DL K AE 4 409 0K 38 1t 114 W Ff
R, I T W R B R 2 X 45 A SERS @ BRI A S AL . G, T T 2 IR G B8 S i
R TR, I SIS AT RS U R L W, SAJT . M EE T PCBs-Au W BHK R IR TR IL4E 4 fiE L
AT 43 7 [ 45 4078 AR UM 43 76 4 LG F 1 IR AFVE o U o DA Wy SERS 39438 3 I X5 DU 4
HEAT T SERS R, LA R 1 B BRSPS BT (005 T S5 L R o T4 L S0 B 8 A 1 )
B> PCBs 20 T (AR AR I (0 55 AR EREAR A8 PR 300 (1 290 em 'BRFIED BRI IR S04 (1 000 e '3 » 2R
fi 4 P gl (1 590 em ' BiFiE) o CLJBCT B 1 28 S e X e SR 8™ AR B B 2 i . B & 3 3 C—CL AN

Vol. 42,No. 3,pp704-712
March, 2022

C—H BEAIR o 24k . W I A9 W BT 8 0 b v B HK ko PCB15(—6. 46 keal »
mol ) Hl PCB47(—0. 31 kcal » mol "), At S5 B £ 1 Cl JET-45 7
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5 PCBs 43 I Wz fh HEAE L K W B 22 5 7 T 6 A AW 5.
VIR ST R [ 2544 1t PCBs 43 75 42 2% 10 1 W B 1 10 %o il
WA et E RSB A TN E L, A8
TR F Il TR S RS Y

AL LA A W e A SERS #3i 3EC  % i 7 v R O I 45
PRl 4, 47-— S BE 2K (PCBIS), 2,4, 47-= & Bk %
(PCB28), 2,27, 4,4 P04 Bk % (PCBAT) Hl 3,37 ,4,47 -0 4
R (PCB7T) #4171 SERS # M K H W [ 4 F 5% o 3 220 %f
Lo T 45 M IE A MT AR AR VR 1 22 55, T DL DET 3158, 4858
PCBs 1) SERS St M . 48 )5 # 51 PCBs-Au 0 Fff A5 7 #8 5¢
Oy F A XTI B S MR, 5 X R 51 PCBs ik 47k
TR A3 AT B 25 5 45 SERS S8 Bl R R . Rk
i L3 e A6 N 3GV P18 v 1) PCBs SR ALAF 55 S0
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1.1 XA 5#H

A& MWKEY (F &R 47.8%, HFER =M
(99.0%), E L& (99. 020>, H By #7480 249 DA [ 25 42 1B 1k
2R FAF R W, 4,47 - & BEFE (PCB15, 99.9%) .
2,27 4,47 -PU S (PCB47, 99.0%) Fl 3,37, 4,4 -4 & 3¢
#(PCB77, 99.0%) 14T Dr. Ehrenstorfer /A (f8[E), 2.4,
47-Z PR (PCB28, 99.8%0) I F Sigma-Aldrich A= iy B} %
AR GEED,
1.2 &MKBRAEE

SRR I AE Frens J5 3 360l & ookl &0 . % 30
mL, ¥ FEE Sy 1. 6 mmol « L7 (19 58 4 BR VS BUIN #4220 5 . 76 4k
FETF (600 r» min D— MM A 10 mL, #JE K 5.4 mmol -
LA B BRI e IR HE 10 min, WS04 23 )\
W) S8 A S SR L ARG FRAR A E 360 ¢+ min ',
R E N 140 °C, 50 min J54E L M#ASH:, ARVRANES
e 4 ClEIRAE . HI 28 Ah-7T W 43 o6 0% B 11 (CHK-26813,
Jinkeai) 03 V5 J0 W O B, 49 8 Hy 7 W BB (S4800, Hita-
chi) FRAEGURBLFIE A, 3 M o 20 kV, RS R
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AR ST AR AL 0 BT A 2 G SR RE . L R
785 nm [ 22 S A O% #8 (ADR-1805, SfolO)VERIEIR, “YIE
Rk (RPB, InPhotonics) W 8 HUM 15 5 2R JT 8 445 4L 2 56
i SEED3000(Oceanhood, 4 em™ ') R JGiE 54 . 8 o %)
] A B4 SR AR AR AR B LR O . BIRE TR 100 mW, ]S
HFTE] 5 s, SERS S i il i B — 5 45 9 PCBs 35 WK 5 ¥k B 24
5 mol « L ') NaClVFIRIR A H I 52 4 R I 5k 2 A5 40
WAL, ARG RS & BIKIEA (v/v=2: 3)i# 17 SERS &
W, BIFELE 200 mW, BRI IH] 10 s,

1.4 DFTit#E

FEDE AL 43 F 45 4 R T 7S i 2 i gk R B3LYP/6-31+
G(D#FATH . FEL 1L PCBs-Au & Z #1115 A8 L 45 28 1
S Au JEF TSR I SL 4 lanl2dz, H AR F 03B K IH R
F6—31+G(D A, T3 &0 LUAS 54 F 09 hir 8 4R,
e BT L 0. 974 8 ii4T T & 3E4F IE .

P 2l B A5 1) 5 J 2R T #4AE 43 A7 (potential energy distri-
bution, PED) 87k . 2%y B BAR 1 4 T 8 e e BUE 4
[ PN A A 4% BB A3 T JR I A5 R AR AT IRT I B 8 0 0 AR 4 2%
A 3 B A X FR2E B X B A b o O ELSR AR 0 B U, X 26
DE R R A PED ¥ 2 J5 . e 245 3 Pk 8h 24 Y 5Tk
TN PR TE S R S — AR E W 2 2 S PR S A U G
T A — AR S 8T o L STk B B . Y0 RoR
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2.1 PCBs &M ERENEXRIEFHEN

AR SCAERT PUFF PCBs WK AT A I A R, T &8
[y [l S5 A FAR B R . A0 BT T 854 228 5 76 2 6 oh 1 1K
B, S HAT Y X 43 K PCBs B4 Bl . 25 R 1 TR (A
TRV SRR B A UL 1), DU FP ) 5 B SR R 3 T,
o PCB15 5 PCB28 Jyxf # FdE 4 #r B, PCB47 5 PCB77
X FREAR s KB TR AL T AR AEAR AL, BEA RS0 R AL
SR B o DU 22 SRR S R AR 0 B 5 AR A i 4
Rz, WHELAE 1 290 om ™' v B BT, A0 3 B 45 3R 3
1595 em ' PR B WAL E I A AH ], BT Y 3R 0 0% R B 43 A F
1 000 em™ ' [ffifE .
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Fig. 1 The calculated and experimental Raman spectra of PCBs
&1 W# PCBs fitE ., XM ST E, L PCBs-Au ERL R IRZNAE
Table 1 Calculated, experimental normal Raman of PCBs and PCBs-Au
vibrational frequencies and vibration assignment

PCBs Cj};;l,l\jR h;(f)mj\{R Lal/céHiE;RS hxj);mhiquS Assignment/ %

PCBI15 764 767™ 762 764™ vC—C, vC—Cl (82)
1003 999w 998 1 005™ §CCC (63), vC—H (15)

1 084 1 087v 1 086 1087 dCCC (45), vC—H (13)
1180 1169" 1173 vC—H (53), vC—C (16)
1276 1283 1268 1270m vbridge bond (47), vring (14)
1602 1 594¢ 1578 1579 yring (41)

PCB28 404 400™ 401 400v yHCCC (17), rring (50)
565 554w 555 yHCCC (21), cring (58)
818 817m™ 831 829° yC—Cl (61)

999 1 002v 993 990m™ 0CCC (55)

1 084 1073v 1068 SHCC (21), vC—C (50)
1091 1093% 1092 1093™ vC—C(46), vC—Cl(12), §HCC (16)
1142 1 145v 1143 1 145v vC—C (12), 6HCC (53)
1185 1182v - SHCC (73)

1243 1 238" 1234 1241w SHCC (54)

1286 1 288* 1262 1264w vbridge bond (44), §HCC (15)

— — 1317 1319™ vC—C (14), §HCC (14)
1376 1373% 1369 1 374m™ vC—C (23), dHCC (27)
1501 1 496" 1476 1464w SHCC (46)

1591 1 596¢ 1571 1569 vring (61)

1602 — - — yring (54)

PCB47 392 400 400 - vC—Cl (27), 6CCCl (29
426 434™ 432 - vC—Cl (11), rring (42)
488 481m™ 492 508" yHCCC (10), yCCCCl (45)
667 662" 672 674" vC—Cl (14), 6CCC (55)
681 684% 692 691 vC—Cl (12), §CCC (57)
818 829m 848 848* SHCC (85)

997 1.002v 1008 990™ ring breathing (57)
1100 1102 1092 11028 vC—C (39), dHCC (22)
1148 1 140m™ 1156 1 145v SHCC (58)

1244 1 242m 1260 1 258v vbridge bond (23), SHCC (44)
1299 1 289 1303 1319™ vbridge bond (15), §HCC (37)
1 388 1 360" 1377 — vC—C (41, sHCC (29)
1498 1 491m™ 1478 - vC—Cl (10), §HCC 47)




%3 AL SF . BT R 1Y SR B G R R 1V TS Y 2 SR R I R AR 43 A 707
g1
1567 1559v 1548 1558° yC—C (69)
1608 1594° 1591 1581° yring (60)
PCB77 1450 4375 446 434w yC—Cl (12), 6CCCI (21), zring (30)
559 560™ 566 — yC—ClI (62), 6CCC (11
675 672% 664 678" yC—Cl (17), 8CCC (54)
859 859w 840 854w yC—Cl (32), §CCC (44)
1016 1028 1016 1.020m ring breathing (78)
1125 1135v 1129 1136™ yC—C (50), SHCC (17)
1247 1 243° 1242 1 255m SHCC (59)
1289 1295 1304 1 283m™ ybridge bond (18), sHCC (21)
1486 1489 1480 — SHCC (34)
1595 1594¢ 1567 1576° yring (44)

TE: s MESRERIR; m. VESRPAE s w. WESRELSE s v MAEIRSD: 0. WM RSN v: EANS IR < k3

Note: s: strong; m: medium; w: weak; v: stretching; §: in-plane bending; ¥: out-plane bending; r: twisting

[ B g 55 T A DA S B B AR R, FERL Sk
WRIL TR B MZES. A PABA CLE PCBIS iy 4hx)
FRESH (o H 7 2 R s Bt o X AR i BT e & G R I A
— MRS, i DLLE B O3S PCB15 R AL 0 %5 L HAth
SRR /D, i PCB28 A4k T PCBI15 7847 5 149 45 £z
EZ W —A CLIE T, 43 %8 FR P A i U0 4 4 2l 245 22 T) 1 48
G RN P2 TSN E Sk, BN, 7E 400 Al 554 cm ' B
T 7R HCCC Ta 4135 il A 641 Bl g PR sh i, 1 145, 1 182,
123801 373 em™ "Ab I T HCC 11 N & i 4k 3% . I HAE
1600 e ' [ff i s BLBF 2L, K W] PCB28 WA~ 3F thy A X
fingi . PCBA7 A4 T PCBIS 16 Hr 5 iy W 1 &8 07 %% 2 i — A
AR, I H MR R L X w4~ CLRF R4, #ff C—Cl
B C—H R Zh ik — 22 ZH AL, fE 400~900 Fl 1 100~
1500 cm ' HHE B P AS 0 L 30 TET 1A Ak 45 9IR 3l (400 T 684
em ), WAEN . HAMNS PRSI (829, 1 491 A 481 cm™ 1),
PCB77 [l ff & AR, R H A E 5 PCBAT KR, AP
AL B T A WA C—Cl g 9 5 3 {off JH: i 45 9 3 28 45 58 Jn
Bl ., 40437, 560, 672 F1 859 com i B,

Bt ORI 3, C—CLEgEFn C—H B4R 3 8 W
g, C—ClgEM BB M, C—H, C—Cl L& ZEIE D)
AR Z . X MO £ 18 X 43 5 44 R 4B 11 22 U R 4R 4L T 3
WK .

2.2 PCBs & F7E & 3 HHI R &E
WF5E & B SERS Fe Ak W A7 F1 B IR A8 A 15 AL B2 i 3R 18 1)

@ e t\ f

Calc. SERS
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W AR S A G BSR40 1 WR B Re 14 B T T SERS 1R H AL
B S AT SEAER

PUFP PCBs Y SERS St 15545 fix Sy W W 1) 2 A7 S 4R 3l 0
FERH 45 9R 3h 04 (& 2) . W PCB28 By A 4 5 1 0% )L 1 288
em 'ZLFBE 1 264 em ', FRHATIEAIIN 1 596 em T R
1569 ecm 'y XEMTHTFWRMAESRILIE EF, K4ETHT
RIS, FJE PCBAT MR EEAR B A 1 289 em ' 5 A
F 1319 em ', EE Y PCBAT M i b i HL 25 25 B2 19 {8 4
YA TE

g Bk — 2 BIF 5 G5 1 22 S o R B A 3 A S ) FRATT
3L T PCBs-Au #ERUA R . i T 40 15 SR A9 R H AR AL
R BIUAN R TAH K Lia 5 BT3RS BE A0 A6 2% . A
RIHCR A Au JREF R B 4 41K BR R . O T 5 4 P A
PUFh PCBs 5 4 57 & AR 45 547 X U FP PCBs-Au &
W& HIEGREHAT T ILI . di ARt E AR M=K (D

AE = Epcpoan — (Epcps + Eny) (@Y

K (D HF, Epcpes Ean Ml Epcpoaun 23 9 & 78 PCBs, Au fi& I
PCBs-Au E 5 W BER . T E LR B BTN S R0 A
—6.46 kcal » mol ' (PCB15), —3.01 kcal » mol ' (PCB28),
—0. 31 kecal » mol ' (PCB47) #1—1. 95 kcal » mol ' (PCB77),
SEa BRI M R EIRE T 5 RIRAS G e iR, B
4 o W W AE 4 3R T & PCBLS, 4R )5 4K ik & PCB28 FiI
PCB77. S B i 2 PCBA7, 308 1 32 5 W /e SERS #6905
B REZ UKL IEMAEH . Fgatt—Pilie.

(b) @
49-@ g
'**',H..*‘;fﬂ' ®

Calc. SERS

Raman intensity/a.u.

Exp. NR I
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L/ VM\ANAANNJ S

400 600 800 1000 1200 1400 1600
Raman shift/cm’



708 A 5O AT %542 %
(d)
(Qt}ﬁkﬁ.
E)
3 3
= &
& 2
£ | calc.sers £ | calc. SERS
£ . j i
B : ' g
g Exp. SERS | Exp. SERS
S S
=4 i ~
W

T T T T T T T
400 600 800 1000 1200 1400 1600
Raman shift/cm™

1000 1200 1400 1600

400 600 800
Raman shift/cm™

B 2 PCBs iyt E Ll SERS St if
(a): PCB15; (b): PCB28; (¢): PCB47; (d): PCB77
Fig. 2 The calculated and experimental SERS spectra of PCBs
(a): PCB15; (b): PCB28; (c): PCB47; (d): PCB77

2.3 PCBs HFEEREHWMES

DU Rl Z G AR IR BRA T R 1 25 R T A 25 B K B 45
Ko KT DY A B ASE R Y L R Bl R AT IO, A5 A 2
JiR . HHE 59 SERS J6ilk e W B AT W) & . U Fh 2 &K
ZRAE 1300 F1 1 600 e b v BT 04 04 5 S0 M AR R e
ARES, KRR EY KE T4, IEW] PCBs i id n
PUE R . IR PR AL R Au AL T PCBs —MIZEFR C—C Tl
ERRI M AL E . IF 7 AR AN IR B0 A LR R B A TR (B 3D, 3
%ﬂwﬁﬁ%ﬂigf?ﬂﬁxﬂ %A%%EIEJLI%E’J@F(PCBB-

Au: 76.64°, PCB28-Au: 77.77°, PCB47-Au. 75.71°,
PCB77-Au: 76.52°) . 4 fE 0 % I @Eﬁﬁﬁtff@’ﬂ%%ﬁ
T4 T4 R A e A 1A B AR E T X S A B BOA 22
S fH S HARGE . BT CLEUR B4 28 53 X 23 7 W B st ) 07 1)
WA R . 2 PCBLS 2y 745 M) B AT & BEA X AR r L2
LY B AR R 45 & RE 1 BRIE 45 & i sl i A =1 PCB28 [ 45
AL F] 3 A, PCBAT 5 PCB77 4 1-7E PCB28 Z5#y )

St b A 40 07 2 i) o PRI T — A CLIECT . Fr L R
T PGS

@ 4
R ;DJ ;'4’

‘K b'\ ‘N b\ '\ ‘\ b\

00@09@0 SOV 00%0900
QAP VAP QPP IY QAANXD
(b) L] o
" 04’ 2 :; J‘—Q‘
o—4§4_fﬁ‘y§; X
~ J d 2 ’ f‘a 9 A
§\§\s\§\b\b\§\ ‘\‘\‘\‘\‘\b\b\ ;\i\;\;\g‘\‘:\h\
(R TRTS TN TN TS TN (SeTN TR TR TR TR TN e T TR T o T T

ﬁﬁ_. : ;’ “ (d)

‘\ h\ \ ] o ‘\
‘\ “! «) ‘R o ‘\

S
QRRAIRRR
PRRIRRE

* %, 29

Q& b’*h"‘ h"‘b" QPP

CRQQVOQ Q000000
B3 PCBs E& REHRMAES

(a): PCB15; (b): PCB28; (c¢): PCB47; (d): PCB77

Fig. 3 Adsorption configuration of PCBs on gold surface
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HE— 25 3 3 DU Al gy R S R ER AR DR L AR A
(3R 2) X HE R o3 M W B A7 8 45 25 1) oz BEL A o9 7E B AR . 1
BUBR IR SRR T AT IO 2 B Al e 32 S BR . 2867 19
ST 2 M R e 1 2 [ 7 BEL SR e ¢ A BT B 4 — T £
Fo HECIRA T, PCB15 i /i 4 39. 96°, 5 AR M8 A
PCB77(39.79%) , PCB28 #) — fij ffi ¥ K %) 57.57°, PCB47 iy
TRy 98. 06°, HRITHE H . X 5 0L B AL BB AT A
450 M #5. PCB15 F1 PCB77 14 o BH 72 B &5 /b, Hok 2
PCB28., fu B B d K9 J& PCB47. 7EWR M )E . WA
TR R 0 > 22 Al d /N (9 PCB77 (/b 1 1..98%), 78
R PCBAT G/ T 22. 38%) » JLFAHZE 11 4. A2
PCBAT £ K By 25 [ {3 B2 6 70 TR AL 3 — 5k 2 38 i
BEXERE . )32 A B T PCBAT BS54 BER AR . 455 RE T iR 55 1Y

F2 PCBsBHWEIERAR _HEAMRINEHELE
Table 2 The dihedral Angle of benzene ring before and after

adsorption of PCBs and the corresponding changes

i 8 B i — W B e = T AR
- i/ () ifi /() /¢
PCBI15 39. 96 37.65 2.31
PCB28 57.57 53.29 4.28
PCB47 98. 06 75.68 22.38
PCB77 39.79 37. 81 1.98
(@
3000 coums‘
3
£ [asomart | A
2 T
g -
g 8 nmol-L-! M\//\«\/\r/\/‘
=
g 4 nmol-L! A A
C:é A A A AN\ At N
I nmol- L' A A =
A NN AN AN S
0 nmol-L"!

400 600 800 1000 1200 1400 1600
Raman shift/cm!

©

50 nmol-L-!

32 nmol-L"!

16 nmol-L-! P
NS N S
4 nmol-L"!

A

0 nmol-L-!

Raman intensity/a.u.
0
=
=]
g
=R
i
N e

N Tl N 2N

400 600 800 1000 1200 1400 1600
Raman shift/cm!

B59E o I E W IR AT S 2 S Oz FEL O DRl /s 3 T o B
IR A AR . BLAS T T BN A R B AT
DAy R T A Y A A A 2 ) I T R S R R R X R
KEE RN TA RIS .

WX EEERE . WA A AR . A A D7 m Y
GPAT . SRR T BROAC S AY 3 AN HRCIC L B Y 22 e R
PCBs 73 T W B 76 4 618 B A9 7 57, BORS0B 2 HoOB 23 .
3 T W% WA A 5 2 T B RE D R AT BE A A A IR B T 25 ki
Ao [ B R B AR 2 2 A ORI AR RS, X — LR AE 4R
PR ISR 43 F 1 J0 S W W . SR AL BBOAR 5K 1 22 i 67 BEL &
PRGN . 7 T BRI IR A XELL 5 R W45 & . TR
FR B SERS {5 5 J2 W i 75 B4 57 X i 2 B0 T AR Y
PR DB R T VR R BB 7 R B0 40 TR R R B
2.4 WRBHFFMEXEIEEESTE M

N B SCRTIR . 20 SRR L JE 45 4 2 5 e HLAE SERS A6 il
AR PRI, ST UL L B R PR XS PCBs #9E EA
Y R M BE AR SOK Vi R AR BBLVRAS R e B2 B9 PCBs BE4T T
SERS SE 6 6 I 5 52 B 737

B 4 AR E ) PCBs # 3 J ) SERS Sk, B 5
SERS W58 15 3¢ i 19 52 1 3¢ & 2k R AL oA R S 2K
SERS Wi 5 5 & VAR LA+ L B B A% . B RE 9%
AR B M S WA R BEATIC RS R IR D

(b) 3000 counts[
=3
-
2 50 nmol-L-!
&
8 32 nmol-L!
k=
.-
g 16 nmol-L
g 8 nmol-L-!
=1 MWWM/\'V\/\/\V
2 nmol-L"!
—ﬂ/\’\/‘/\/\’\\/‘/
0 nmol-L-!
T T T T T T T
400 600 800 1000 1200 1400 1600
Raman shift/cm’!
(d) 2000 coums]
g
s
g 24 nmol-L-}
=l
3
g 16 nmol-L"!
g
=t 12 nmol‘L"‘\ ) ) o I /\ A
2 M~ \ NN ] \"\/{“\,n,f\p¢ﬁv’x N~
8 nmol~L;‘ R . A ' ”
W e Wy, WA\ M \“/‘;\V Mwir ) L\MJ\H.\/YV\/ v %‘f““ W
0 nmol-L-!

400 600 800 1000 1200 1400 1600
Raman shift/cm!

4 HEERER PCBs A BBl SERS i
(a): PCB15; (b): PCB28; (c): PCB47; (d):. PCB77

Fig. 4 Typical SERS spectra of PCBs solution with different concentration
(a): PCB15; (b): PCB28; (c): PCB47; (d):. PCB77
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Fig. 5 The relationship between Raman intensity and PCBs solution concentration
(a): PCB15; (b): PCB28; (c): PCB47; (d): PCB77
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Table 3 Test values of labeled recovery test of PCBs

W o 1 VA BE / 5 e BE / [l g 2R /
0 (nmol « L™1) (nmol « L) %
1.5 1. 36 91.3
6.0 5.73 95.5
PCBI5
12.0 12.19 101. 6
25.0 25.11 100. 4
3.0 2. 64 87.9
6.0 6. 48 107.9
PCB28
12.0 12.02 100. 2
30.0 30.09 100. 3
6.0 5.65 94.2
12.0 12. 20 101. 7
PCB47
18.0 17. 94 99.7
45.0 44. 95 99.9
6.0 5.72 95.3
10.0 10. 30 103.0
PCB77
14.0 13. 47 96. 2
40.0 40.58 101.5
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Adsorption Characteristics of Marine Contaminant Polychlorinated
Biphenyls Based on Surface-Enhanced Raman Spectroscopy

SONG Hong-yan, ZHAO Hang, YAN Xia, SHI Xiao-feng, MA Jun”

Optics &. Optoelectronics Laboratory, Ocean University of China, Qingdao 266100, China
Abstract Polychlorinated biphenyls (PCBs) in marine pollution monitoring is widely attention. In this paper, surface-enhanced
Raman spectroscopy (SERS) and density functional theory (DFT) methods were used to investigate the Raman spectra
differences of four representatives PCBs (PCB15, PCB28, PCB47 and PCB77) and their adsorption properties on gold
nanoparticles. The influence of different adsorption characteristics on SERS quantitative detection was also analyzed. Firstly, the
Raman spectra and vibration mode contributions of PCBs were calculated and compared with the measured results to assign the
Raman peaks. Then, the PCBs-Au adsorption system was constructed and its binding energy and molecular spatial structure
changes before and after adsorption were calculated to predict the adsorption characteristics of molecules on the gold substrate.
Finally, the gold colloid was used as the SERS enhanced substrate for SERS detection to reflect the influence of adsorption
characteristics on quantitative analysis. The results showed that the calculated results agreed with the measured spectra. The
common characteristic peaks of PCBs included bridge bond stretching vibration peak (around 1 290 em™'), ring breathing
vibration peak (around 1 000 ecm '), and ring stretching vibration peak (around 1590 cm '). The difference of substituted
position of Cl atom has a significant effect on Raman vibration, which eventually complicate the vibration peaks of the C—Cl
bond and C—H bond. The adsorption capacity from high to low was PCB15 (—6. 46 kcal « mol™ '), PCB28 (—3.01 kcal *
mol '), PCB77 (—1. 95 kcal * mol

substitution of Cl atom decrease the binding energy and the adsorption form of the molecule on the gold substrate. The increase

') and PCB47 (—0. 31 kcal » mol '), and the number of substituted chlorine and the ortho-
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of the number of ortho-substitutions of the bridge bond leads to the increase of steric hindrance, which hinders the adsorption of

molecules. The adsorption characteristics affected the SERS quantification. There was a good linear relationship between the

SERS peak intensity and concentration. Molecules with strong adsorption ability in a water environment are more likely to reach

the saturation state first, and have the lowest detection concentration. The above conclusion laid a theoretical foundation for

SERS technology to detect and identify PCBs in the marine environments and for quantitative analysis.

Keywords Polychlorinated biphenyls; Surface-enhanced Raman spectroscopy; Density functional theory; Adsorption properties;

Spectral analysis
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