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LN A HLHESE (covalent organic framework, COF) B BA7 = A )5 M Z AL . I 519 53 R B fig A
LEMIRRE R, B e — 2B W 0 3% TG 3 B 2 B (surface-enhanced Raman scattering, SERS) LK.
SR, A58 COF M4 RE A ik = 45 B3 IOT 40 14 17 e LA S5 IR o 68 32 9 7 S 1 R 0007, AT IR o) 1 G 7 v SR A
. R, ASBIESE BT IR A T — RhORT B BT L AN A HLAE SR (Ru-COF) & & A H, T 744 4t & Mk g
SERS {if PG 3l o ¥ 57 B G W) BT COF 5 42, JE iUAR € 1 Ru-N/O LM BL AL 2548, A 3082 & 151
TR RN B, B Y BR T BRI B9 F G IR SR B R T AL R RE ). 541 COF M I, Ru-COF & g 7 46 I
M IR R 4 R I A 09 SERS M Ry Mg, LA I RN A 1072 mol/L, &M R R? = 0.99, # iR H
F Rk 1.83x 10", {5 S H MM R4 (X AR 22 <5%), eSS R P 725 4 AR AREE 90% M is(E
SIREE, WoR AR R MR S T . 2D N RS R W], Ru-COF B R 7E & Z KA i R SR g 6 S 9
Yot R i WV L 5 43 T RO AR AT, G DU BR AT 4E 57 10712 mol/L w2, HEAMBF MM E F T 5RFES—5
PE. XU IS AS A AE R E S5 AT SR3OS A BUSE IR T P kAT e R e
SR I VR T A B BT SR O & TR - HL D [R) 1G5 R SERS R R B TR A B SE O m, OF S AR IR
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Wy g, A BGE T E EE, HAE SEBR AR
HRHE) T T OSBRI BB 22 |
HLR A5 M ANTEE | 3 50k B 20 A AN B 2 [ A L
XL E K 29T SERS BORTEE 14341 Ko ]
PRSI 7 ThD A4 AT SE . PR, A A BT v R A
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& SERS SHRAIBI T S b, AR5
ZER Rt HAERE A O R R 1. (B 40 52 4 @ LIS
(W Au, Ag %) FEAS SR ZN Y Jay B3R 10 45 B O Ik
Pk (localized surface plasmon resonance, LSPR)
ROV BE S 2 RO MG, DT 7™ A= 5 B ) F,
5, J2 T SERS 5T 1Y 2 05 1) B0 SR, B4
JR BN AP TERURL Y B R A e fa et 2 | AR
PESZ PR B A 5 B A R 2L M 2T, 2SR
FLE (0 TiO,, ZnO, MoS, %) HAT RIFAI ] JEfE
G F AL 2R R e T, AT PR A — S Y Ak 2E 1 o
(chemical enhancement, CE) %, {H H: i35
REJIABR, ARG R ACREAR 519, ek, 3
MAHHELE (covalent organic frameworks, COF's)
PRLELAG 3 B A P i 22 LA | T Bt i Al 2 4
e ry R e e 1, W A —1X SERS LS
B ERAR e 16181 COFs 15 b AR R )
FLIESSA R T B bR 5 R R 5 4, AT o
Gy 5 AR EAER 0L 8K, 2l COF # kA
Bz [ L RS BT N, H SERS {554
SR AN T 58, ME LA A2 e RSN oK. A
ve X — R BR, ¥ COF 55t 4 Jm oliad I 4 Jm 44 K
Moy &, I 4R BE R &N 5 COF 153
THARRE ML G, WA iedem SERS JL i ERE
() A 25 kg 202, B ) SERS-COF #iff 5% 2 %
COF 1R “orFE e, 54 /RAKRLE T
PRALTR; 9RO 1o T Ff sl 7 20T COF AL
TR, LA S5 T 0 F A 0 . (HZOR M
FEAEGNKIIORE 3 A5 AN 381 5 25 A6 B 0 1P 26 55 ] A ke
B 22 Rk, A0 E 5% ) 4 J& -COF HEZR Y 4
B, RSE k5B R 6 s e DS /A0 Btk
A COF B4, WAL 2 1 5 Th A8 e P 5 n] 5
TEMZ 42 J8-COF (R &, Z it LIk 47 5 COF
TERH—M SERS JEJE, T Ru Frfe ity mr i B
MR DL N B398 Ru B 1 /L& BA
FEH d 5 ME, fT5 kR R A
A%, NI oTmk Al b o ) o8 i iy 55 7% / L9k -
PR Ru FC &%) (AnikmeiesT) B RAF iy ik
JETE A 5 TR REER 2224 ] 5 ORI K o B
YIREVCHL, 75 & LR P2 ok i e B LR, 3%
JORAR =y W] 1y Z2 %04 J& -COF fir A Ho4s
S5 S5 SR M AT W07 2 4 A K
KL, i BT RO /AN BE R E T COF B221) Ru fi i
ANy iR BA B, PR OR IR S S 9 4 0 25 A A

555 EmINE; 1LAh, Ru(1)-FEe A7 48 & HA W
BBl 2 Ra e v, WA b e IR B v R R HE S
EH.

TEE R, AR T — M r e dimfr
HUHESE (Ru-COF) & &A1}, il it 7E COF 54t
FIAET (Ru) Hhoty, SEBLG R IE PEAL A S5 A HLHESE
PRI, TR —Fh BAA TR E S FImT I d $iE
HL 28 1 2ok U 4 B, AN RE B AL ) 3ol i 1 17 3%
5, 10 BEAE FEBLIIE 5 73 [) (1Y) i fer B RO 000, AT
B E5ETE SERS W5 B 515 S i e k. 51655t
EJEAL, Ru B&HGm i fesfaoe M S BRAFI L
PE, WA R NR A3 A A FE S ) . A<
LA FE W (methylene blue, MB) SM#%H431-,
RGW5E T Ru-COF BLIKHY SERS MEfE, BL46 R
BERE AN RR | A M SRR MRS, SR R AR
B, Ru-COF ZIFER N MB B R B B T-46
COF fy3amain;, SCal 7 AR R (10712 mol /L
) SO RAE SR, S LRI AR,
Ru-COF F 3 5 2000 I8 T i B 1 5 55 A2 1 5 1Y)
PMAEIVE L. SZ AR IT & S PERE SERS 1 1
AL TR e LB, o S HAE FREEAI | tlm PR
W7 S 4 A B A S A 1 25 T e S A
5 HEAil.

2 & RAE T %
2.1 SRIGRFR

AT =B B (TMC, 244l 99.9%)
XA R (PPD, 438t 4li, 99.9%) . LR LTig (EA,
SRTal, 99.7%) . = (4, 4 FRILBELRE) FALET .
1, 2, 4, 57K PO e PO R iR 5 (BTA-4 HC) F1 2R
2 (PPA) 340 [ [ 245 fb 2R A PR A | L Sege it
TR BT R LA liK B .

2.2 COF, Ag-COF #1 Ru-COF Byl &

TMC % f# T 30 mL 2R ZBEH, 76 0 °C 4%
eI SA PPD 8 15 mL ZRZBRIAH,
FFFEEFE RN 24 h RS R G, TR RS
RE QK. P28 00 B e R B F K.
CBERNTN R 78 53 e %, F5T 60 C H2s T4 12 h,
EN 4l COF A 129,

Ag-COF Ay il 45 . # 10 mg 45 & B9 COF
AR A 20 mg iR R — & #E] 100 mL K&+
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KA. 76 80 °C FHtHE 20 min, FEEHIA 2 mL 19 1%
FrEETRGMIA I, FE7E 100°C FHEHE 40 min. B H
FERIG, B OB MG, 48 Bisr=
Ag-COF.

Ru-COF (Wil g5t # v, o = (4, 4- 3R LK
mLnE) 41k%T . BTA-4 HCL & 15 mL PPA JL[q] &
TAGMEEZE . ARRIEAE 150 °C UV 24 h, Bl
JEFHRZE 180 °C 4 48 h. WS 5, #rili B
o E R R, 280 B RS, RS H bR
¥ Ru-COF.

2.3 R

BE i 1) A AR 25 R I XS R AT Y (XRD,
B D/Max3 C) #4773 #r; HIE 5 R 135 & it
FH o T 4 (FE-SEM, JEOL JSM-6700F) i
£2; JUER 41k RE B A OGS (EDS, Oxford
X050) FAF. FHEMARL MG (FTIR, Bruker
TENSOR 27, f[) HF#fiik COF & Ru-COF K
P2t S AR E S5 45 H 5 8. SERS A F] Renishaw
InVia Raman R4 17, kG K N 514.5 nm
(2.41 eV), BOLIIE 20 mW, FEWE 10%, BEGRT
] 10 s, PRRFAREREE. A kR 5 T 2055 7
AR5 T IAS, DARR LRGSR AT He:.

3 R 536
3.1 COF #1 Ru-COF W% HIFA4E

WK 1R, K= (4, 4- "R I E) &1k
151, 2, 4, 5 U U b iR £ (BTA-4 HCL) £
IKFA I A TR M G TR BB , T R TR
P BZT AR AR ZR R, Sty pH =P,
TEIX—Z6AF R, W THags T s PR T A, 28 B0
BN 5 453] Ru-COF By, Frise il 1y

COOH

—

o]

1.150°C, 24 h /® NaHCO; |

2.180°C, 24 h

— Yl AR, RIAETECA YT ) 54 HLEC AL
BT MR RIMESRZE L) LT~ WI b5 T 25 R A
5 SERS PEfg L 20,

WIE 2(a) FroR, COF FE M 7EZY 26°40 i 2L
b BT S, X T (001) SR, 33X —4RAE G i
TR 2 S 222 AR RS 1Y) m-m HERRAE T 7
FHEZ T, Ru-COF 7[R — £ BE Ak i 47 5 e o B
i E R, BAATE Ru ST A GRS, Ru by
COF BEZ [AIE B T #5m 10 A4 V6 F DT gt
— SR T RN mom HERLS SRR E T A,
Ru-COF £ AE 10.2°5 16°40 3L T8 19777 5 i,
XEERRAE I RS T R B A S EBURIR 45 /Y
S 54 74k, W T Ru-COF JhHE i)
AR EL & 2(b) /R T COF fil Ru-COF FE i
(18 B S 2T Ah (FT-IR) JGHE. X T COF ki,
1653 cm ! Al 1518 cm * &b A4 45 £iF e 43 1) X6 1 T
—C=0 FI—C—N W44 sl = WBERE Ry
KA, —NH, #RIE S5 TMC P A 464 2.
X — 25 FIHMTIE I T COF W45 4544 i il oA 2t
HELZ R, Ru-COF B S LTINS EITE LR
PR O A%, [F) I AE 1603, 1538, 1438, 1365 Al
1232 cm ' Ab H BB WY | X SEREAE I T T )R
F Ru-COF HRIFBRI IR ) C=N 5 C—N {45
Pl 29, JEg i B S B UL AT B E I =
5% COF g%t i, Wk 7 HA 4 @8- B iRkl
PEFFAERY Ru-COF 28, 76 77 K LA Ny W% Fff 5 %
SR - B S 56, SR A BET BB T COF
5 Ru-COF Wy £ m AL 4550 EM, Wi BET
R 17.2 5 225 m?/g (B 2(c), (d)),
Ru-COF % COF A e, 4T fES Ru
A 3B o B A7 /A0 I i A COF 548 | 2 THEE
RS E MM FLIE SR FE A DG, MR HFEE =5 114 L
FmfL.

~

S

I Ru-COF iy AR 7~ B
Fig. 1. Schematic illustration of the synthetic procedure for Ru-COF.
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% 2 (a) COF Ml Ru-COF & & #1# # XRD Ei¥%; (b) COF il Ru-COF & 4 41 %} i 1 B A5 i 21 4861 (c) COF Y N, W fff 25

T4 (d) Ru-COF 1Y Ny M 45 1 26

Fig. 2. (a) XRD patterns of COF and Ru-COF composites; (b) FT-IR spectroscopy of COF and Ru-COF composites; (¢) N, sorp-

tion isotherms of COF; (d) N, sorption isotherms of Ru-COF.

1 pm

1 pm I pm

1 pm

1 pm

Kl 3 (a) COF # (b) Ru-COF Ay SEM EI{%; (c) Ru-COF fJ SEM EIf%; (d) Ru-COF H C, N, O, Ru Ay X 1 JC 2% Bk 5
Fig. 3. SEM images of (a) COF and (b) Ru-COF; (¢) SEM images of Ru-COF; (d) the corresponding elemental mappings of C, N,

0O, and Ru in Ru-COF.

E—2E 4, il SEM XHRE S O S gk A7

WEL. K 3(a) AT UL, COF i 52 0 B0 0] 4 )2
ﬁfﬁé B4, o R A HLRELDR A, i
E5IA RuJ&, Ru-COF #£ i (K 3(b)) 3P +E T
YL, (B2 R Z B A HES B Ry 808, FREIE S

&Eﬁﬂ%ﬁ&%& KUETRMLBI AR B TME COF
2 S 5ok —E. 454 Ru-COF Iz ik
%ﬂ‘ (I 3(c), (d)), ATLATE ML C, N, O Fl Ru
PUFP T ER TEAE A 1 285 43 A B, g — 2B T
Ru J& T IHm A COF H 281508 T ik gh 4.
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3.2  Ru-COF HJ SERS fHEEHN SRS ST

J RGN Ru-COF & &M EHY SERS 1:fE,
ARHWFFELL MB 20 FVE R ERER T 2 TR, 150,
Bc il B2k 1072 mol /L 1Y) MB Z B AR M bR
BE. ELRETRN: AEHFREL 3.1985 ¢ MB ¥% T/b
HLEET, BT 100 mL # R E S IF 7R
B J BBUIE o RV BE, ARASAS RV FEBR B (10—
103 mol/L) i MB ¥ ¥, HF R 8 5 K R
(limit of detection, LOD) S5, ¥l %47/ COF 5§
Ru-COF FEA A MB &R+, =R R 2 h
AR DR IRE 43 F 78 00 W B TS 2R 1HT. T AR 6 b
T )5 4T SERS M, ¥k K R 514.5 nm
(2.41 V), HOLIIR N 20 mW, TN 10%, BRE
A 10 s, B 2 YR AR s (M bp 31920,

A 4(a) Brn, MB #E 1624 cm ! 2 AYRHIERL
SUETEARRY) F R P 5225, 2, Ru-COF
SR BME TR EE W T ol COF, RW] Ru 5]
A E R T SERS MR . %34 SRR 32 2 A
F Ru 5 COF Z[HJE ke i & 4 Jd
DS RES (EM) 54022858 (CM) XWE
PRI RN B354, Sy 5 5 3P4l Ru-COF JEJiE 0 i &
T ECRRE T, THA T LR MR R P F R
[A¥ (enhancement factor, EF). 35 K 1] HF
FLECR TR Y SERS HERE, JE PP HI SRR 1
KHEBH. SERS B [ 1E LN

I N,
EF — SERS/ SERS 7
I Raman / N Raman

H ) Igprs A Tgman 20 91378 76 SERS S5 3
iﬁi?ﬁ%%1¢??ﬂﬂﬁ% El"]f%ﬁliﬂégﬁfg, NSERS ﬂE[] NRaman

(1)

(a) 1624

Ru-COF

Ag-COF

COF
MB

Intensity/arb. units

800 1200 1600

Raman shift/cm~!

400

& 4

Enhancement factor/108

PRI BE R (U 1073 mol /L) #Y MB ¥
TRAETCHE RN O E BB b, (e 70 A
Y155 A R — oK (514.5 nm) 5 AHTR G~
SAF R REHABOLIE. L 1624 cm ! AL AYHFAE
VSR TN Iraman- S Ru-COF JEJE, 614 (v
MB & (U1 1012 mol /L), 75 W b 784> T4 )5 78
FHEDG 2 44 F 45 SERS 1% 181, 10 R [/ — 45 1iF
I (1624 cm ') BIUESREE R Lspps. FEPL2 TS
B FHOT R R

Nraman = CRaman Viaser Va, (2)
HA, Craman N MB IEBHEIE (mol/L), Vi N
SERESHATH (cm?), Ny R FTARANFE S 5 %1 (6.022x
10% mol ). SERS " S 58U /> T 2N
W RHAE Ru-COF R 9431
Nsgrs = Csgrs Sspot] (3)
Hoh, Csprs N MBI W (mol-LY), Sy, M
WO BE AR (cm?), Ik B A 17 R BT 43 %K
(mol /em?). EWHZ R ST 2, I'=1/(ANA),
Hdr r BRRWE TR, 02 mol/cm?, A & MB
ST E TR (2 1.2x10 em?2/43 1), Ny &b
RAMFEL F L ARA (1) X, 715 E] Ru-COF
JEHESEIA T (EF) fhk 1.83x 101, jL# kB COF
e R K SF (1] 4(b)), #E—2BE T Ru JiF7EH
TR F Y B 55 43 W AR T T DG SEAE .
it — G VPAL L R AR, RGN T ARk
& MB 7€ Ru-COF JEJiE_ /9 SERS MRy (& 5(a)).
& 5(b) g5 H R, B MB ¥ M 103 mol /L %
PRFEMEE 107 mol /L, FEAEIE Y38 B2 2 Hrsss , [H

200

(b) MB

=
[
[==)

—
[}
o

ot
o
T

COF Ag-COF Ru-COF

(a) MB 7£ COF, Ag-COF Hl Ru-COF #Ji 1y SERS Y:§i; (b) COF, Ag-COF Fil Ru-COF 3 Jit 13 [ - 19 %F ALk 1]

Fig. 4. (a) SERS spectra of MB at COF, Ag-COF and Ru-COF substrate; (b) comparative bar chart for thesubstrate enhancement

factors of COF, Ag-COF and Ru-COF.
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RI{fi#E 1012 mol /L BRI EE T, 1624 cm ! FFiE
WA AT 375 BT T B, 2R I B I EL A o 1 A ) R
JE. 1 5(c) MESTREN, MB WX S SERS
TSR R R AR R, LA O R B R
ik 0.997. FTEMELL (S/N = 3) BiTHE, &k
LOD 4 4.16x 102 mol /L, /R Hi% Ru-COF i
Pes /g Rl RIS OIS - AN fall 8= e M 17 il
TR e S TR M, PR TR S KA
fitt 25, 151 5(d) £, 7EXF MB (10 mol/L) i#
17 5 WHEEKIN)E, Ru-COF RJERHLS (5 5 E
AR LR 02T 90.2%, VLR IZ MR BB 1 S 1
SOREE S AT RN, D K A S
~ (E 5(e)), FERFESSIABEHIE 4 A A, H
SERS W& AR B 2 85.7%, 8] Ru-COF JLJE7E
ShA S5 PR b A R A M 5 SRR
PEBL BEAh, (5 58— M2 Pl SERS SLJE AT 56k
() A FR. R, 7F Ru-COF 3 1/ B A% B 10
AR, 18RI SERS Sikf55 (K 5(1)).
SEIL R, A0 i g (R] A AH X AR IR 22 (RSD) X
Hh 3.41%, BERHIEICAEZ R E s sM s
HEME XA TSP | Al A

For I HAT E R L

SCHik [36] #iE B Ru-COF e o5 3820 T8
il (HOMO) ALK 5 73 F 8l (LUMO) 435l
H-0.95 FI-1.12 eV (HXF T HAREH). MKIEERIEEL
P&, MB ) HOMO, LUMO %35 5-2.34, —4.15 eV,
IRPLVEZS B2 45 BT, LT REZON SEHEWT, Ru-
COF/MB S Al figf£7E L) Ru-COF 5 MB A4/
ZARB BT AL (CT) i, Horm 5288 (i1
WA 7 ) BT HOMO/LUMO g4 i
A B SOk e, MRk 2R (CM) 5
L Z —. B il o TS 5 SR e,
MB ) HOMO BE %% (-2.34 eV) i {k T Ru-COF
) HOMO BEZL (-0.95 eV), X W% Ru-COF [
HOMO Re4k b ryH F7Efg i LATRE, AmELT
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Fig. 5. (a) SERS spectra of MB at COF and Ru-COF substrate; (b) SERS spectra of MB at various concentrations on the Ru-COF
substrate; (c) the linear relationship between Raman intensity and different MB concentration; (d) the corresponding normalized
Raman strength of the Ru-COF when it is cycled 5 times; (¢) SERS intensity of Ru-COF sample at different storage times; (f) MB

SERS spectra of Ru-COF at 10 different locations.
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Fig. 6. (a) SERS spectra of MB at various concentrations on the Ru-COF substrate; (b) the linear relationship between Raman

intensity and different MB concentration.
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tensities of MB with various concentrations in river water on the Ru-COF substrate; (d) signal retention ratio of Ru-COF sub-

strate after five repeated detections in water samples.
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Abstract

Covalent organic frameworks (COFs) have emerged as promising substrates for surface-enhanced Raman
scattering (SERS) due to their highly ordered crystalline porous architecture, superior molecular adsorption and
enrichment capabilities, and excellent thermal and chemical stability. However, pure COFs inherently lack
plasmonic resonance and free electron density, resulting in limited electromagnetic enhancement and overall
weak SERS signal, which hinders their practicality in ultrasensitive molecular detection applications. To
overcome these limitations, this study aims to design and synthesize a novel ruthenium-based covalent organic
framework composite (Ru-COF) by integrating ruthenium complexes directly into the COF skeleton, thereby
creating a metal-organic, synergy-enhanced SERS substrate suited for trace analysis in real water. A Ru-COF is
synthesized by solvothermal condensation of 1, 2, 4, 5-benzenetetramine (BTA-4HCI) with tris (4, 4-dicarboxy-
2, 2-bipyridyl) ruthenium, forming Ru-N/O coordinated nodes within the framework. The material is
characterizedusing X-ray diffraction (XRD) to confirm enhanced m-w stacking and new crystalline peaks at 10.2°
and 16° in Ru-COF, Fourier-transform infrared spectroscopy (FT-IR) to verify amide and benzimidazole bond
formations with shifts indicating Ru integration, Brunauer-Emmett-Teller (BET) analysis to reveal the
increased specific surface areas (22.5 m?/g for Ru-COF vs. 17.2 m?/g for COF), and scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) mapping to show uniform distribution of
C, N, O, and Ru elements in a dense layered morphology. SERS performance is evaluated using methylene blue
(MB) as a probe molecule on a Renishaw InVia Raman spectrometer (514.5 nm excitation, 40 mW power, 10 s
exposure), with additional tests on 4-mercaptobenzoic acid (4-MBA) for universality assessment. Enhancement
mechanisms are analyzed through energy level alignments, with Ru-COF’s HOMO/LUMO at -0.95 eV/
—1.12 eV (vs. vacuum) facilitating hole-injection charge transfer to MB’s levels (—2.34 eV /—4.15 V), enhancing
polarizability derivatives and Raman cross-sections via Herzberg-Teller coupling. The results demonstrate that
Ru-COF exhibits superior SERS activity compared with pure COF and Ag-COF. For MB detection, the

characteristic peak at 1624 cm™ shows an analytical enhancement factor (EF) of 1.83 x 101 calculated from
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normalized intensities and molecular densities, which far exceeds COF’s performance. Concentration-dependent
spectra reveal a linear response from 102 to 103 mol/L (R? = 0.997), with a limit of detection (LOD, S/N = 3)
of 4.16 x 1072 mol/L. Signal reproducibility is excellent, with a relative standard deviation (RSD) of 3.41% across
10 random spots. Cycling tests (5 repetitions) retain 90.2% of initial intensity, and long-term stability
assessment shows 85.7% signal retention after four-months of air exposure. For 4-MBA, non-resonant
enhancement yields an LOD of 10 2 mol/L, dominated by CM via interfacial coordination and w-7 interactions.
In complex matrices such as tap and river water, Ru-COF maintains LODs of 5.2 x 102 mol/L and 6.8 X
10 2 mol/L, respectively, with 91% signal retention after five cycles, demonstrating robust anti-interference
against ions (e.g., Cl", SO3™ ) and organic impurities, attributed to the hydrophobic porous structure and stable
Ru coordination. In conclusion, the Ru-COF composite represents a breakthrough in SERS substrate design by
achieving ultrasensitive detection through EM-CM synergy, with key physical outcomes including high EF, sub-
picomolar LLODs, and exceptional spatiotemporal stability. This work provides a novel paradigm for metal-
embedded COFs in plasmonic sensing and lays the groundwork for practical applications in environmental
monitoring, food safety, and biomedical diagnostics.
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