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IS T TR N RN 2 N1 B TR
2, fH R I B8 I 21 () 4 B Al i 5 - A 5 2
HLIR P ARON 52 45 T e S FLAR (20 2 nm). BF T8 R
B, JEId 5 A M EIGE Ak T DR S Y
A EAEH, MmRTH AT, RN LR
BREIN, REEfTAEYEERI L 15 W/(mK)
(PO e A T A R 03, A, @I 51 NFEE B RE
FHREAT 5 R TS, nORS B 4% 5 1 13
HHAE, SCHLEVE S E e, X segh %
B, COFs{EA#uE FA kI B K1 S H
JJUSL SR, A v BB B T AR AR,
COFs [ #E A ZILAE . 4r AR L5 Tk
SERLEI RS, TS5 R s mmel,
DA Ko 0 T # AL B AT R ) s i AT sk = & G0 M T
T,

AT FE R = 3L 0] 2K =Wy (Tp) A1 5,5"- &
H-2,2- BRI E (Bpy) fE K IE W 46 6 I B AT 2] T
-1 475 Jig 3% 42 (1) 2D-COFs ¥ K (TpBpy), 357
F AN 5 A AN R B T S R e T 4 R -
AHLECALAH EAE AT B R, [FRBEMN
TpBpy-Cu 5 TpBpy-Ni. 5256 K I, &85 71
FINER 56 VLB 2L ECALAE R TR R 3
BORRRE, NI 35 A R - 254 Ll &R
Gu %52 LA ANF dFUE iR B 48 & 75
R LAV SRR IR R, B34
J& B i L d PE S A LB B0 e A7 B
FoH 7 BIREE, DL N R S st 7 A
FJR S TR0 BRI, AR T
PRENES, IMIRTE T AR L SR . vt
SYEREME TR, AL TpBpy #y K JE I G =
H1.69 W/(m'K), &8BR08EndE—Pitn
1.79 W/(m-K). AW Fiah R0, Jdad & ik
454 1S COFs MR F 4544, AT A R0 5 A4
$3, N T4E COFs 16 #AVE B PRL ATk 1 37 FH 32
BT R TSR
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1.1 FEER

2,4,6-= L5 [A] 28 = Wy (Tp) M4 T b Bl oz
THEARE B ARAF, 5,5- % 3E-2,2- Kt
WE (Bpy) HH 1L R BHE A4 AT PR A Rl HE i, oK
1B A (CuCL) FI AL R (NICL) 1 _E 22 ma kA= Ak Bl
B A IR A R R

1.2 H&EEE
1.2.1 TpBpy Kl %

TpBpy-COF i it /K & A 5% il 4 . TpBpy-
COF i /K R M T4 A RPN (E 1(a)). B
EEEAEAN R« ¥ Tp (0.6 mmol, 129 mg)5 Bpy
(0.9 mmol, 171 mg) H ¥ il T 5 B2 (4 mL) A1
aiK(4 mL)PRA TR T, o 5%
i IREJEEREE FRMNT2h G, BN =4 LA
9000 r/min &5/0> 43 B, FF A8 B 2l K e v 3 IR
BHE BB ETEIRA . s E A= Y7E 60 °CHit
R T EEUNEE, ARS8 2 (4 TpBpy-COF
WA .

122 WES)E S 171575 TpBpy

FREL 50 mg CuCl, T B0 1, A 50 mL
HAliK, IR AL 10 min L3RS 5040 B
1 mg/mL CuCL & ¥ . B J5, +4 30 mg T /& 1
TpBpy ¥ K I 20 mL CuCL V&R T, LB HE
NS h, RS, L9000 r/min B0 53 25 7=
Y, FEREAT 3 IRV, BRIRESL 15 min J5 i E
S5min, BELZEVERDVE. R4, KHTFE AL
60 °CHEFE T2/, £33 TpBpy-Cu 724 .
KR T, Al TpBpy-Ni.

123 FAGHUR B 5 ) 2%

DT RO N BHE(LFA) R BE L — 1k 3R
THI P38 i T B e PR TR P A R, ARHE 90K
2 A R T2 H) 4 COF # F RE i . HAREREn
T ¥EE COF M AR AJHEA T HAR N 12 mm
1 F3h A WL i e, 38 3 DY A R HIL R
20 MPa JE /3 AR K 5 min, AE0R) A 78 40 R Ry
F WCH R T, A T ) el v [ S
£ N JE P SR . B S, R AE 60 °C
FATHEE12 h, DAERBRIRB K 7 KAk B, I
EVHE 1E A5 S W A 58 J2 DAL St THD B2 o #4
BH . Fx 2%, FEELTE 60 °CHER %47 6 h, DAfREE
PR X A 1
1.3 Wik 5 R4
1.3.1 255 HSRAE

X AT S (XRD)FE DX-2700B (P} 4 15 764X
AARA R B, TAEHRE30kV. TIE
HL 20 mA 26440 T kAT, B %M R 0.02°, H
FHIEEEN 5 (°)/min, TGN 2°~35° (20). F4
L 5 75 8% (SEM) M %% 14 F Navo NanoSEM450
(FEI, S&[E)ACRE, 5 B-F RS TR 6 R,
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Fig. 1 (a) The schematic illustration of TpBpy and TpBpy-M synthesis; XRD patterns (b), FTIR spectra (c) and XPS full
spectra (d) of TpBpy and TpBpy-M; (e, f) SEM of TpBpy-M (M = Cu?*, Ni?").

W% 4 Kb B 5 AT RIS . (8 B R R 4T A Ok
(ETIR) Ml i ¥ F§ NICOLET 6700 (Thermo Fisher
Scientific, & B S, WMk FE Fl 4 4000~
650 cm™, i 8, BEIEFE N 03165 cm/s,
JEIHE EAT 69 pm, WSS REA BB FE LA 5 LA
B R (%) B . XS T RE 1 (XPS) M 72
Thermo Scientific K-Alpha (Thermo Fisher Scientific,
FENESE EIRMS, JeBE RS 400 pm, AT 22 H
MomA, TAERE12kV, 2@ 150eV,
B 1ev, FikHHHEAES0ev, K016V,
SIS B4 18 1T Avantage FR1F Ab FE IF 34T 3 04
4. e R (B X ST 2R 1% (EDS) 3 T /£ Octane Elect
Super (EDAX)f %% b 58 % .
132 JEiERAE

28 4h=1] WL (UV-Vis) 1 S 35 6 1% (UV-Vis
Diffuse Reflectance Spectroscopy)fE UV2100 (i
0% 0 = B RSN YA w1 = P 7w 3 SR |

4200~800 nm. F 25 M WA IE LLAM G OE i
(steady-state and time-resolved NIR microfluorescence)
1t Fluorolog-3 ( g R ZEAX 2 PR A w5 ik
T, WG KT 240~650 nm, UK 6
M B0 1200, PR D9 500 nm; A 5%
FERABRBAFAF NS, KEHOEME N
100, AR K 450 nm. HLF I L% (EPR) I i
{i Fi Bruker EMXplus X-band 1 #%, £ &8 K 7
BT A BRI b, WA B 9.86
GHz, WiEZh=2.00 mW.
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Hrr, o NBYEURE, AN mmYs; LINFE G
JERE, AN mm; tl/zi'ﬂﬁéﬂ'%liﬂ‘l‘ﬂ, LA s, 5
Oy SEEBH: IR 250~260 V, ik g E 1400~
1500 ns, A IEFL 14 mm2, ERERE 18000 ms.
W A s Z I E I (DSC) 2 MRS Bh T A
% | F 77 1) Flash DSC2+{X 28 Et . 2
HEE A 500 (a- ALO)E AFRUEM T, 4% 118
25 4 4 9 (blank), 5 A bR dE RE S A A
(sapphire) 1 COFs #¥ /it 314 (sample) [ )i /77 I .
I LR S A RS S R LA

(Dsampte = Dolank )
Cp = D S D = X Cp,sapphire @)
( sapphire blank )

Hdr, D (mW/mg) N & M EE) #UR A5 5,
Csapphire NI FATHIELHE,  BALY 1/(gK).
PSRN Z LT A 153
k=axpxC, 3)
Ha, « NHFEWmK), a ¥ 8 R
(mm?s), p%RE(g/em’), C,HLMEI/(gK)).
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2.1 COFs REEREZBRITEMBIREHRIE

XRD E 3 (B 1(b)) 7R, AE TpBpy #kHE
B KA K. TpBpy £ 20=3.3°. 5.9°A
26.8° K0 LG FIATE I, 23 % RL(100) (200)
i (A7 DA S 4 J2 [A] - HEZ (001) A 1HT, 3R PA
COF BLINTE s BE 45 dh ) 425 . S N &8 &
FJ5, TpBpy-Cufl TpBpy-Ni FIAT 40647 K 535 5
) 5L TpBpy fRFF—5, &Y Cu> MINi> 5%
KBS A AL, Y B 2R e r-n 1)
WS RFFERE, MK EG PR Z B R
AL

WK 1(c)fn, FTIRJGEE SR, TpBpy 3
B BRI S B S T8R0T 5 R R e .
J B Tp o ) —CHO 1 45 2 2/ (1635 em™) [ Bpy
) —NH, 45 3R 31(3200 cm™, X&) #E COF
A TE S, [FE I C— N 4R 515 (1225 cm™)
K & = i C=0 %F 1iF % (1558 cm™), *F B
TpBpy-COF i i H. A48 7 44 e Dh A4 2 1 F2 € 1 B-
il Jiie 25 14 . 7E 42 J& 85 1 5 2% J5 1) TpBpy-Cu
TpBpy-Ni J6 it A, I 2 5 g W Uk I 1 47 B 5 5
FEY AR B AR, FW Cu BN 5] N A
N COF [y A2 4540, M OCH Re A J B4k 43
T EHHERFFEEE.

Wil 1(d) ) XPS 4 3% 73 #r .78, TpBpy-Cu
F1 TpBpy-Ni £ i 71 35 tH LB 2 (1) 4 J& RR AR
S HXF R Cu AN, RIIEEE T O RIhTIA
COF % . & @554, HRouxmmigigs &
5RB% TpBpy S A — 5L, $enfEd BBl
HRPRH A A IR SRR RS O, R R
Ak

SEM (Kl 1(e) 1 1(f)) &7, AME TpBpy Hi
K/ PNHOREFRDIR B e SR AR 1M R, SR TR B
fLBRFE . EDS /i #frit— 2R W], Cu> MNP 7E
COF h 3 Aity s, KRB E £ EE, iF
&8 BT AR B4, 1 BAEMEME R
FERasE | iXsesh B 5 XPS & FTIR 40 #r — 8, #
B8 & T 10 51 N RIS COF A Bou 45 14 A —
HeRELE, S ERRBIRF T, RIS 17
Bk,

XPS mirF it — PR T B AR E TR
TE2E3R5E . TpBpy HIN 1s A5 413 (K 2(a))7E 399.83
H1398.61 eV Ab H I AU, J3 il % . B-l [ 25 #4)
W) —C—NH—C— f2 AL BEER | ] —C=N—
C—%, R COF 5 42 &R 7 140 5 2 555375 Wi
AlHE. BB 5% )5, TpBpy-Cu Ml TpBpy-Ni
FIN 1s 1% P (B 2(b) AT 2(c)) 7 17 BE 5L P AiE U4 )
[ B BT A0, VRS T Cu Bl Ni2* 5 BRI IE 21
RIRTFHECAIERH, RALSEST ORI E
COF AL AL £ . Cu 2p 1 (K 2(d)) & 7% Cu 2py
W& £7F 954.58 eV, Cu 2ps,l&fiT-934.78 eV, it
— I A Cu A7 1E . TpBpy-Ni [ Ni 2p i
(B 2(e))7E £ 855 eV Ab H B -y Ni2 RR(E U, #
B B T [FIRE R Th B 4% . MR &, XPS 45 1A
OESE T Cu> MINZ I 5IN, R T &R ST
HECAEE A ECALIE, IF5 FTIR X SEM/EDS
AL R —5, BN COF B 2 {7 5 5 H 45 0
FaE, NIGEH TSR S RAL T AT
SERIAPREA
22 BFBEXCOFHEFE5EFLEHIEM

R T 4 SR A5 40 COFs B 28 1~ 45 149 [
EAER, XAE TpBpy M 4284544 COFs 47 T
A0 nl WO (B 3(a)). ARAIE TpBpy 1E
300~350 55 450~600 nm i3 Bl P B 2 ZLRFAEW
M, B JE T2 8] r-n SEHE AT DA K T P R 28
PRI RNBTRRIE. SINEEETE, &
W Ve A7 BB 5 e B 35 SR A HE R D S AR R AR
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Fig. 2 N 1s XPS spectra of (a) TpBpy, (b) TpBpy-Cu, (c) TpBpy-Ni; (d) Cu 2p region of TpBpy-Cu; (e) Ni 2p of TpBpy-Ni.

1.0

(®)
0.8+
%* > 0.6
: z
K 2 L
K| E 0.4
02}
300 400 500 600 700 1.9
Wavelength (nm)
© (d)
2 z
g g
k= =
TpBpy-Ni

TpBpy-Cu

300 400

500

600 600 7

Wavelength (nm)

00 800 900 1000
Wavelength (nm)

Fig. 3 (a) UV-Vis DRS spectra, (b) Tauc curves, (c) excitation spectra, and (d) emission spectra of TpBpy, TpBpy-Cu and

TpBpy-Ni.
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. Hrf, TpBpy-Cu ¥ )2 B BRIE W IS i A 21
%, T TpBpy-Ni IR H BE K2, KK
N2 R 48 HL - B SRR P ) TR A S0 S B X L R
TpBpy-Cu [1) T P R XL W Y UG 58 Ji 38 58, 1fi
TpBpy-Ni [0 SR WIS, 1568 Cu? 5 Ni2* )
TpBpy & ZEA R4 FE L0 v 450 B 2 Al if
EAEA.
WA L1 B Taue 7 REREA TR & 2047 -
(ahv)' = C(hv - E,) 4)
[, SR o RO ARG L=
HEAT Tauc #U &5 1 N B 50 £ (h=4.136x10715
eVes); v M THIER, BAAHz: n NHFERIT
FREFE (BRI n=2); C A S5FHRIAHSEM
WHL E NG BR(eV). tFE A R EOR, AIE
TpBpy [ Bl E, 9 2.15 eV, 1fii TpBpy-Cu 5
TpBpy-Ni (065717 B 70 70 2.14 F12.16 eV (K3
(b)), RYIA[E] 4 8 B 1 Il A7 /E H % COFs &
BT T ERRE. EEETEdS
HRIERE N 71 o FALAE A, SRR =5
A, it 2B SRR R b ) o B R
B, AT S BT A A O . BRI S, Cu?t
Bk 5 R R T R AR /N SR ISCL LR, T
N> 45 44 DU 2 B th iy B sl 38 K S R Wi 5 4%
Vi 2 74 J& B 7 X TpBpy H: 804k & i) HL 4%
AR EZESR . K, Cu g NAF| T3
S AL R L B IRALSE,  ANTTR 7 IRAEAR R
(e (R I PR PR fe e, RIR IR AL
B B BRg . ML Z R, N2 AL JE B2 5 5
R HL T AR R AR, LR R
T AR A PRSI T E0ROh S+ Koy
BRI K . XA E RS 2 F SR BT AR T
B KR A7 34 B UIAE O . Cu?t (A By e 47
FE 5 R R UE AR S5 TR SRR, O 4R
ML AR BN 2 5 ek fe 7 254 M N2t (d8
F 20) U ) - T8 AR A A2 I BC AL BE, X 7
LR 3R I B SR S LSS . XPS &5 it — b
Bk 7 R H - g R A LS . i 2(a)~2(c) i
N, BFHB4)E, TpBpy-Cu 5 TpBpy-Ni F L
WE %I —C=N—C— FFfE I 45 & Be 40 0 v &2
398.65 F11398.67 eV. &5 & GE T+ =R W N JiE 7 J&
BT % RS, WHTE oA FEdr,  BRntne
N R ¥ [ 48 O3 (I 1, S VR
WERAENR . ZEREWEEE 15 TpBpy &

B2 WAFER TR GIER, 55471
UL WSt o R 5% 1 P s B AR A0 AN IR WS s B 4
2.

Nt — DR &R BT 15 445 TpBpy LT
SRR, N HEOROGIE AT T RE 0
(K 3(c)). 4 TpBpy 7E£ 400 55 550 nm A £ 2 4
HF S (R OR R AE U, 3 JE 2 1] - HERRURH G
1 = BEUR S DL THT A 7 Fe R0 0 & P I R S
BBOR S . 5IN Cu* 5 N5, 400 nm Ab ik 1%
SR TS, 1T 550 nm Ab A 6 ) A B B
2IFe, RWEBEALN COF 2 i 155
A5 R AT N A T EE . T A
RSB, BRUERE A7 25 &R B 1T o e A7
&, RSHBT R ERSAMN, SC8 T ERISTH A
TAZMMPRERR. HA, 400 nm UK WK
55t B J2 1] 7§01 B 8 AH Q1) v RE ORI R A2 3
G S = ) ey R e e DN =R 7 A A (D B e
B, W I 55 2 1) - 8 3 A0 R
B SR, 4 H O AR 7 i Y d BHUTE RS 1Y
SREIL T 5 AR AN Z R A EAE T, Al s AR
RASER Gl A m st s gk AE =, k)2 E
BRI L IEOR R B T R

FMILLZ R, 550 nm ¥k U ¥ 21 7% 35 WK A%
BRI — B RE, BB TFIRE R AR
. X — IR T H R T4 @ B A7 5 1H P 7 3L
ARPE A, — o, SRS T SRt
WE N 572 8] I8 Z2 A0 o 1 B 22 T B
T SRR, S TR T Y SRR R A R T RS
BEINESE: H—J7H, RS IRSI S TS
FEAESNAS S, NI PR A e 2 I R AR
HLff L R . IRILL, R R RO T AL AT B
HL - — i A A A REAE PR R B IR S, AR
PN 550 nm R U A K3 7 [RFS )

BEAk,  Cu2 5 Ni2AS [ (1 B F  Hh 2 i)
FOHEAR SR A2 R, Cu? (d°) T Jahn-
Teller B AR 24 N BE 5%, ERARAEGE 5 ol ey bk
TA, (HFEIRHE2 5] N TR Rk g w2 5 3
BT . X5 A 2 76— @ R FE AR T N
SEHEBRAR IR, I SRR A R A,
AT PR G BE B SO R A i — P R e . BRI,
C ' RBARFFRMB AR, HHEEST
NiZ B RIE R .

FIRGEREW, &8 BT X =4 COF i
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RAT NIRRT &R O G T4
F, 5 HFE S A RN R S A A 7 5
WY OG . o, N2 B ) TR T P AL
SRAES R SR E, 1 Cu N & 55 S Rk
HPSSEMWER, IS H AR
HIL AT N EZR . &85 FRAAMY
MU T TpBpy B 28 B BT B AT A, FIRE
BUR T T AS 5 R S AR IR Bl 2 (R A BV
Jix.

RGBT T SR S PGE RIS
LR TR AR MR RN R A E AT (A
3(d)). 76K A% 26 1(535 nm) ', TpBpy-Cu 5
TpBpy-Ni ¥ & 5 U 43 ) ¥ # 2 627 #1618 nm,
[F] o} #5 4% J5 COF's ¥ & 5 > 11 4% 58 (full width at
half maximum, FWHM)MHEA %, KHEEH
TRALG R R IOR SRR AT B INGEF, Rk
To T BEA BT B#A% . AH LG T 44 TpBpy, TpBpy-Cu
5 TpBpy-Ni R BLH /N s i i #, it
RH R 25 H 7t P R P 22 D7 R Al A e A
KEF WD KB TpBpy ., BT 4 ILHEE
B2 (A AE B 1 25 (R - i A A EAE T, e
WOR G BT 273 R E e RaN LB, A
M BB S S BRI G . fEX — I FR 3
REGEEZ AR KR EA R, FEH
L S RO R S A A U R G 2 e
B, PRI BRI v A % . R &
B RAE W i AT

he he
AE:Eex_Eem:T_i (5)
ex em

R, AE PRSI RER, AL AeV; E M
Een 73 MUK BE BRI RE(eV)s h A8 B e &
B(eV-s); ¢ NEZFHIHHE(=2.998x108 m-s™);
s T Ao 73 TN PR BTN RITIAS, BA7 9 nm.

MR SR I H i v 50115, TpBpy AT et
Wik R0 R R e R N 0.36 eV, UK
BHTIEIRFIESATE D 1R p) AR S 5d
F£ . # ¥ Franck-Condon JE L, HL ¥ BRIE R R
T e SO, 2R AEBUR WAL TR
BRANAS, BG5S = AR IR BN 5 ) IR
HIREIE R E RO, IUGER 73 1 Ae & DA
Aedm i T A S A ARE . UK B RE &R
HH TpBpy H A7 LR R 1) J2 1) 75 F AR A4 DL AR
B O S R B EL A

M2, &EE T35, TpBpy-Culy
TpBpy-Ni 1 {EF8 5t it 74 e & 73 7] FE K 2 0.05
0.02 eV, ViHHEBEAEEME TERBES
st TR I R P ) RE R FE BT Y . X R EE AP TG
WEAL S SR BRI S, HRREE TS
HH A, FEHGSR T N o SRR AR R S
FEIBAERL, IR A5 3 0 o I At A% Wi
. SUv R, S E R AR NI IR ) T R
R TR R s R R R A, (RS
A A B FRe T 22 sy, PR G v B hr 7 B
WK, TR EWEE— PR, SRS TR
PG R IIRANS A E NS —, WRESRE
EIHURE R A

HASVEE ML, TpBpy-Ni &I EL TpBpy-
Cu EARM SR RE &, Ui B N2 AL f5 ROk &S
PR FS E AAE FH BE 5 . IX T B N2 (&%) T R
BRI R e X 4 AP R R
FIE % 1 Cu?t (d°) B T Jahn-Teller M5 48 % v
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Research Article

Ion-doping-regulated Electron-phonon Coupling Behavior in
Two-dimensional Covalent Organic Frameworks and
Its Influence on Thermal Transport Mechanisms
Zi-han Tan, Sheng-yang Zhou", Zhong-ming Li

(State Key Laboratory of Advanced Polymer Materials, College of Materials Science and Engineering,
College of Polymer Science and Engineering, Sichuan University, Chengdu 610065)

Abstract Two-dimensional covalent organic frameworks (2D-COFs), featuring highly ordered crystalline porous

architectures and tailorable molecular structures, have attracted considerable attention in gas separation,

molecular adsorption, photocatalysis, and energy conversion. Despite extensive studies on their electronic and
ionic transport properties, the thermal transport behavior of 2D-COFs remains insufficiently understood. As a
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class of organic semiconducting porous polymers, the thermal conductivity of 2D-COFs is strongly correlated
with their electronic structures and phonon transport characteristics, in which electron-phonon coupling plays a
crucial role in governing lattice thermal transport. In this work, bipyridine-containing 2D-COFs were employed
as model systems to systematically investigate the influence of metal-ion doping with distinct d-orbital electronic
configurations on electron-phonon coupling behavior and thermal transport properties. The results demonstrated
that the introduced metal ions could effectively modulate the local electronic states and electron delocalization
through orbital hybridization between the metal d orbitals and the z -conjugated framework of the COFs.
Meanwhile, the coordinated metal centers acted as localized anchoring sites that restrict local vibrational degrees
of freedom of the framework, thereby suppressing electron-phonon coupling strength and reducing phonon
scattering arising from low-frequency lattice vibrations. Consequently, enhanced lattice thermal transport and
increased thermal conductivity were achieved. Furthermore, the differences in d-orbital electronic configurations
were found to induce distinct orbital coupling strengths and charge delocalization behaviors, which critically
determined the electron-phonon coupling characteristics and phonon transport efficiency. This study elucidates
the intrinsic relationship between electronic structure modulation and phonon transport in ion-doped 2D-COFs,
providing new insights into thermal transport mechanisms in crystalline organic porous materials. The findings
further establish an effective strategy for optimizing the thermal transport performance of 2D-COFs through
synergistic regulation of molecular structure and electronic states.

Keywords Two-dimensional covalent organic frameworks; Thermal transport; Metal-ion doping; Electron-
phonon coupling; Phonon transport



