552 %5 12 1] if B O % W

=0 Vol. 52, No. 12
2024 % 12 H

JOURNAL OF THE CHINESE CERAMIC SOCIETY December, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240224

& B A HRES AR AL 2 I B B 1 R TR B R

HYEL B RYF OB OBRES R B ERE, MEE

(1. RN T RY, ERBFEFMAERE SRS, R 430070, FE; 2. LEZEKEMEERSES TR,
TR IS SR SR E TG, Bl 200240, HE; 3. BURBRRZMMESEMRIE R, BIRE DK-9220, F1E;
4, il R TR e TR AR ATRE, 174 Fil 528400, HE,; 5.4 ERE m eI AT, bR FE RN E,

JE3 100049, A E)

W E: ENEBAVMELRRIEN TE, WaReisE 2L ZIPE S LHEA T TS, BA Ry G % —
RYVHAFFIIERE . GBS T B R S BE WM BTG, 8 B AR B (T S M i b & A S B R IR
28 M 5 I A 2R M A A, BIVR A 48 17 UR08 3B X b Zn,_Cox(C3H3N,), (Zny_4Co,-ZIF-4) 5% 5 3E S AH (HDA)
Al Zn,Coy(C3H3N2)1 75(C7H35N2)o 25 (an,XCOX-ZIF—62)i§ﬁE‘?—*T*—Vq‘r\iﬂii%‘(MQG) i) Tg’ RIS HCAAR) Zny (Co,-ZIF-62 MQG ib)
T, B8 THHA B —BCARN Zn, Cox-ZIF-4 HDA 1) Tyo IR G481 AR B (AT mad AT LG, R L5 PR C 4K
Zn,Co,-ZIF-4 FFEMLL, RATR Zn)Cox-ZIF-62 FHEF (AT max H iy H T AR ATEIS AL AL, RIS 45 & 2 U
SEAGRE 43 A bR B LA DU TR S5 S B0, AR TARMNT T Zn, «Coy-ZIF-4 Hl Zn, (Co,-ZIF-62 FEFSAFE AR B AR A 48 5

RSN BR FEE B2 S P 8 R R 2R

SRHEIR): WhATORMENS B 20 B DU IRE SR SN BRI Mok
NERS: 0454-5648(2024)12-3673-12

FESHES: TO64l  CERER: A
4% H AR AFiE) : 2024-11-18

A KPS B AR ZIF) M B — R 5 A 4528
A& B A LR ZE(MOF)MRE, FLE5H I AR ZH 1 7T
R ESJETOE T M (Fe. Cov Zn 55) 5 IKMELH
B (Im, C3H3Ny ) S HATA Y I8 i e fr B FE T 1k
IIMN,IPY AN, IR, {8 MOF BB —A
EETAER, ZIF B e b RoRPIL R S fk
SO T R R TN R ThRE. BhAh, T
ZIF 453 vl R A S5 BRI RE i, w] LA ek
AMCAR B 438 19 i, FEA AR ZIF JE AR 25 1) ) L il
B, X ZIF BRI A RO 2 M R S A T A
M AT CASZ I B — 414y ZIF sk LASTEL R dus o i AN
hfk. BIUIFE Zn(Im),_o(bIm), F1, BEE BRI ke
P B F-(bIm, C7HsNy )& =BG N, ARSI 3B 1) B 5
AR (T . 5 bim & & FAKM
Zn(Im), o(bIm), (n 7 0.05 5% 0.17)BEF4AH L, n 4 0.35
(1) Zn(Im),_n(bIm)y 3552 I HH A0S 0 T 05 A4 R Bt

WA E I 2024-03-19. BT H#: 2024-05-08.
HEETH: EREARMFES (22175135); T RG-S B H IR
FIHE ARSI H (2022A1515010312)
HEF: HTB0995—), &, HLwiid.
WAEEE: WIEM0973—), B, #it, .
B OHk(1992—), B, .

B 154, RIIAE] 90% 1 TR 4 ~F- 1l W B 7 i 75 14
i1 KL, S Co™ B4 B4R Zn™, AT LASEHLIR
SR ZnyCoy(Im); s(bIm)os (x = 0+ 0.1 il 0.5) 358
FEFR LT AR SR e 5 R e, I BBEF Co™ IRIER)
H4hn, Zn;—Cox(Tm); 7(bIm)o 3 JH5 1) K S50 B 15 7 3
9, H T, thAg Frigmll. SR, HATHE SR ZIF
PRI R AR A B S AR N 2 b

wilt, ARPBIAIRIE T ZIF 3R RS & E T
SN, IR SR TR, ZIF B
BHE) Ty SEPERUR A FEL AL, 2N 5 T3
5 BV A T AR 3508 LE AR AL o TEATL B 38 A (VR
G AR BUSL, Fa — Tl I 28 T B 5 38 T4 o —
T D) 268 T2 Fsd A 5 - EDUA N, 3B 3 1) AR L 12 )t v 25
TP 7oA o MR e AR S, B W 22
B mZERBEN ", BRT, R TR BRRS
TV AR S80S ) 25 R S O A B 2 i e, i A

Received date: 2024-03-19. Revised date: 2024-05-08.

First author: DU Zijuan (1995-), female, Doctoral candidate.

E-mail: 219808 @whut.edu.cn

Correspondent author: TAO Haizheng (1973—), male, Ph.D., Professor.
GE Xuan (1992-), male, Ph.D.

E-mail: thz@whut.edu.cn; xuge@bio.aau.dk



. 3674 - (RERR Sh2230)

J Chin Ceram Soc, 2024, 52(12): 3673-3684

2024 4F

R A 28 T AR 22 1) 58 5 T 5] DX 268 A 1 K 3 it
(170 T T BB AT ZIF 388, HLa5Mks
P 2 AR T R 2 B AR ELVE P AR R 200
X 5 4% Gi A ALY BB B TR B T AR RN A BT AS
M. KT ZIF BEES IR & 48 1 S RN B R0
VL A R R % . flln, ZIF BERsss iR
A RCARFIR A S8 s L RAELE, X ez 1 i 4
PERE IR DL AR I S5 RS I . BT HZ IR,
PR R ZIF BEF IR A &8 1 AN 5 HEd ik
WAL R, AT AZ U5 ZIF 338
(1) 2546 15 T RE G BRFE BLBT (1 AR, R T IR N PR 3%
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1.2 ZIF @A FMIEEaH &

K HIVAFIHEH 45 Zny (Cox-ZIF-4 F AP 12k,
FHE n(Zn>+Co™) : ndmH) = 1.0 : 3.3 [ABE/RELHR
00 0.45 g ImH, R4 Co JEMIHILEEE/REL x =04 0.1,
0.2.0.4.0.6.0.8.1.0, 73 AIFREL Zn 5 Zn(NOs),'6H,0
M Co Y5 Co(NO3),6H,0. ¥ Zn(NOs),-6H,O Al
Co(NOs),'6H,0 ¥ fR#{ESEA 45 mL DMF 1) 100 mL
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PREGE R Zn, (Cox-ZIF-4 fifky R, B TH4H
W, PR IR CE AE NETZSCH A =) A= 1 5
4 STA 449 F1 I ZE~A#ER(DSO)F, FE&EA
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Zn-ZIF-4 MQG HJ#il#& T T FREUE &1
Zn-ZIF-4 @R, B THamd, Pl
BYEDSC H, TEEAMASA (40 mL/min) &1 T,
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B 61 (ICP-OES)S 28 7

R Varian & 7] 42 7= 1] Cary 50 B4 40a] WLy
HHETH(UV-Vis)X} Zn;_Cox-ZIF-62 FEF 1) Co &
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REEA % T 1.0 : 33, ¥/ T 42 Ak
[(Zn+Co)/(Im+bIm), | H [ BE/R LG 1: 2, FrLAAS 2
FRARIA E FE Co RS SMAL R, i3
M-FEELPRI Co & EAMAC, LG IH I
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1.0 L ™ Zn,_Co -ZIF-4 crystals
@ 7Zn,_Co -ZIF-62 crystals

0.6

041

Measured molar ratio R

02r

0.0r

0.0 0.2 0.4 0.6 0.8 1.0
Experimental molar ratio x

Note: R is measured molar ratio of Co and Co+Zn; X is experimental molar
ratio of Co and Co+Zn; R relative error of Zn; yCox-ZIF-4 crystals obtained
by ICP-OES test is about 1%, and the R relative error of Zn; xCoy-ZIF-62
crystals obtained by UV-Vis test is about 5%—10%.

Kl 1 Zn_Cox-ZIF-4 Fl Zn  Cox-ZIF-62 A i1E i i
AR 21 Co BB E 5 Cot+Zn B A HUE
Fig. 1 Molar ratio of the amount of Co used and tested in the
synthesis of Zn; ,Cox-ZIF-4 and Zn; ,Co,-ZIF-62

crystals to total amount of Co+Zn

TEEFIRR NS R, Bl T FRIER,
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IR 7 25 At 2, HsRrss i1 U8 A
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E m R T X
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AP, T Zny (Cox-ZIF-4 HDA ] T, )
BT Zn) «Cox-ZIF-4 MQG 1) T, f421L
VSKE

Intensity

Zn-ZIF-4 MQG

20/(%)
(a) XRD pattern of Zn-ZIF-4 MQG

"""-""""""""""-'"-'[""—100
Endo

—90°\o
=
=z s g
Q
= 80 &
% | Zn-ZIF-4 MQG P
Q <
= >

470

T,=304 C
160

1 1 1 1 1 1
100 150 200 250 300 350 400 450
7/C
(b) DSC upscan curve of Zn-ZIF-4 MQG

(c) SEM image of Zn-ZIF-4 MQG

Note: Zn-ZIF-4 MQG is Zn-ZIF-4 melt-quenched glass; T, is glass transition

temperature.

2 Zn-ZIF-4 [Zn(Im),] MQG [H#HH. T, I
Fig.2 Phase, T, and morphology of Zn-ZIF-4 [Zn(Im),] MQG
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Zn-ZIF-62 MQG (T;=326 C)# T Zn-ZIF-4 HDA
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H Zny «Cox-ZIF-4 HDA [1] T, 35 H A 1) FE 2R D
B, KR TR A SR SN AR ED . X
Zn; Cox-ZIF-4 HDA, )\ R=0 | R=1, } T, M 295 C
F#fkH) 282 °C, BJ Zn-ZIF-4 HDA (¥ T, bt Co-ZIF-4
HDA ] T, 5 13 C B &5 b i & 2 1B IG, ZIF-4
BEIH) Ty 2 PR . X T Zny «Coy-ZIF-62, Hi
— Zn &JEIT A ZIF-62 MQG 1 T, N 326 C, 5
L Co 1EN&: &1 551 ZIF-62 MQG ) T, (324 C)
FZEMNA 2°C, ZHAK. B2 FP ZIF FIM T,
B R BRI AR, (HRTE Zn «Coy-ZIF-62
MQG 1, T, AZBEE R FSE I R FaC . B
EHAE, 24 Zny_Coy-ZIF-62 MQG ) Zn 4@ 5 /4
BetE Co BURET, JLEF R 29 0.08, Ty M 326 CK
fEFEZE 318 °C, RNIEMREA 8 °C. X RIGMNE 0.21
i, T, R 322°C. BE& B T Co™ &
AR Zn™, RIZETHIING 0.21), T, & B W A E
Uiy Epe st PN SER

330

326 C  (AT),=77C
R T i B
V3T I )

Vi A --"7 34T
P K i - - ¥
L \i o
320 {7301 °C R21C 3»IC
a1 318 °C Zn,_Co-ZIF-62 MQG
P 295 °C ,
2951 K (AT)pe=1 C

\,

. G VOSGN
200f 202 C ¢ T~

2000 ™~ .7~ < _ZmCoZIF4HDA
I 288C T S s
285 286°C T Ix
~N
S - <
00 02 04 06 08 10
R

Note: Error of the instrument in measuring temperature is +0.5 C.

K3 Zn,_Co,ZIF-4 HDA F1 Zn,_Coy-ZIF-62 MQG T, Fifi
R 281k ith 42
Fig. 3 Molar ratio R dependence of T, for Zn, ,Co,-ZIF-4
HDA and Zn,_,Coy-ZIF-62 MQG

XtF Zn,_Coy-ZIF-4 Fl Zn, «Coy-ZIF-62 B3,
REEET X T, B & AFHE, b H
(AT max #2718 ZIF BEHE IR G 4 8 19 s S5 B, R
T, LR A 48 1 RO i 25 B4 A B AL 1) e K 3
. W 3 aJLLEH, Zn ,Coy-ZIF-62 MQG ]
(ATmax 29 7 °C, HIAELA T R=0.08 HIR G )R
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respectively.
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Extended Abstract

Introduction Zeolitic imidazolate framework (ZIF) material is a subset of metal-organic framework (MOF) materials with a
structure similar to zeolite. Its basic structural unit is the [MN,] tetrahedron formed by the coordination bond between transition metal
center ions M (Co, Zn, etc.) and imidazole anions (Im, C;H3;N, ) and their derivatives. Among them, ZIF-62
[Zn(C3H;Ny),-n(C7HsN,),] and ZIF-4 [Zn(CsH3N,),] crystals can melt and form glasses before decomposition, which are widely used
as basic research objects for MOF vitrification. For ZIF-62 and ZIF-4 glasses, changes in metal nodes can cause changes in the local
coordination structure, including bond length and tetrahedral symmetry. This could further result in non-linear variations in properties
such as glass transition temperature (T,), which is known as a mixed-metal node effect. The impact of the coexistence of mixed
ligands and metal nodes in ZIF structure on thermal properties and their structural origins is not elucidated. Therefore, a further
exploration of the node metal mixing effect in ZIF glasses and its dependence on the ligand composition and structure can provide
some insights into the relationship between the structure and performances of multi-component ZIF glasses. It is also of great
significance to clarify the mixed former effect in inorganic glass and develop novel functional MOF glasses. In this study, the effect of
ligand changes on the central metal node content and T, of ZIF-4 and ZIF-62 glasses were discussed. In addition, the structural origin
about the difference in mixed-metal node effect strength [(AT,)ma] between ZIF-4 glass and ZIF-62 glass was also analyzed.

Methods ZIF-4/62 crystals and ZIF-4/62 melt-quenched glass (MQG) were prepared by solvothermal and melt-quenching methods,
respectively. The Zn; (Co,-ZIF-4 high-density amorphous phase (HDA) was prepared by differential scanning calorimetry
instruments. The cobalt contents of bimetallic ZIF-4 samples were characterized by inductively coupled plasma-optical emission
spectroscopy. The cobalt contents in bimetallic ZIF-62 samples were determined by ultraviolet-visible spectroscopy. The atomic
structures of Zn-ZIF-4 MQG and Zn-ZIF-62 MQG were characterized by high energy synchrotron X-ray diffraction measurements.
The total scattering structure factor S(Q) and pair distribution function g(r) were calculated based on the diffraction data. The in-house
written code developed was used to calculate the structural parameters of MQG, i.e., the partial pair distribution functions of atom
pairs, simulated total structure factor, [ZnN,] tetrahedral order parameter (TOP), and Zn-N bond length distortion degree.

Results and discussion According to the results of elemental analysis, the measured cobalt molar ratio (R) in the ZIF-4 and ZIF-62
crystals is lower than the initial one (X). Compared with the single-ligand ZIF-4 crystals, R in the mixed-ligand ZIF-62 crystals is
closer to X. This is due to the different coordination reaction rates between different metal ions and ligands. Also, the T, of the
mixed-ligand ZIF-62 MQG is higher than that of the single-ligand ZIF-4 HDA. For instance, the T, of Zn-ZIF-62 MQG is 31 C
higher than that of Zn-ZIF-4 HDA, and the T, of Co-ZIF-62 MQG is 42 “C higher than that of Co-ZIF-4 HDA. These phenomena can
be due to the presence of the bIm (C;H;sN, ) ligand in ZIF-62 MQG. Based on the nonlinear variation of T, with R, the mixed-metal
node effect strength [(ATy)max] of ZIF-62 MQG is greater than that of ZIF-4 HDA. Specifically, the (ATy)max of ZIF-62 MQG is 7 C,
which is greater than the (ATy)max of about 1 C for ZIF-4 HDA.

The comparison in total scattering structure factors S(Q) shows that the intensity of the first sharp diffraction peak in Zn-ZIF-4
MQG is slightly greater than that of Zn-ZIF-62 MQG. Moreover, from the comparison in pair distribution functions g(r), the full
width at half maximum of the peaks for Zn-N; and Zn-C atomic connections in the coordination tetrahedron of ZIF-62 MQG are
broader, compared to ZIF-4 MQG. The simulations reveal that the TOP (tetrahedral order parameter) value of ZIF-62 MQG is slightly
lower than that of ZIF-4 MQG. Also, the Zn—N bond length distortion degree for ZIF-62 MQG is higher than that for ZIF-4 MQG.
Based on the results, the coordination tetrahedron units of Zn-ZIF-62 MQG may exhibit a higher disordered degree, compared to
Zn-ZIF-4 MQG, implying greater structural flexibility and sensitivity of ZIF-62 glass when the central Zn ion is substituted by other
metal ions in the structure. This indicates that the higher (AT,)ma on the T, of ZIF-62 glass is due to the presence of mixed ligand (Im
and bIm).

Conclusions Based on the solvothermal reaction mechanism of ZIF crystals, a faster reaction rate of Zn®" with ligands to form



+ 3684 - CTERR 240D J Chin Ceram Soc, 2024, 52(12): 3673-3684 2024 4

complexes and a higher stability of the Zn*'-ligand coordination tetrahedra result in Zn>" participating more rapidly in the formation
of the ZIF network, thus leading to a lower R. Additionally, the stronger electron-donating property of the blm ligand increases the
coordination reaction rate of Co”’, leading to a higher R value in mixed-ligand ZIF-62, compared to that of single-ligand ZIF-4
crystals. According to the temperature-dependent topological constraint theory, the blm increases both the number and strength of
topological constraints in the ZIF-62 glass structure. As a result, the T, of ZIF-62 glass is higher than that of ZIF-4 glass. The atomic
arrangement in the [ZnN,] tetrahedra of Zn-ZIF-62 MQG has a higher disordered degree, compared to that of Zn-ZIF-4 MQG. This
can be attributed to the steric hindrance and stronger electron-donating ability of the blm ligand in the Zn-ZIF-62 MQG. The higher
disordered degree of tetrahedra indicates that the local coordination structure around the Zn metal nodes in Zn-ZIF-62 MQG is more
susceptible to the influence of substituted Co nodes, thus enhancing the mixed-metal node effect on the T, of Zn-ZIF-62 MQG.
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