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Porous Poly (ionic liquid )s-catalyzed Carbon Dioxide-promoted
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Abstract As one of the energy-intensive processes, the production of ethylene glycol with high selectivity from
ethylene oxide under low hydration ratios is a challenge in the industry. In this study, a series of porous poly (ionic
liquid) s with high specific surface area and macroporous structure were synthesized through free radical copoly-
merization of rigid ionic liquids and organic base monomers. The structure, microscopic morphology, and thermal
stability of the poly (ionic liquid) s were characterized by magic angle spinning nuclear magnetic resonance (MAS
NMR) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) , N,
physical adsorption-desorption, and thermogravimetric analysis (TGA). These poly (ionic liquid) s have a specific
surface area ranging from 100.9 m*/g to 374.7 m*/g, a pore volume ranging from 0.41 cm*/g to 0.86 cm*/g, with active
sites uniformly distributed within the porous structure. Porous poly (ionic liquid)s possessing both the active centers
of ionic liquids and organic bases could synergistically catalyze the CO,-promoted hydration of ethylene oxide. Under

a low hydration ratio of 1.5:1, high yield(96.5%) and selectivity (96.5%) of ethylene glycol are achieved, which are
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comparable to the corresponding homogeneous catalysts. The CO,-promoted catalysis alters the pathway of hydration

reaction, significantly reducing the hydration ratio and improving the selectivity of ethylene glycol. In addition, the
catalyst has good substrate applicability and recyclability, and it also shows good catalytic performance under the flue
gas atmosphere.

Keywords Ethylene glycol; Ethylene oxide; Porous poly(ionic liquid)s; CO,-promoted hydration reaction

O B FP IR AT B TSR, FESRERAE ™ | B URVBORITIE 1 70 S S A iz i . 2022
A, FRIE 2 TSRO 1345 70, T 2 2092 J7 g, g B KRR K. BT TR B A
TR CLE(EO) HHEK G, RO b2 R ml= P [ in—45 —. 2 — s (DEG) . —45 — . B¢
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N, (4l 99. 99%) W [ 344 (i) AL T Sl B A BR A Fl 5 CO, (4 99. 9% ) W H iR 5 % v ik
AN 4- 05N R (4 98%) W B i 8 B A BRA 7 5 1- )R FEK e (VIm, 2l
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Al A S TG (AIBN, 4l 99%) W [ ik 22 se AR ALRHERT BR A 5 SRR 28 (L1 99% )1 A
g AR BR A F ZFR TR R B . DI A R LR ke (DMF) , s3#rali, 1
H [E 25 82 FAL AR50 A BR A R . 3- M3k -1-(4- L@ HE 38 ) DR mR AR [ VBV Im |12 BESCRHK[ 21 1714l
25 (ASCIHHE R, HAZ RS & S1 TR (WA RHMER).

Avance NEO 400W B [ {4 T i 8 5 A% i 2L 4% 3 135 (MAS NMR) , 1% = Bruker 2 7] ; AVANCE 111
HD500 BRI REHAR LI, Hit-1 Bruker 23] 5 Sigma 300 4794 H 7 3345, 18 [ ZEISS 23 #] ; Quadrasorb
evo 4= H 2l HL F 10 M FLAR 43 HT A, 3E[E Quantachrome 23 /] 3 NEXUS670 {8 BL AR o 21T AN 5%, 38
Thermo Nicolet A H] ; TGA/DSC 3+FI#FE 43T (TGA) , Fii -+ Mettler Toledo 23 ] ; GC-2014 BRI S AH 05
IX[GC, DM-1701 T BN 354 (30 mx0. 53 mmx1. 0 pm) , ZUKIAE ALk gs |, HA S H A .
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AP AR 2 A LR A . DR WA P(VBVIMI-VIm)-1. 0 4], ¥ [VBVIm]I(3.382 ¢,
10 mmol) , DMF (5 mL) F1 VIm(0. 941 g, 10 mmol) KK A 50 mL P 1 B FELEIEH, 7EN,SR T, =
i R RIS 2 A ST TR A . BEJS N AIBN(0. 432 g, JRI34010%) , 1E80 ‘C R+t 24 h. S
5 E, I EERI N 2 e IS R A1, DABR 2R Ry 1 R RIS 4 5 #E 60 'CF 25 T2 h,
1B B S A i 4. 064 ¢, R 94%. K FAHRI A 5 il 46 7 R &+ 4& P(VBVImBr-VIm)-1. 0,
P(VBVImCI-VIm)-1. 0, P(VBVImI), P(VBVImI-VIm)-0. 5, P(VBVImI-VIm)-1. 5 fl P(VBVImI-4-VP)-1. 0
FIP(VIm).

122 COM B A CKEAA R [ R VYT MR AT AN G B4 S0 28 Fh AR A P(VBVImI-VIm) -
1.0(0. 432 g, FEIR3402%) . 7K(1.350 g,75 mmol) . A LLE(EO, 2.220 g, 50 mmol) , K50 283414,
WA 1.5 MPa CO,, 7110 'CF 3 h. WMEEHRG , ¥R R BRI, ZEHBRENSUR, BN
PR REIE5E R SN, S BB R AL AR, D AR IR, (SR G A g 2
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A KRBT, 2R EA MRS H B S a1 SR, A3 B FIR AR 2 i Z L4854 , i
PEILFA AT IR B 5 A C=C XU 1A HLAK . PHFR DI REIL A 2 A i BE51 R A, Hil4 Hh Z LR & Pk
(Scheme 1). FJH VIm 5 A [F] B &5+ 19 & F AR AR [ VBVIm X (X=I, Br, CO#&E/RIL1: LIRG, il
R & AR 20 P(VBVIMX-VIm)-1. 0; FH Vim F VBVImI AR LA (0. 5: 1, 1.5: 1) A, il
BB T WA AY 44 9 P(VBVImD)-0. 5 F1 P(VBVImI-VIm)-1. 5; FIJFHA [5G W08 4- 245 FERLRE (4-VP)
HEFWIARARVBVIm [T EE /R H 1 VIR G, il 4 19 3R 85 F W IR 44 2 P(VBVImI-4-VP)-1. 0; ]
MVim BB ERE, f&MREWa4 0 P(Vim); FIALVBVIm]T A B RE, Hl4&0RE T Rikma
P(VBVImI).
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Scheme 1 Schematic illustration of the synthetic procedure for poly(ionic liquid)s and P(VIm)
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K 1(B) 58 S3(WA S ZH5 5 B ) R, 781596 em™ &b (15 S 16018 T [ VBVIm I Y Z M 5 C=C 45
PR, MRS TR B AR IF RS B AL 5 50, X RIIIRC TR G . 163072 em ' AR IR
WA T 3R B PR TP R ER ) C—H AR 45 iR 312, 7 1648 em ™ b B WIS I J& T 38 3 F I A C=N
T2 MRS, 76 1165 em ' 2 AW )& T3 B R C—N A4k 5>, DL AR Bk — 25k
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Fig. 1 "C MAS NMR spectra of poly(ionic liquid)s and *C NMR spectra of [VBVIm]I, VIm and
4-VP(A), FTIR spectra of poly(ionic liquid)s , P(VIm) and [VBVIm]I(B) and TGA curves
of poly(ionic liquid)s and P(VIm)(C)

W A B S (SEM) 5T 1 P(VBVImI-VIm)-1. 0 (IR 50 . i & 2 (A) F(B) A I,
P(VBVImI-VIm)-1. 0 i3 i {1 A [7] K/ (50~160 nm) A Bk P 58 I 3E B e —i8, S PR 454 .
AN, TCEA ARG SR, A BUCELEP(VBVImI-VIm)-1. 0 3514505 (K 2(C)FI(D) ], X FW %+
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Fig. 2 SEM images(A, B) and elemental mapping images of N(C), I(D) of P(VBVImI-VIm)-1. 0

3o N, AR - 5t B S a6 3 T SR S IR Y e R T AR FLA LA LR A . R LTI, fEAR
VImHT, %‘é%%{@zﬁip(VBVImI)B’Jtt%%ﬁi\@m7m2/g>ﬂij:. ffi Vim L@ 0.5, 1.0, 1.5),
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R FWARP(VBVImMI-VIm)-n ] 1Y R RIFZETREAR, 730020 145.5, 106. 4 F1100. 9 m7g. XS H TFifi
 Vim S8 PN, WL SR 45 M B TR & FE R, AR AR Z LA . P(VIm) T F ARSI
SRR, H R 6.0 mYg. 1A [H] 2 BB 7 50K [H A ML 2 L3R B TR P(VBVImBr-
VIm)-1. 0, P(VBVImCI-VIm)-1. 0 L4} P(VBVImI-4-VP)-1. 0 () Fb & H 435124 107. 9, 107. 3 F1127.9
m%g, 5 P(VBVImI-VIm)-1. 0 f L& 1 AUAH T . R4 P(VBVImI-VIm)-1. 0 ¥ N, W 56 - Bt B 25 7R 28
7, TR S0 B A TV AR ZR R0 H3 B [I R, 2B B8 B 7RO 10 L B 2 ks HE BRI 7 1) e 4
fL; H P(VBVImI-V-Im)-1. 0 BFLAE 341 AT LB, FLAR 3 A1 7E 90 nm A2 47 e A, X B SR &+
WARJE T RAM B ST, WA SCZHER ). RN 2R EFRARRI L T AR RHE (K] S8~
BIS13, WASCZRGEE). Fra i R e iR A 240 OFL) S5 M R R L 3R R, 7R b Z A
PR3, AT R R B AR T b, SR PR BB A2 1 A TR B A e 7 s B i,
SE IR B i SIS (E AR — B, X RIS B IR A SR IR I (4 BE R EE B R A

Table 1 Surface area, pore volume and number of basic sites of poly(ionic liquid)s

Catalyst Surface area®/(m*-g™") Pore volume'/(cm®-g ") Number of basic sites”/(mmol- g)
P(VBVImI) 374.7 0.86 —
P(VBVImI-VIm)-0.5 145.5 0.57 1.26(1.30)
P(VBVImI-VIm)-1.0 106.4 0.61 2.24(2.31)
P(VBVImI-VIm)-1.5 100.9 0.59 3.13(3.13)

P(VIm) 6.0 0.01 10.63(10.63)
P(VBVImBr-VIm)-1.0 107.9 0.41 2.44(2.60)
P(VBVImCI-VIm)-1.0 107.3 0.46 2.60(2.93)
P(VBVImI-4-VP)-1.0 127.9 0.41 2.18(2.26)

a. Surface area calculated by the BET method; b. total pore volumes evaluated at p/p,=0.99; c. the value in parentheses represents the

theoretical number of basic sites.

23 SABEBEFREEN COHMIAAEZRKE R

L BRGSO PRI R OB B G, O B R A iU & R o S VAR e R A
BN, A RCE] P79 DEG 1 TEG (Scheme 2, Conventional path). T CO, % B ¥R 48 £ % K& e ) 2 DA
CO, ARG, IR LHBEIE T CO, LA BRI A= Ji Hh TR 7 W1 R £ i (EC) , i — 2K il AE il 2 —
FEEF B CO,(Scheme 2, CO,-promoted path). FEUCIIFE, HE] =PIk IR LAGERAS S & B R A RO,
AT T &= A A, RORH S T 4 R IR R R,

0 0
H.0 VARN VARN
— HO" ™~ OH——» HO NN OH = HO- 0 ~ 0~~~ OH (Conventional path)
DEG TEG
o —]
[co. oAy
/
H.0 OH
EC — HO +CO, (CO,-Promoted path)

Scheme 2 Reaction paths for hydration of ethylene oxide

PLCOANEN TR, R T Z LR E T RIA MR R O BoK G OV tERE, 2585 TR 2. #
CO,5 4 T, P(VBVImI-VIm)-1. 07E H,O/EO BE/R AR 1. 5: LIS T, 4 FE(MEG) FISCR AT LTk
) 96. 5%, WEPEVEILF]96. 5% (£ 1 Entry 1). MHHZ T, LN KB AEN, 4 FERBCRIE
42. 4% , BEFEMEAUA 43. 0%, [AIET KR 7 A K A R 9 DEG(25. 1%) M TEG (2. 0%) (3% 2 Entry 2) ,
XYL CO, BIAETEA B TR S0, $2 i 2 e $erk . %52 17 A [E Vim FHHE A TR PR BE
s, BEARAT AL & 5, LA P(VBVImI-VIm)-0. 5 A fEFIET, & ZEERAICE T BE 2 95. 3%, Tl
ECYCETHE 3 1. 2%, X & AL EC KM AR 0 Vim FHEA L, ECRAETE 2K AL
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Table 2 Hydration of EO under CO,/N, atmosphere catalyzed by poly(ionic liquid)s”

Reaction Yield(%) MEG
Entry Catalyst
: . atmosphere MEG EC DEG TEG Select.(%)

1 P(VBVImI-VIm)-1.0 Co, 96.5 0.5 1.5 0 96.5
2 N, 42.4 0 25.1 2.0 43.0
3 P(VBVImI-VIm)-0.5 Co, 95.3 1.2 1.7 0 95.4
4 P(VBVImI-VIm)-1.5 Co, 95.0 0.4 2.0 0 95.6
5 P(VBVImBr-VIm)-1.0 Co, 88.1 4.9 2.8 0 89.4
6 P(VBVImCI-VIm)-1.0 Co, 74.2 1.2 12.0 0 74.6
7 P(VBVImI-4-VP)-1.0 Co, 95.4 0.6 1.0 0 97.3
8 P(VBVImI) Co, 75.0 21.6 0.7 0 76.5
9 P(VIm) Co, 58.6 0.1 18.9 0 60.7
10 VBVImI + VIm Co, 96.9 0.1 1.2 0 97.5

* Reaction conditions: ethylene oxide (2.2 g, 50 mmol) , HZO( 1.35 g, 75 mmol) , (:atalysl(l mmol, 2%, molar fraction), 110 °C, 3 h,
1.5 MPa.

B B, AP(VBVImI-VIm)-1. 5 AMALFIE , 2 " EERICE FREZE 95. 0%, &lF=4) DEG FICR T = £
T 2. 0%, X FESE T VLA Bt ] DI AR AR L bE LKA SO BAEAR TR 27, e i 20, 48
INT IR L BRSSO (6 M, TS S T A ARGl Bh At @ = R e . R, A
PR B TR 55 AT BB L B X 8 1 2 i) e Bk 28 G E

X T[] i 2 B A SE M R4 T T %%8¢, LAP(VBVImBr-VIm)-1. 01 ML IR, 2 Z iR
TVEFENEFEAL % 88. 1% 5 89. 4%, DEG SR T E 2 2. 8%; LA P(VBVImCI-VIm)-1. O/F MAEALFI, 2=
R 5 PR e — BRI 2 74. 2% 55 74. 6%, DEG 3 B35 THE 3 12. 0% (3% 2 Entries 5, 6). X 4&
1 RG240 25 BH B TR P B iR AR (T>Br>CL) , 4R ZAe PRI AY B2 0 1 818, R EFEIL PR
LIS G REROVAE R T 2 04 A

XPAS A A LB 52 M R4 T T 48598, LARKRE B8 .09 P(VBVImI-4-VP)-1. 0t AT DAAS 245 55 1
4 ISR (95. 4% ) SRR (97. 3%). R T HRFEAEAL I B I AR G HLBRAE SOy R VR R, LA
) 2R B TR [P (VBVImD) |8 5k (1) 5 2 FE ke [P (VIm) MEAL KA RO . FEAR R &5 1T,
P(VBVImD 354 £ RN 75. 0%, ECWCE N 21. 6% (2 Entry 8) , Ui B2 A0 51 g /K A7 149 736 14
AR 0 POVIm) AR AL I, 2 “BEURR A 58. 6%, S AE K () DEG (18.9%) , H. EC Yt
(0. 19%)AEH AR (FE 2 Entry 9), P45 NS5 AR REARRL , 33X 2 02 F Tz AL A 3 R B TG
PRy, CO, A BB /EA . 433 FFH P(VBVImL) , P(VIm) Al P(VBVImI-VIm)-1. O fEfL R4
CAEF NN EC /K i R I (32 S1 A6 82, WA SCSCHRF ), b — 25 UF S B8 I AR Ry A s 2 i
BT PR Oy, A HLARCA TR 7K SR T A s . HA B T L B 3R B R P(VBVImI-VIm) - 1. 0 B
AL TR bk A v . LA AL ) [VBVIm 1 # VIm #EA6Z S, 1538 2 R Ry
96. 9%, EFEMEN97. 5% (K2 Entry10), A LUL B, P(VBVImI-VIm)-1. O/E b ZHIMELF], K5 T 51y
AL R ARE A A vE e . 5T O, 5 Bh 3R 2 e /K & R OAEAL 7R AR HE (36 3, LA SC F54
&), P(VBVImI-VIm)-1. 0 EAL P BEOL T C il i Z AR .
24 EHHK

DL T P(VBVImI-VIm)-1. 0 AL, 548 T ROVIREE . OB IH] | CO, Fak | Ak 55 FH it
PR IK A HEs R RS2, 25 S UniEl 3 s . i 3CA) AT, SO IR R 90 °C B, £ SRR EL ik
#192%, X158 P(VBVImI-VIm)-1. O 0] IZERC AR AN E0F T ms G i 4 — B, {4 L e AR
B B KA 75 B9 RO (190~220 °C) ™. Bifidg S i BE AR 22 T s 2110 °C, & R R T+ & 2
96. 5%, "FIE=HECYCHEH 4. 5% FFEZE0. 5%; HE2THRZE 130 'C, L _FEMCE TR % 94. 4%, DEG
WCRIFLETHR 2 2. 1%. BA%, FHEEEA R T EC /KR, EIREHL 20 R 46 G 8 R0 i & A, A
Z [ DEG.

A 3(B) AT, SNAE 0. 5 hist 2 —BfCRE 28355 94. 7%, W O — AR 5 24 )52 g Aisf ]
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Fig. 3 Optimization of reaction conditions for hydration of ethylene oxide
(A) Effect of temperature [ethylene oxide (50 mmol), H,0(150 mmol), 3 h, 1.5 MPa CO,, catalyst(1 mmol) ]; (B) effect of time [ H,0
(150 mmol), 110 °C, 1.5 MPa CO,, catalyst(1 mmol) ] ; (C) effect of pressure [H,0(150 mmol), 110 °C, catalyst (1 mmol) J;
(D) effect of catalyst amount [HZO( 150 mmol), 110 °C, 3 h, 1.5 MPa C02] ; (E) effect of hydration ratio[ 110 C, 3h, 1.5 MPa
CO,, catalyst(1 mmol ) 1.

FERF 3 h, L REMPCRBETTHR 2 96. 5%, ECHCRMM 1. 2% FFEZE0. 5%. RS2 6h, L
PR AT i

iy & 3(C) A4, CO, B3R H 1. 00 MPa JH &5 2 1. 50 MPa i, 2 — U ZE H 95. 9% Fh i 3] 45 K AH
(96.5%). HkLLTHE R 2 2. 00 MPa, £ ZFEICR N FEZE 95. 7%. Bl Rm WY K, DEG iR
M1.9% FREZ 1. 2%, T ECWERH 0. 3% THE 2.0, 9%. Htrl L, BARTH i 5w ] LI El =4 DEG
AR, (E RIS T EC K AR .

HH &3 (D) AT, SRR 1. 0% (BEIR A3 BO B, £ Z BRI IA 92. 2%, KW P(VBVImI-
Vim)-1. 0 A RS PERE ; kS i b 5 FH &= 2 2. 0% (/R B0, 4 FEREBETIEE
96. 5% ; UkSEIE AL & 2 3. 0% (BER M EO B, 2 ZFECR R 96. 8%, JLT-WeA 84k, R
PSR T] B O BRI i KB, (E— 2D Ak 700 ) X 55 & ZRERIBCRE AN K .

A 3(E) T, SRR R 1. 0: 1, Z EERIeR AT LIGA S 94. 8%, YE#RPE N 95. 6%, X3
BRI FET T K A EU T, ARIE AT DL e PR 5 i 4 0. RS TR AR 1501, L MIIeR
RFRAE (96. 5%) , PEFEPERLET R 96. 5% SR, #E—THEIK G HES. 0:1, & FEBCREHT T
K% 22 94. 3%, [AIETE]™ 9 DEG MR 1. 4% B8 T+ = 2 2. 7%. S SR$E Rk A A R Tl =4 EC
FRK i, (B R B K AR T BRSSO N AR i EC, 12 HE TR 20 5 2 BRI AR SOV, AT RSN
TR DEG B4 .

WX — BRI N S 8%, e E T P(VBVImI-VIm)-1. OfiE4k CO, Bl R 4R 2 88K 4 S
PR LS S8R SOSEBE A 110 °C, ROV B TE] 2R 3 h, CO,E 120 1.5 MPa, fEALTRI 10 2. 0% (2
IR, SEFIGTEE) , KGR 1L 50 1. FEfe it N 25 AR B0 7= £ —FE IO K 96. 5%, HEFE
P4 96. 5%.
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2.5 fEIMERMEREYIE AT ool T3 Yield £ Select.
AT AR AR B B R 8 szt el

T, I T BV | YRS TR A g Y

Al IEHT F— W ES . EIRILRR% 5 oor

fEF, P(VBVImI-VIm)-1. 0254 6 RAGER G, Z 2 aof

R 0% DL 1 (1 4). RIS

e R TR 5

HAN AT ik G A LB 2K L2 3 4 5 6

T % P(VBVImI-VIm) 1. 0 (19 JiE 403 ] feeyele number
ﬁ , 4% Hpi T CO/ﬁ?‘?ﬂ: LR ALY KA Fig. 4 Recyclability of P(VBVImI-VIm)-1. 0 for the

CEIFE, RANE SR TS T CO,-promoted hydration of ethylene oxide

ledzi<97 1%, 98. 1%) Ml B £ (97. 8%, 99. 8% ) i MUAH N A — M (%3 Entries 1, 2). ilidid 4
Fi v U ARG Sz 7 T TR] 247 7K I L A3 PR 20 A Vit Tt R R g AT Tk A v SR (93. 0%~
95.5%) A= 1 T AN B2 (3R 3 Entries  3~5). IXUEEERERH], ZFLERE F WK P(VBVImI-VIm)-1. 0
XFF CO, 5B EAL YK G SRS RAT RUF I IR 1

Table 3 CO,-promoted hydration of epoxides catalyzed by P(VBVImI-VIm)-1.0"

] Yield(%)
Entry Epoxide Conv.(%) Select.(%)
Diol Carbonate

99.3 97.1 1.2 97.8

98.3 98.1 0.2 99.8

100 93.0 7.0 93.0

5¢ 100 95.5 45 95.5

{,

<

—
_/
O~

a. Reaction conditions: epoxide(50 mmol) , H,0(75 mmol), P(VBVImI-VIm)-1. 0(2%, molar fraction), 1.5 MPa CO,; b. 3h, 120 C;
c. 6h,130°C;d. 12h, 140 °C.

2.6 MASSETHIELERE
#IEF CO, A b T B R RERE . 5 AN LR S AR iz S A A (R R, AR b EHEEA T €O, HAY
AR TR, BF9E T AEAN R CO ML AT, P(VBVImI-VIm)-1. O AL L be /K 45 RO Y
PERE, 4R80T R4, HMAH COYN, A 20% (AR HO IS, £ " FECRIBE] T 91. 0%, HefEth
Table 4 CO,-promoted hydration of ethylene oxide under simulated flue gas”
Yield(%)

Entry CO,/N,(%, volume fraction) Select.(%)
MEG DEG
1 20 91.0 34 93.0
2 30 92.8 3.0 93.6
3 40 93.9 2.6 94.7
4 50 93.2 2.7 94.2
5 70 94.2 1.9 96.0

* Reaction conditions: ethylene oxide (50 mmol) , H20(75 mmol) , P(VBVImI-VIm)-1. 0(2%, molar fraction) , mixture of CO, and N,
(1.5MPa), 110 °C, 3 h.
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93.0% (4 Entry 1). 24583 CO,/N, M 30% (A0 B E) 70% 1, 2 BRI 93. 6% 1
#96. 0%(# 4 Entries 2~5). TEMSFA T S ZBERPBCEAEREM: 541 CO, U P 204K, RIRZ
FAN 3 B AL RIS AT LA B AR R L Bk G R

3 &

AR 5 51 ([ VBVIm 1X) ST HLICH Sk, 30 T — R 50w ek AR 2 fL R & A . %K
BT R A BAT 8 WA T HLE R RS ol T RLR UL CO A B IR St K& SOy, TE4EIE T
HIKE AT, & ZFMBCR IR A S 96. 5%. [FIRF, Z4LER 5 Pl A Ba R
YiE vk, Z N E AR B A PR T 93% s FLEPR 6 U 1l Moy WL A A, H.
A RGP IEPMEITERE . AT T IAEMR UR P LR MR A LSRG SO, i R T
ARt 7 AlRE.

X #13 & L http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20240570.
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