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Abstract As a new type of porous material, porous organic polymers (POPs) is widely used in heterogeneous
catalysis because of its unique advantages. In this paper, a series of ZnCo-POPs bimetallic catalytic materials with
different compositions were prepared by impregnation method and characterized by means of X-ray diffraction
(XRD), field emission scanning electron microscope (FESEM), X-ray photoelectron spectroscopy (XPS) , specific
surface area and pore size analysis (BET). The Zn,,Co,,-POP-250-2 catalyst prepared by impregnation method
showed the best catalytic activity. When N, N-dimethyl formamide (DMF) was used as the reaction solvent and the

reaction temperature was 90 ‘C for 5 h, 94.3% «-pinene conversion and 95.2% epoxide selectivity were obtained
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and the catalytic activity of the catalyst did not decrease obviously after being recycled for 5 times, which indicated

that Zn,;,Co, -POP-250-2 catalyst has excellent catalytic performance and good stability.
Keywords Porous organic polymers(POPs) ; Zn,,Co,,-POPs; Olefins; Air; Epoxidation

ZALAVUE IR AT B R AR L LRI R | FLARFNES A T | ThRE R il LA KOG+ e e T Bk
HEZR () Z DRI B IR AE A0S0 BRI 22 TR AR 3 5550 L AL AL B O R EA
ARG . fEZ AL ST, Z4LAHIRE Y (POPs) A BB T 0] LY AR A HLE N Ak 5 22
G, POPs 5 4 J& 2 [0] 4 HL 1~ R0 B AR FH DA B 25 () BR IR A, (645 4 )8 5 7 T LA 3 A1 e e b k1
POPs 2844 I, JETT S G EA AR B 2

I B e — I WAL, ErEA T ib22 0 | 20 . 20 ia ik L RN | KR
FAAL 27 A S v SR A M B A A 2 b A0 2011 4, Nguyen 22 5@ 58 H )72, #4 Fe, Mn
EL @B T I AR IR B | 153 5 A L DI RE A WL LA L Fe-PPOP Fl Mn-PPOP, 1225 A1 FLHE
PUEE A AE AR AR T, X T2 0 R PR A0 S b 2 B A0 S A AR 1 . i 572 5@l ek
T PE salen-(Mn) 544, 4k MG % T Fe0E M ZFLA VLRGP Mn-POP, ZEf I T8/ R 5 T EEE
AR ZF T, AL ER OO I A IR 075 1 PR 48U T0 S I A5 3] 1 458 v R 2 AL SR IR SR A B 0 ) v e %
PE. 20174F, Song %> PL =R e Rl FH T — HH B4R Ry J5ORHEI 25 T CoPMA/POP-IIiEAEF , 76 H,0,/E4 1k
RIS, S I AL A SR | S e PEAAT B PE . Ding %24 DA 1,3, 5- — HI IR i) OR
g TR T 5 R e A R N T AR Mn-PPOP-1, 76 L4 PhIO g8 b5 54 F , % TR K
IR R O S5 M 8 0 I AL S B R B B R P AR TG . 2021 4F, Wang il T — R4 £
FL Mn-N4 fEAER, b, AT ATE POPs BB 22 1175 3] Mn-N4@POP L 7], DL H,O,/E A4k,
X 275 RIS ZR T ) PR UM SO R DL S AT M . 28 Brd , 7RI S A T, AR E
LIS T —Se ik, RIS P R 2 BUPAEE —SEe s, Ak HLO, /4R, HLO, il 55 B h T #E
REVE ELANAGAE . 1075 1) SN 5 B AT 3R sl A S e s iz (R A 7

AL B MR G PR R POPs /8 g 2 dd , 36 IR Bt & IR B A M id vkl oy, [Rle 5] A B4R
BE, LR A 48 ZnCo-POPs BB AR B}, Bl 5 7E 2 AT T 250 “Chibe2 h, 1520k
Zn, ,Co, ~POPs-250-2. TEIZMEALAT B, Zn 5 Co™ 22 8] B H T I IV AR O3 5 7 MR fi Ak 1 1
FERASAE T, D SR AT, AEANE AR T 5] R s s R S 0L N, X -9 B B
AR AL B P e B, AR A Z R AIE IR SL00 45 A 3B, ZnCo-POPs-250-2 f Ak 71l HL AT
A RS T .

1 SEIGERSH

1.1 RFI SR

s B (4l > 98%) . LR (4l 98. 5%) . ML (21 98% ) . Jo/K H B (4L =99. 5%) . PR
R (THF, 26 >99. 0%) . MUK ZIR%S (LEEE > 99. 0%) . — /K4 ZFREE (Ll >99.0%) . Jo/K %
(4l fE>99.5%) . HKAPELS (L >99.0%) . LKA RERES (4R >99. 0%) . /K A il R Bk
(4EFE >99.0%) . /NAKA TEBRHE (LR > 99. 0%) . a-JEHs (4l =98, 0% ) . ¥k (4 >95. 0% ) . PR
I (4l 295, 0%) | B-TR M (ZlifE=98. 0%) | a-H FEHE 205 (46 5299. 0%) . I 4 (4l EE=95. 0%) , W
H i 22 e AR A R A F] N N-— LR e (DMF, 4l8>98. 5%) . N, N- I ZL 2Pz (DMA, 4§
J£>98. 5%) . U (4EE=98. 0%) |\ 1. 4- " SF NI (4liE=99. 5%) | VUG LKt (ZhE=98. 5%) . H R (4l
FE>98. 5%) . AR I (4l =98, 5%) , W A ik E 2B 2GR A BR A .

GC9720 RIS AHTEAL OV TAR AT A WA ER A BRZA 1] ) 5 Bruker D8 BUKY A X SFZRAT L (XRD, F [
Bruker 2] ) ; Sigma 500 %137 & B4 1 7 8. f#5% (FESEM , 74 [€ 25 %] /3] ) 3 Perkin-Elmer PHI ESCA %Y
X SR FREIE (XPS, FEEFEBR K /R A 5 Quantachrome Autosorb iQ Y b 3 11 AL FLAR 43 BT AL
(BET, 2£E BB AH]).
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1.2 SCIEFE
12,1 EAF A E K05 g XOR T HEEIAZEAT 80 mL L2 250 mL —#keiit, IR bl E T
KIBEHAE 95 CRPEFEIF A BERI 3 3856 0. 25 g(3. 7 mmol) BILIE A EAE 20 mL £ TR 14 17 0% s -
o, SRR R G2 1E M A BRSO 12 he B ROWES RS FETT o B 2 oK R L PO Ak
WV e T A, 4520 Y S 60 A R A bk 2 FL A HLER A9 POPs.

$0.20 ¢ BB G AH POPs . 1.268 g Co(OAc),4H,0 F10. 289 g Zn(0Ac),* 2H,0 I A4 50 mL
Jo/K ) 100 mL LT BEEGBEI T, 76 80 “C R BN 10 hm , i e s 728 R ACKE RIZE T, WHEE S
138 Zn, ,Co, -POPs. HHROIm ABERVES 5 2 1) 5 & FL 40518 0. 3: 1A10. 6: 1, BI42JE Zn 1 Co XS T3
PR S5 1 5385003 901 R 60% 1 30%. K il 45 B B M RHE: T A2 T T 250 Chibe2 h, 15 24405
Zn0. 3Co0. 6-POPs-250-2. [a] LR #AE—HF, 4350 A Zn/Co 11 238 10%/60% . 60%/60% , Co 1 %K &
H60% , Zn R 60%, ¥l &5 2N M AR E T 2SR T 250 Chike2 h, 81 AELHC A
Zn0. 1Co0. 6-POPs-250, Zn0. 6Co0. 6-POPs-250, Co-POPs-250, Zn-POPs-250. HE 5AFAAE , P 7s B be
R (350, 300, 200 C)aAERemEI(L, 3, 4 h), Hil&—RINFEN.
122 FAMRMIEE ¥ 50 mgfifbF] . 0. 408 g(3 mmol)a-JE M Al 10 g DMF K UKIINA 50 mL XL 3ike
R, RS T 58 W RERR KR I, RIS A IR HIR R B, T RO Rk
WA TR, RFEE AR E N 40 mL/min, F90 CFRV S h. N 255, BUH B N 00T 58
O, B KOG ARG IER (FID) (SR s 2 O 1 A 4347 .

2 GRS

21 ENFIRRIE

B 1(A) B AT 4 & HLF] Y ZnCo-POPs A RHE Z AU T F 250 “CRE5E 2 h 15 2R R XRD 15 4] .
Al UL, AP A4 J& AR Co-POPs-250 Fi1 Zn-POPs-250 1 HY AN [6] (Y XRD fi7 5104, Hidr, Co-POPs-250 1
FRIEAT S04 CoO BYPRIEER - (JCPDS No. 43-1004)—E, 7£260=36", 42°, 61°, 74 F177° 4b H BLAI4FAE
AT S AT 43 V&8 T CoO B9 (111), (200), (220), (311)F1(222) Fhifi , Zn-POPs-250 (RI4FAERT 15 5
ZnO PR EFR A (JCPDS No. 36-1451)—3%, #RH7E20=32°, 34°, 367, 477, 567, 637, 66°, 68" Fl169° 4k
I B R AT S04 AT 43 & T Zn0 B9 (100) , (002), (101), (102), (110), (103), (200), (112)
F1(201) f 17, 22 BB A A1 BEHLE 250 “CHRE B2 Zn Fil Co T 2 43 B LA ZnO il CoO B R AELE, 5
SCHRSIHE ) ZnO 1 CoO M RHFFIES 506 —30 . FIr& LA X4 & Zn, ,Co, -POPs A} R i HLAT 5
FheaSs B AR R HEATT S, FeBH I & L T Zn, 1Co, ~POPs MRE. —J7 100, B AF T 7 Fe il nsshn, #4
Ak HR R AR A S DA 00 AR T 5 S — D, WA S AN, A AR AR AT S R AR R

B) ©
350 °C W
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Fig. 1 XRD patterns of catalyst
(A) Different metal ratios samples; (B) Zn,, ,Co,, ,-POPs-2 obtained at different calcination temperatures; (C) Zn,, ,Co, ,-POPS-

®)

250 obtained at different calcination time.

B 1(B) A LI Zin, 1Coy ~POPs 7E R SR T A REEE K558 2 h i A A4 R XRD 351, AT LA
Fih, MREREIRE R 200 CHY, Zn, 4Co, -POPs MR B8R (A7 505, (I3 #0)E ZnO BFRIEAT 5T
W, il L TR 28 250 CCH, A7 SIS B T RRAIG, (HA R 20=42°, 617, 73°, 7T7° 4640 B T 8T
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R 5t , Sk CoO (IR AERT S0 , 4k THin IR BE 22 300 °C, 1EJF A A7 ST i 5Lht b, #RHE 260=44. 8°,
47. 6° 1k H BB (R R AR AT S, e Ak B AT S 0 o] & F Co,0, 119 (400) , (331) dhTHT 5 45 4k 22 T s 51
350 °C, #BHE 20=59", 65" 4k H BRI FRAE I AT I & T Co,0, 1 (511) F1(440) b Ta , FBH 4RI B T
300 “CLAEBT, ZMBHERAT CoO MFFERTSIE, HAT Co0, TR/ FEAT I . B 1(C)RERS
ST AN ) Bt [l AR R () Zin, ,Co, -POPs B RHK XRD 3 &] . BT LAFE H, BEE KBt 1Rl i3, 41k
AT SRR ], H 2SRRI ) A 1 b 2B 8 i 28 2~4 h I, RS04 A PR . 2 S AL IR R AL S i
SERRTH, FER R R 250 “CHE 2 hoATZ R SR B R B At a]

B2 A AR R R () FESEM B R . Horb, B12(A) & A 204K POPs J5URY , BT LATE B
Fi, MBI B A ERTE 548, RGN, FARRAAE1.5~3.0 wm Z (8] .l FIRZ A A T
Zn-POPs J5K; Fll Co-POPs J5U Y FESEM B F- 23 541 2(B) FI(C) s . % HL#AK POPs J5UKS , {6 I35
B B Zn-POPs Fil Co-POPs L 52 BUBR AR 544, AN 7] 19 2 12 R (A 3 1T R 9 4 s 2 Jor 2 2 Tl AN -2 Ok
TR .

Fig.2 SEM images of raw powder of different materials for POPs(A), Zn-POPs(B) and Co-POPs(C)

fit R B B ELAT A [R) 4 Ja E 481 1 i A 350 6 200U F 250 °CH5 58 2 h S 1 FESEM & DL
B3, HE 3(A)~(E) Rl UL, f FH &R B i AL R Aok Rl L I BRIE 4548 , RIAFERE e i v
NIRRT MLER S IS5 I B I . IR A — TR L RN R S 5, 254 XRD
T AT LA, 3 KA A8 A R R AU A N K A0 AT SR B, TE B 4 A AL DA [R) R b T i 7
R, AR ERRS . 8 3(F) 8 Zn, ,Co, -POPs JEUR i FESEM BE F-, Zn, 1Co, ~POPs 5L th LT
BB BRIE L5432 PR A R R I 19 4 Je8 6 7 28 i 7 o5 70 28R 1) 2 T s i 1

(B) ¥ ,t.,‘".t : ... -

]
Vs

B
Jium-

Fig. 3 FESEM images of ZnCo-POPs with different metal ratios and Zn, ,Co, ,-POPs without roasting
(A) Co-POPs-250; (B) Zn-POPs-250; (C) Zn, ,Co, (-POPs-250; (D) Zn, ,Co, (-POPs-250; (E) Zn, (Co, ,-POPs-250;
(F) Zn, ,Co, (-POPs.
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] 4 S A TR 5t 4 B LI Zing 1 Coy -POPs HE AL T 7E 504U AN ) a5 o i B2 B AN ] s B I 1] £
FESEM B A i 4(A)~(D) T LA Y, 2HREREIEE N 200 “CIF, A /B S s S AL AR R A= 18
it ) 4 o R A R, B I MEALTE PR AL D, AT PERLAR . BERIREZ TR 22250 °C, 4
JEEL IR N 5E A, HLA R A AL 9 R IIUR X 2 b 73 HOTE 30K b, JE R A A 15 7 R B AR 45T
51, BRI RHEEAR TG P . AR TR £ 300 C, AR i K 4 ) S AL A K OR F 4R TR, 246
JETH R 2350 “CI, HISRBLG g

By T

Fig. 4 FESEM images of Zn, ,Co, ,-POPs-2 materials at different calcination temperatures(A—D)
and with different calcination time at 250 ‘C(E—H)
(A) 200 °C; (B) 250 “C; (C) 300 °C; (D) 350 °C; (E—H) 1 h,2h,3 h, 4 h.

1 4(E )~ (H) J2 i FiT32 388 2 A U Zng 5Co, -POPs fiEAR I ZE R UL T T 250 “CR5 AN [ Bt i g
FESEM B . FTLAE i, YRGS TR, JCHR 1 Zn Fl Co TR AN VUG IR ER B XA, AR T
e 1 4 B AL ) R O O 1 B B AR R T . M TR I 2 2 h i, R LA B A SR A o
(142 I8 FAL AR ORI 22, HLER AR IR EHE . 00 24K Bt R 4k 248 i 2 3 h B, POPs 244 B[R]
FEEE RO, AR THHIRS LK 4 8 AL AR R T 2, Mt — KBRS, 3R BRTE
SERRE LI B, 5 KR 4R S A 9 K Ok R AR . IR i Zing Co,, -POPs £1 B fe £
S5 Be L B FIIN ] 24 250 CFA 2 h.

F5(A)~(F)F1(G) 435K Zn,, ,Co, ~POPs-250-2 FYJCZE 43 A L AE AE T i (EDS) , ATLLE %,
MEEZHC, N, 0, Co, Zn SFPICEM . WA EHAICR A E T LG, MRS Z R S o2
IRA, T H SFOCR S A e B

- .
o S 4K o C ©
{ : : ‘ 16 F
14+ Co
. 12b N
2 10H[0
5
T 8}|Co
S
6 ||Zn
4L
2L
0 L A |
0 5 10 15
ElkeV

Fig.5 SEM image(A), element mapping images(B—F) and EDS(G) of Zn, ,Co, (-POPs-2
AT WA BB C R AN 2, X SRS BE RIS (9 Zng ,Co,, - POPs M AHEA T T XA £K
JeH T REIE AT, AR AN 6 Bt . I 6 (A) AT, BB R B A B i C (284 eV), N(367 V),
0(530eV), Co(Z£1780 1797 eV), Zn(£11021 F1 1044 eV)SFIOCHEM . &l 6(B) @R TERHE T
F250 “ChBE 2 h R BIAPENH Co,,, 19 XPSTEFEL, 3L 780 eV AbBOE ST IR F Colyy, BEWITERTUR
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Fig. 6 XPS spectra of Zn, ,Co, ,-POPs materials before and after calcination
(A) Survey scan; (B) C()Z”z/z of Zn,, ,Co, «-POPs-250; (C) Co,,; (D) In,,

IR 250 “CRBE 2 hE AP RE R A AR S R L Co f7 48, iIX 58 1 H XRD YFRAELS R —5. K 6(C)
FI(D) 53 52 RE BERT S BRI Coy, B Zn,, BEZRL Y XPS 3, Jrr, Zn, (Co,, -POPs JEilH Co,, Fil Co,, 1
5 S0 BT 780 F 797 eV, Zn,, F Zn,,  HIAE S5 W53 HIAL T 1044 F11021 eV 4b . LAk, Zn, (Cop
POPs J§UH3 1 Zn,, ,Co, -POPs-250-2 1] Co,, Fl Zn,, (25 & BEMSAT AN A, 5525 A4 BLH Co,, i Zn,, 255 BERE
flX70.3 eV, RUILLTIFRACIE , PR ) B G 7R B8R 10 1 4 Ja ER 0K A2 i T 438 S8k, 3L
SEZ A —EWAHEAER, BT T HEWL R A PERE .

N TR E AR LR TR S A LAR A SE S, WG AR AT T BRI B ERAE , o, POPs
7Zn, 4Co,, ~POPs-250-2 14 571 (1) 202 B - 58 B ith Ze an 161 7 CA) BiFois . 817 (B) J& POPs ] Zn,, ,Co, o-POPs-
2502 LR A I, FTLAE H, MPEHFLAR K T2 nm, KA 7E 2~10 nm. L 7(A) HFE]LIF H,
B R Z AR POPs (1 LR Ty 21. 7 m?g, Z83d K e b ¥4 3 (Y Zn, ,Co, -POPs-250-2 #4 £ 5 POPs #H
Eo, FERMIFRREAL, ORISR 1 8048 SR R R be e A i R 38 SEZEFLIE N, DATT i b e
Y bR TE AR FEAR (9. 0 m%g).

40

35 | (A) 0.007 |- (B) —e- POPs
30k —-e— POPs 0.006 |- =»— 719 3C006-POPs-250-2
o - Zny+Coo -POPs-250-2 ) 0.005 | 11
o 25 8
£ 20} / E 0.004
S 15k A 'S 2 0003
g b Ll S b
= 10 g-e- . o 00021 'k
I ot s S 0001 W
5k e popobb . r PO .
ok ".’r;—-FFFFFF oL J *"*!:F’it:t—‘h._—aso
_5 1 1 1 1 1 1 _0001 1 1 1 1 1 1 1 1
0 02 04 06 08 10 0 5 10 15 20 25 30 35
Relative pressure, p/p, Pore width/nm

Fig.7 N, adsorption-desorption isotherms(A) and pore size distribution(B) of POPs and Zn, ,Co, -POPs-250-2
N T RTERR SRR, XS BB BT T KB il A (WCA) I, B 57K Ay UL AT 8.
For il g5 i nh kR 2 FLA HLR S B POPs (B /K A1 1367, /8 HOW g K A4 REL I 8 (A) 1. i
Zny Coy, -POPs FHRHE AT fi /A (0320 Sl /R HOA SR PERDRE LB 8 (B) T, 12 R g (ol FH 535 32 1 48 11
Zn, Co,, -POPs BRI SRR R B 5 1 IV TR BB IR h CTRFEAI QAN . K 8(C) Bom, IR IA Y
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Zny ;Co, -POPs-250 FBRHEIK AN 1187, IR D AR 119 K 22 K J AR S0P R e e e A ik
P4 I A A3 i .

(A) (136£1)° (B) Hydrophilic material © (118+1)°

2.

Fig. 8 Hydrophobic angles of POPs(A), Zn, ,Co, ,~POPs(B) and Zn, ,Co, ,-POPs-250(C)
22 o-RBHNEFRMEIREN
M =R IR AL SO R FE & (Scheme 1) T LAFE M, 24 FH 28 U M KR PR S8 AR RO SECR N, R4
J& POPs AL I HEALAVE T, o-TRMG PR AEAL Y 27 W) - PRAETRKE , [R] I A ZD i 1Y) S BE AR |
I T D L 0 ) 5 1 7 0 A

¢}
Catalyst o + + .
Air
CHO
a-Pinene a-Epoxypinane \_/

Byproduct

OH

Scheme 1 Main products of a-pinene epoxidation

RIL T 7, Coy, -POPs B BHEA [R5 BRI AN ] T~ A PR SN S5 2R T 9(A) FI(B) | AT
Zn, Co,, -POPs J5UKy , 283 IR BEAL BRG AT BB PR AR AL SN PERRAT B B4R i, JX T Bt fhy T %
Bt B , ) BT A A SR A 0 B E BRI, ISP 2 . RS AT IR, A
FHER R T 250 ChibE 2 h 152 H) Zn, ;Co, -POPs-250-2 H AL B SN TG PER AT, - B ¥ Ak

3 100 | (A) @8Conversion @& Sclectivity = 100f (B) EmConversion B2 Sclectivity
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Fig. 9 Effects of different materials on the epoxidation of a-pinene

[ S
bcoiz\xo\’

(A) Calcination temperature; (B) calcination time; (C) bimetal combination; (D) ZnCo bimetal ratios. Reaction conditions: solvent:

10 ¢ DMF; catalyst: 50 mg; olefins: 3 mmol a-pinene; temperature: 90 °C; time: 5 h; air flow rate: 40 mL/min.
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Fig. 10 Effects of different reaction conditions on the epoxidation of a-pinene

(A) Reaction temperature; (B) reaction time; (C) reaction solvent; (D) cyclic stability test catalyst. Reaction conditions:

50 mg Zn,, ;Co, <-POPs-250-2; 3 mmol a-pinene; 10 g DMF; temperature: 90 °C; air flow rate: 40 mL/min; time: 5 h.
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Table 1 Epoxidation of other olefins with air over Zn,,Co, ,-POPs-250"

Substrate Conversion(%) Product Epoxide selectivity (%)

943 7@0 952
0

13.8 7—@ >99.9
0

29.0 0]

A

)

) ()
R A%

O

o P

)~

59.3

30.1 @AQ >99.9

3.7 >99.9

0}
12.6 >99.9

* Reaction conditions: 50 mg Zn,, ,Co, (-POPs-250-2 catalyst; 3 mmol olefin; 10 g DMF; temperature: 90 °C; air flow rate: 40 mL/min;

time: 5 h.
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