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Abstract: Magnetic metal organic frameworks exhibit both magnetic characteristics and catalytic properties.
However, their applications as heterogeneous catalysts are still very limited. Herein, a novel kind of core-shell
structured Fe;0,@Ui0-66-NH, has been successfully fabricated by a layer-by-layer self assembly method which
could be used as an active basic catalyst for Knoevenagel condensation. In a typical synthesis, Fe;0, nanoparti-
cals were synthesized by a solvothermal method and then surface modified with mercaptoacetic acid (MAA). Dis-
persing the MAA-modified Fe;O, microspheres alternately in DMF solutions of ZrCl, (10 mmol -L™") and 2-
aminobenzenetricarboxylic acid DMF solution (10 mmol -L.™) at 120 °C for 2 h, Fe;0,@Ui0-66-NH, core-shell
structured microspheres were successfully prepared as expected. Its core-shell structure was confirmed by XRD
and TEM techniques, composition by SEM-EDS and the amine functionality proven by IR spectroscopy. The shell
thickness is about 100 nm and its weight content is about 60%. Correspondingly, the amino content was calculat-

ed to be 1.7 mmol-g™. The core-shell Fe;0,@Ui0-66-NH,is an ideal recyclable catalyst for Knoevenagel conden-
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sation that derive from a combination of a superparamagnetic core for efficient magnetic separation and a thin
porous MOF shell for high catalytic activity. The remarkable activities for Knoevenagel condensation reactions are
thanks to the cooperative action of amino groups and Lewis acid Zr* ions in Ui0-66-NH,. Obvious solvents effect
on the activity and stability was observed, and DMF was selected as good medium for recyclability for a sacrifi-
cial balance between activity and recyclability. The catalyst could be easily separated from the reaction mixture
and reused without significant change in the catalytic activity after four reaction cycles. Furthermore, its structure
and morphology was not changed after the reaction in DMF, confirmed by the XRD, SEM and TEM techniques.
Therefore, such kind of MOF-based core-shell magnetic catalysts is expected to be used in large scale industrial
applications, where separation and recycling are critically required to reduce the cost as well as waste production.

Moreover, the catalyst preparation procedure is fairly simple and the catalysts contain no toxic materials, thus this

catalyst is green and cheap.
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Fig.1 Preparation procedure for core-shell magnetic microsphere Fe;0,@Ui0-66-NH,and its catalytic application

in Knoevenagel condensation

T HAE TN CHG R (Knoevenagel) 4 43 5 HY Y %
M B FIE R ReE

1 SEIHES

1.1 Fe;0,@Ui0-66-NH, # #HH1 & X

TSGR R SCHR T k1 A S SRR E Y FesO,
AR T K 1.00 g ik LRIEME T FeyO4 £ 2
## 80 mL ZrCl, (10 mmol-L™) # DMF %W+ , 78
120 CHEFE 2 h G #EPE S 2, B 1R F 4 53 80
mL 2-Z FEX K Z H 2 (10 mmol - L™ DMF %
120 CRIE 2 h, k& —BRRERMEYE S5, JFH
DMF %€ 3 ¥k, EE FREAE 10 K, EIATE 150 CH
2T %15 3 Fes0,@Ui0-66-NH,,,
1.2 Knoevenagel 4 &5 [ I/

¥ 0.05 g fEALFIFT 0.745 mL(7 mmol) &5 £ R
LERIMAZ] 5 mL DMF v, Hi$kE T~ H IR G 9 R 2
80 °CJ& FH A 0.815 mL (8 mmol) i 4% H [ J5 5l )2
N T8 BE 30 min BORE | TLC W 5z iy ok A% | 850
J5 TSR G BT 7 RN P SO 45 o i AL 57
WEVE S B, 0 DMF W% 3 WE , B 4E T F IRAE 3
I,
1.3 HRBRE

I B HE XRD-6000 % X 34 A7 44 (XRD)
SEFRLE) XRD B, Cu Ko $EAE Ry & 51, HLE R 40
kV, B3N 30 mA, 144 75 [l 20=5°~80°; F H FEI
Quanta 200F ZY 474 fL 1 1558 (SEM) X AF i I 3
FTERAE I e R 20 kV K FE i [ 78 F: i i
FEmE 4 60s J5 I ; #H] JEM-2010 #2375 f 1 2§k
BE (TEM) X FE 5 45 0 A7 R AE | i3 i o 200 kV,

W FE S AR B SRS TR N E A )L R AT
iy A Prestige-21 B 5L A8 485 2T S 35 AU
H400~4 000 em™ 3 [ P9 X A4 R 2E AT 214085
i, ML A Rxi@-1 BAEH (30 mx0.25 mmx0.5
wm) 1 FID A6 0 &5 14 5 5 2010 UM 635 A0 f b
& RGPk T 53 AR AR 27 W B ASAP2020
X RE S B FLAS I EAT 23 A, FE S DR SE7E 120 °C
FLASAREE 6 h, W iR 77 K,

2 HR5WR

2.1 HRIBRAE
2.1.1 MEH XRD RAE

Kl 2a /& Fe;0, M) XRD &, £ 30.1° 35.5°
43.1° 53.4° 57.0° .62.6°H LRI Fe 0, (9 220 311 .
400 422 511 440 b 0 FREAT 06 ) 18] 2b S 4

& 4  #FeO, &Ui0-66-NH,
@ Y
LR ©
&
&
(b)
#
#
4 # # 4 # (a)

10 20 30 40 50 50 70 80
20/)
(a)Fes045  (b)Ui0-66-NHy;  (c)Fe;0,@Ui0-66-NH,;  (d) Enlarged
pattern of Fe;0,@Ui0-66-NH,

P2 #EHY XRD
Fig.2 XRD patterns of materials



612 x #l A

532 &

EAE

SCHR TR A Y Ui0-66-NH, 19 XRD &, 7 5°~80°
TN BT — RAVERIEAT S0, 5 SCik i iE 45 5%
— I, K 2 EEEE AT LRSS RN E
AL Fey0,@Ui0-66-NH, [ XRD El, AHXF T Fe,0,
1) XRD &, 722 MR 5] AT AE 5~10 Z 8] H 3
TR T Ui0-66-NH, HIRHERT I (Fig.2c), AR
XRD %5 5 & W 52 )2 M B Ui0-66-NH, ) 45 i B 4%
fiK, A bR 2h 5 2 B3l 3% 7 M I 7E Fe,0, 1
FIA T Ui0-66-NH, M 8L, HAZ-7e 45 A fe gt — b
3 3 49 4 R (SEM) A 5 HL B (TEM) A
2.1.2  MORMAIE 30 RN HG 1 AR

AR XRD 45 5 2 038 i )2 2 A 486 05 18 i T
il % T Ui0-66-NH, fil Fe;0, E A M B HIEIZE &
Ak 018 0 35 Ay 2 R o A ek 14 7 SRLTR 5 3 SR A% -
SR A REE— D HIA . EOER R B R
(SEM)WLI A4 £ IESL, W&l 3a s & B Fes0,
RERIEE5K, RiAR K/NZ)H 300~600 nm,, 17 38 i
XRD &5 3 it 5 15 3 Fe,0, 1 & AR F K /N H
17 nm , 3 U6 BEREPE ER 2 FesO, 99 K 0BT A 3R 45
&, B 3b SRR E 2 A A3 7 vk A A R
Fe,0,@Ui0-66-NH, ) SEM &, 7] LI H b BHK SR £
FRERIE L S0 (A BRI kL (kA2 A8 K RS & E
T AR LS Fe,0, 1 SEM EIXT LG, BT LA 4 W 76
Fe;0, MBI kL I 7 I — 2 Ui0-66-NH, # %},
i — 25 FH SEM-EDS Wl 22 T 1Z 1 &2 4 kR o

0.2 pm 0.2 ym

FA M, Fes0, 1 (Fig.S2a) FE G H Fe 0 JLEK il it
H 4% 77 : 5] A Ui0-66-NH, 7¢ )2 Z J5 ,SEM-EDS
T (Fig. S2b) B T Zr TR (9506 il B 15
FNWEF ISR G EAER 1, AR Fe A1 Ze 19
J - e SR B I P 2 A MR | U10-66-NH,
W T 4 N 60% , 2 A F it 1.70 mmol -
g 2 R F B G T R GBS (TEM) 2 AE AR 1 1
SLEERY . 3d J& Fes0, B9 TEM K, AT LIE H Fes0,
RERE S5 R AR RN SRR R — 3, K 3e
J& Fe;0,@Ui0-66-NH, 1) TEM K&, 7] LB & %% 5]
MR -5 450 | 52 )2 MORHEEE K29 100 nm,
2.1.3 MR AMNEIS RAE

Kl 4 A EHZLAME R, Bl 4a 52 Fes0, FIZLAR
WEE L, FE 580 em™ ML T Fe-O-Fe H LAY 1
W B 4b & Fe;0,@Ui0-66-NH, 1 £1 51 1% K | £
1 654 em™ I TR E-C=0 19 i 45 Ik 2 1% | 7€
1 620.1 560.1 420 #1 1 370 em™ 43 H B T R 3R
BRI IR S, 78 3 350 Fl1 3 440 cm™ 4351 i1
BT AR B (R % R RIS X R A A i sl e | add W P
B A R B AEE 8 5 B d4a FIE] 4¢(UiO-
66-NH, LT NS EN) S L | oT808 A kR b R i &
Fe,0, F1 UiO-66-NH, M F 4 Jit
2.1.4 MR FLEE R RAE

] 5 2B R 20 W BT — 58 B 55 0 £, s
T B R AL SR s AR 1, B

200 nm

(a)SEM image of Fe;04 (b)SEM image of Fe;0,@Ui0-66-NH,; (c) SEM image of recovered Fe;0,@Ui0-66-NH,; (d)TEM image of Fe;Oy (e)TEM image

of Fe;0,@Ui0-66-NH,; (NTEM image of recovered Fe;0,@Ui0-66-NH,

3 BREAY A R T A A R B
Fig.3 SEM and TEM images of materials



S R - Te SR B B AT HLE A Fe,0,@UI0-66-NH, FY 5 AL |

%4

RAE LA fE 613

T!%

3440 13350
[

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™!

(a) Fe;04; (b)Fe;0,@Ui0-66-NHy; (¢)Ui0-66-NH,
B4 bR LTSN R A
Fig.4 IR spectra of materials
Sa 5= Fey0, B2 RRT B B 25 i it 2, 72 0 )
1IN (PIP>0.8) , e AR — B A T IS 36 | 3X
2 T AR RORE T 1) 3 AR B A AL L DL B R Bk N
FR Y 25O R B A E T, B Se /2 Fe;0,@Ui0-
66-NH, %0 B —Td BiF 45 T 2k, b 45 i 4k [m] g L.
AT RVRT TV T B A5 I 2 0 8 A A AR TR
11 LY (0.4<PIPy<1.0), 1 & 1 A7 78 — A~ B 2 1 i )5
W ULBRE S AR FLFLIE . R BJH ik
MR LR A, 455 8RRl JLALAE A 8.3 nm
(Fig.S3); [F I, 7R HAR 1 8 [ N (PIPy<0.1), T & 1
WAFTE— DI B G By, RGPS M ALAL
i, Qiu FRITE BN LA B A LB M R B A
AL U B A T ARl R AER RTR A R
[F] B A7 78 2K U5 T 4 Ja A BB 2R A L AL T ok
JR BT HE R AR A FLFLIE |, 306 S LIS ) 7 A
By HOR AR AR R 1 A B AT
Fe;0, 9 BET L2 FLURIFL 25 50904 129 m?-g™' Al

80

70
60
507 ®
40
30+ ©

204 e

Volume adsorbed / (cm*g™)

AAAAAAAAAA

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)

(a) Fe;04; (b) Fe;0,@Ui0-66-NH,; (c) Recovered Fe;0,@Ui10-66-N
H,
B 5l R0 A — M 25 3 i 2k

Fig.5 N,adsorption-desorption isotherms of materials
0.28 cm®-g™, FEORIET FesO, 41K KL 1Y S L 1
FOR T HERU™ A (A FLALIE . Fe;0,@Ui0-66-NH, 1Y
BET LR MR 121 m?-g™, kTR 2 8L
A 011 em?-g, W t-plot JETHREAF R A AL
BRI 68 m?-g™!; ALALAEN 0.04 cm®-g™',
MOXRD AR BN ARLAR | LK S A 45 e 41 i 5
] v S B SR R 3K T R, A SR T A 1 1 A K R R
SELES TSN R e SIS = R S N 3]
MMALE, Bl ai s elE, BT Uio-66-
NH, BBk 5 4 5 1P 20 KA 22 1) 9 2 B DA R e
K230 HE A MR Ui0-66-NH, #4 K it
A 53 AR 60% , Kt AR HL4E Ui0-66-NH, 1Y b 3%
B, (HJ2 5 G ADRMA B 04 6 be 2 i AR AL
BB /N T IR G B REPE AR ER B4 RE L A £L
EAF P BT A T AL S RS T ORI A%

x1 HHAYVESH

Table 1 Physical properties of materials

Meterials BET area® / Total volume” /  Micropore area”/ Micropore volume® / Fe Zr MOFs -NH,
() (cm-7) () () M%) M%) %) (mmol-g)
Fe;0, 129 0.28 47 0.03 100 0 0 0
Fe;0,@Ui0-66-NH, 121 0.11 68 0.04 100 25.4 59.7 1.70
Recovered
60 0.04 60 0.03 100 29.0 62.8 1.86

Fe;0,@Ui0-66-NH,

* BET surface area. * Single point adsorption total pore volume. ‘Calculated by ¢-plot method
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Table 2 Results of Knoevenagel condensations in different organic solvents byFe;0,@UiO-66-NH,
Catalyst Solvent T/C Time / h Yield / % Selec. / %
No DMF 80 2 20.7 52.7
Fe;0, DMF 80 2 214 50.8
Ui0-66-NH, DMF 80 1 80.3 98.7
DMF 25 1 54.5 99.8
DMF 40 1 63.8 99.3
DMF 60 1 70.8 97.1
DMF 80 1 82.9 96.9
DMF 80 2 98.5 99.3
Fe;0,@Ui0-66-NH, DMF 100 1 83.6 99.6
DMF 120 1 98.7 98.3
DMSO 80 0.5 98.3 99.1
THF 80 2 56.3 98.6
Toluene 80 2 10.7 84.4
Hexane 80 2 17.0 80.6

* Reaction conditions: reactions were carried out with 8 mmol benzaldehyde, 7 mmol ethyl cyanoacetate, and desired amount of catalyst (0.21

mmol -NH,, 1% or 0%) in 5 mL of solvent at desired temperature.
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