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Synthesis, Structure, Magnetism of a Thorium-Iron Oxo Cluster and
Its Application in Catalyzing the Coupling Reaction of Benzylamine

WANG Chunhui, ZHANG Yang, HAN Zhe, GAO Yuan, HE Puyong, FAN Chaoyue, QIU Jie®
(School of Energy and Power Engineering , Xi’ an Jiaotong University, Xi’an 710049, China)

Abstract A novel negatively charged thorium-iron oxo cluster, [Th,Fe,,0,(CH,PO;) ,(CH,0),Cl,]* (Th,Fe,,) was
synthesized via the solvothermal method. Multiple techniques were employed to investigate its structure, chemical
compositions, magnetic properties and catalytic performance. Single-crystal X-ray diffraction data revealed that the
structure of Th,Fe,, represents a novel dodecanuclear Th-Fe oxo cluster, which is formed due to the
synergistic hydrolysis, alcoholysis and condensation reactions of Th(IV) and Fe(IIl) ions, along with the passivation
by phenylphosphonate groups. Th,Fe,, is not only the second reported Th-Fe oxo cluster, but also one of the few
actinide-transition metal oxo clusters. The crystals of Th,Fe,, exhibit remarkable visible light absorption properties
and strong antiferromagnetic exchange interactions between Fe (III ) ions. Moreover, Th,Fe possesses excellent
performance in catalyzing the benzylamine coupling reaction, achieving up to 94% conversion and 96% selectivity,
while maintaining good catalytic performance after multiple cycles. Scavenging experiments of reactive species
demonstrated that electrons, holes, '0, and -OH play significant roles in the catalytic process, which was further
verified through electrochemical measurements and electron paramagnetic resonance (EPR) spectroscopy. The

catalytic reaction mechanism was postulated based on these experimental results.
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Coupling reaction of benzylamine
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J& BT AT E Y RS IR R e m AR, T EAARFRN SRS T, FeEAR
T H AT LU 4 AU T A 2 I H - 25 A DL SO AL L Ol | BETE AR s SR BT, DR
AR RN AT AN, FEHAE T, 2R E )R S, SR BT AR SR A K
fife . AR TSR NIE N A TR AR . AR s o B R YRS M ) 4R A T AR R A L
A 52 2 A Jre S5 ) ) S VAR ) S5 ) O () B AR G BRI IRAAR . DR, AP 4 T AR L R 4 R A
PR BRUE AL )T T 4 e & 76 B AR TR AR EAE R L AR | AT A i 72

BHIE GG T R &G b 4 i A 3R G 8 1 B AU, TR IR T M R i 78,
SR, B ZR TR D A R |« SE g A2 e Ak 2k o 0 2 S s, BTG T H4 B R I iiH 9 AH
X R ZECHGE S R OCR N &8 A E I R S8 25 W B Mo Bk Z R4 &M
B, SHE AR B R 5 A E AR .

RS R P RITER , HFEEAE +4 0 SHE &8 & 200, Th(IV) &
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1.1 RFI5LE
iR %L [ Th(NO,),-4H,0, 4l 99% |, & EEPRAEY AR MG (LEEE99. 9% ) , Jb st il
HA R ERk (SR 99% ) FI SR N (4 EE299. 5%) , |2 v bRA AL RS B A BR N w5 28 (4>
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99.5%), i s /R A AR A BRA Al 5 BULER (46 99. 95%) , U4 R RALBALUAR A R A H] 5 2,2,
6,6-VUH FLIRAE (TEMP, 463 98. 0%), FifgBH T AL RHE R A BR A F] 5 5, 5- F Jk- 1-nHE A obk- V-4
¥ (DMPO, Z4iJE 97%) , BeriiEBs B A PR A ] 5 Tk =gk (HiE=97. 0%) . ZRILRERR (PhPO,, 4l
JE99%) | 4- 2 FEMERE (Et-py, 461 99%) . H I (4liE=>99. 7%) | AR R (4l FE>99. 8%) . — &) — I
(DABCO, 4l 98% ) FIC/K i ER4h (LEEE 99%) , [E 254 AL # B v A PR vl 5 4 9 iR- SR VUi &
Wi 43 0 (Nafion, #EF D520, it s34k5%) , | ZRMOGHREIRBH AT R E] . Bt RIS R 21 T4l
b

D8 Quest B FAL i X SFFZEATHHYL . D8 ADVANCE UKy AR X S AT (PXRD) . VERTEX 70 %Y 2 f{ 21
HIETEAL (TR ) AT A300-9. 5/12 71t - HAR AL (EPR) , 8% Bruker 23w 5 Sigma 300 %4714 it 55 -
REHE RS GG (SEM-EDS) , 1% [5] Zeiss 23 7 5 STA 2500 % [7] 25 43 B4, 72 [ Netzsch 23 7] ; NexION
350D U H SR A 45 B 1 SR RE Y (ICP-MS) Fil UNICUBE BUA HLIC K 3 X (EA) , 7% Elementar 23 ) 5
Lambda 950 BI£84h-1] W35 2L AN G EE i (UV-Vis-NIR ) , 3£ [H PerkinElmer 23 ] ; PPMS-9T BIZ2 4
PR & 2 48 (PPMS) , 32 [ Quantum Design 23 ] 5 8890-7000D %U< AH {7 i - — B PU AR 4T 5 3% B FHAY
(GC-MS/MS) i1 GC-2010 Pro RIS AH (3% , S5 [ Agilent 23 ] ; CHIG60E BUHL fb24 T ARG, i IRAEAY
AR
1.2 X
1.2.1 ThFe,t 4 & # Th(NO,), 4H,0(110 mg, 2. 0 mmol) . JC/K FeCl,(64 mg, 4. 0 mmol ) FlI 7Kk [
f%(63. 2 mg, 0.4 mmol ) MIAZ 7 mLBEES W HT, FRIMATGK HEE(2 mL) F14- 2 3EMERE (120 wL).
IREEREE R 2K S, TEHR 180 'CR i 24 h )5, WHI B, MRk R R, H
P e J5 228 T4, 153 ThyFe, o ffA, 77230 65. 4% (JET Fe).
122 ThFe, ty 2 # 4% KR RAE 78150 KRBT 8L5 X SFRAT SR, 6 APEX 4 544 k1 7
HT R I | B IR SR E SO I, 8 A A R T A R AT, (PN B Y SHELX 2014 727
WA TRCEAE 5. PXRD MR A 20 JE FEI R 5°~50°, KA 0. 1 /s FRE AT (TCA ) I A I [X 6] A
32~800 “C, JHEHE 10 C/min, SR NZ S . LLAMGIENEATE F 7 400~4000 cm ™', £E4h-A] UL I
I % 0 3V A 200~800 nm. i ] PPMS #E 47 4 M I 3K, R Ak R () 1 00K 2% 14 - T=2~300 K,
B=0. 1 T; AR{RBEALSR B MR 25 F . T=2, 4, 6 K, B=0~TT.
1.2.3  Th,Fe, B9 1% b B 8 37 5 8F ThyFe,, i #& (6 mg, 1.7 wmol) . KM% (10.9 pL, 0. 1 mmol) I ZE
(12. 8 mg, 0. 1 mmoD) INAZE 7 mLIFES VN, FIIA 2 mL ZIE, TG sEA O, K8l 58 5 N i & 1
WE SRS F, LL400 o/min (OFEEESERE, [RIIHE 2 X A0 19 LED AT (3230 W, 3K 425 nm) B8
SIRES

AT LA SR 55462 (Con. , %) M (Sel., %) :

Con.=50 "1 x 100% (1)

2¢,

¢, (mmol/L) AW PR BRI ERHR L 5 ¢, (mmol/L) A 2 i J5 VS P R B B 2 5 ¢, (mmol/L) A 2
e TR B bRy N-SE- 6 i A e
124 BAAFNR 4 mg ThyFe, AN B A , /380 FHAEK (750 wL) 1L EE(250 pl) ISR
H, A 50 WL Nafion, #8575 1 h i S HOR . K B3 ThoFe, s AR R B 7L R , SRR TR )y
AU . A HCS0 WL A 2 B OB, TN E 2 AL RS (ITO) LB BE R, 7628 P
BETHE. MBS T BRI, S0 NI T b2

AT B R SRR R = AR R R . TAERAR IR ThyFe o By A FE S ITO S HLBE RS, X H
WA R, SR Ag/AgCLEL . FRLAAEE A 0. 5 mol/L Na,SO, 757K (pH=6. 8). 15 B ¥4 i [N IT 1%
i, AR 43512 500, 1000 A1 1500 Hz.

Sel.= x 100% (2)
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FEHL M 5 SR 1 AR S R ) ) P AR A 2R CTAE AR R 43 IV A ThyFe o B3 A FIR SE B
PR (1) 1TO S HL B35 ) FVHL M . 8 LED X7 X AR & . B PR R 0.6 V, REUE N 107
A/V. R LED AT RS 50 s AARATGHLIR , [R10F 50 s 21 L it .
125 H@EE'0,70-OH AN 1254 6 mg ThyFe, # AR B3I WP 2 mL 2 , #E ls
WO . H ThyFe,, 73 0K (100 L) A1 TEMP (1 £ i 7 (0. 3 mol/L, 250 wL) 73 HIFEAS B AN S I~ e
(20 pL) A TR A, SRIG 20 BITE BA RS A0 LED Y6 B 5T 8 min (9 450F T 247 EPR MK, LIRS '0,.
Th,Fe,, 435 (100 wL) F DMPO 14 Z 5% (0. 3 mol/L, 250 wL) 43 SI7EA G A% 1 (20 wL)
FIEE RIRAG, SRIE 23 SIAE SRS A LED JERE ST 8 min (Y21 R UEAT EPR ik, IS - OH. EPR A 4%
2 RBEIREE | 28 AU

2 ZFERE5T

2.1 S5HIRAE

B X BTRATIH BT R R, 2OAR R AR AR AR L IET 1CA) A TR 25 R UL T Rk 2R P2,/ 25 1]
FECR ST, ARG L), d1—F B 4 -+ —# Th-Fe %% [ Th,Fe,,0, (CH,PO,) ,,(CH,0) (C1,]* -
(ThyFe,o) \ W B K3 R 5 4- L HENEIE 737 S0 B (18] ST, IASCEZHRRE). niE 1(B) R, 4 11
HLIY ThFe o % H1 2 1> [7] ) ThFe, 45 14 25 00 1 6T 4 IR IR RERR R 1 R2 1M 5. 253 A 0 B 48 2R
(82, WASCZAFEE) Al A, BAEEMHITP &4 1A Th(IV) B TR 54> Fe(MD B, BJE BT
Z A1 I 2 A p,-0 T2 4> pu-CH,0 JEHGESRTE B T A5 M HC A% O . S5 0 Brah R 3R W, Fe (11D A1
Th(IV) &5 HY MR A | BEAE NG SR R NAL AL T #8510 ThFe, BT B>, %4200 5 24> BRI AL 19
CH,0 \ 2158 T 4 DR BFRAR FC AR IR T S5 S CHY SE A5 . (EAR— 4R A2, WE 1(C) R,
KA FEITH Y 44 Fe (IID B T8 3 2 128 F CH,0 B RJFFRT 2 2% F OH A 48U T B B T8R4
WA P 2 L [ Fe,0, ] Ty F IR,

Fig. 1 Optical microscopy images of Th,Fe,, crystals(A), the ball-stick representation of the structure
of Th,Fe,, cluster(B) and its building block(C), coordination models of Fe(III) ions(D, E),
Th(IV) ions(F) and phenylphosphonate groups(G—I)
Color code: Fe, lime green; Th, green; O, red; C, grey; Cl, brown yellow; P, purple.

Fe(IID) &+ HA FeO, [ 1(D) | F1 FeO,CI[ 1 (E) ]2 F7SELAEEE, Th(IV) B+ ThO, /\FL AL
ALET(F) | AR AR 52 3R LA A i 3P u,-O MR 3D Fe (D B 1B 1(G) |5 dliad 31, 0
FFER 24> Fe (TID B F A1 14 Th(IV) & FLE 1(H) 15 i3 2 4> p,-0 F1 1A -0 7 HK 24> Fe (1) 25 1 F11
24 Th(IV) &+ [E 1(D) 1.

Th,Fe,, 4514 "1 %) Fe—0, Fe—Cl1F1 Th—O0 F (1~ 34 54 43 51 0. 20325, 0. 22616 F10. 24218 nm
(FS3, WACEFRHMER), 5% WK A FAL TS Y= o R AL . Fe—O—TFe Fll Th—O0—TFe
AR 43 oM 93, 28°~126. 30° A1 101. 09°~136. 90° (6 S4, WAL HHif5 ). Fe:++Fe filFe- -+ Th i
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B3 5 4 0. 31072~0. 38340 nm Fi1 0. 35568~0. 41707 nm, 2 > Th (IV ) B ¥ [a] 1 FE 25 4 0. 47813 nm
(S5, WASCHFHER). FiREUE S i X ST ISOR 445 H015 (EXAFS) Tl iy 25 F AR, o 51K
3% ThFe,dhpta 254 FP ) Fe+ « « Fe /25 (0. 34970 nm) Fll Fe+ « « Th 5 (0. 35707 £110. 35833 nm ) A"
HUHGEREIRAA L, 4SO 4% Th-Fe U5 R 91 TH 20 48 25 B oS 42y =X
22 WEAEARSHERRFRA

WE 2(A) fitzR , ThyFe,, s A PXRD 335 #5380 1 H L b B 00515 H1 19 PXRD 35 B A — 3, &
B Th,Fe, i EL A R AR 45 S A S0 . R RAE R IR SC 00 2 B, AR oA R R R e v
(82, WASCZHHFER).
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Fig. 2 PXRD patterns(A), EDS spectrum(B), TGA-DTA plots(C), IR spectra(D, E) and UV-Vis
spectrum(F) of Th,Fe ,

Inset of (B): SEM image of Th,Fe,, crystals; inset of (F): optical bandgap diagram of Th,Fe,.

SEM-EDS %% .26, Th,Fe,, it&H &4 P, Fe, Th, C, N, OFICITLE [ K 2(B) ], 5 AL et
g5 MR ICP-MS Bl i 515845 H P/Fe/Th BEJR A 13. 062 10. 22:2. 00, S5 HFRIE(E 12:10:2
LT (86, WASCHFHEE). TR AT A1, ThyFe,, A9 C, NATH & & (584350 439 0
29.80%, 0.97% F12. 88%, 5 HIMIBAE (30. 45%, 0. 76% F1 3. 08% ) it (36 S7, WAL L Hi 5 B).
TCA MIALE R, F % 247 CZ (1] 8. 78% 1) 5% T IH PR T I Fdifir sg ik L LRI 2(C) |, #iddEix
S FEEHEE R T 25 2 N 4- 2 BRI E 2 7 6 MR K4 7.t TR
Th,Fe, FERRTEERHIE AL, PRI, b e far n] BE KA 08 1V BT T G 4- 2 JEmEIE 4372 v A
BT L5/ IC R 4 Hr Al F, ThyFe,, df 4 19 16 2% X8 H [ Th,Fe,,0, (C,HPO,) ,,(CH,0) (CL ] * (Et-py) ,*
6H,0.

Th,Fe,, st R IR ik [ 2(D) FI(E) IRBHIL A SR HIE L KT RIEBERRAR | Fe—O AN
Th—O ##5% . 3431 em™ AL A FEWE I JE T 7K 43 F O—H Mgk 215 3066 F12935~2829 em™ &b 11 55 i
Sl IH & 05 B AR L L C—H BB AR 85 1614 em™ Zb A9 5505 9 & F H—O0—H 1925 i =
5 1438 em™ b 3R I A JE T A SL SRR P—C MR 20 ) 1062 em™ AL WIEIHJE T4 8 B T 5K
B 0 R AR TE 7 )5 TE B A Fe/Th—O—P [ 1 45 4R 31 5 964 em™ 4b (9 5% 14 U5 J& T P—O 114 X Bk A 4
P a5 594 em™ Kb 1Y I IH & T Fe—O MR AR IR 217 5 509 em™ b /Y 06 )4 J& T Th—O0 19 X FR 47
Pesh'®. G 2(F) iR, ThFe iR 1) UV-Vis YEiE1E 225~800 nm 36 Fil N HA 48 56 BRI, v] RE S Tid
-4 J@ 15 12 (B P e i A 61 ) Kubelka-Munk 2328 (WA 32 3% 3705 5 31845 ) ThFe,, i 14
FIC2EE R R 2. 84 eV, RINZIL AP HA I K B e 7.
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B 3(C) IARIREE T IR LR B RHZE (M, vs. B). BEFE IR ZRHIFEAC, ThoFe, s MIRHZEIE A, I
TR RGN B A . 16 =2 K F1 B=7 T}, REALHEEE M,=9. 89 N, - w,, vt/ T HBISH
(50 Ny wy,), FB Th,Fe,, /P Y Fe(TID) & F 1A k@A HAE AT 3(C) .
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Fig.3 x,Tvs. T(A) and y, " vs. T(B) plots of Th,Fe,, measured in a 0. 1 T direct current field at 2—300 K,
and M vs. B plots measured under an applied field of 0—7 T(C)
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Fig. 4 Conversion and selectivity of coupling reaction of benzylamine under different reactive conditions

(A), GC-MS spectrum of reaction products(B), the evolution of conversion with increasing reaction

time(C), the variations of conversion and selectivity in four repeating cycles(D), IR spectra of Th,Fe,,

before and after recycles(E) and the conversion of catalytic reaction after the respective addition of

different radical scavengers(F)
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F R 4(A) AT DL, 78 LED Y6 (A=425 nm) BESFIE AR SIEAE T, TG ThoFe, shRE, 122 N 51k
BHEREMES39R 37% F131%; TN ThyFe s G , AR FBEREM: 73504 94% F196%. I ik%h
FW, Th,Fe,, it AR —FPR R e SR S i f Ak 7

FEVR N Th,Fe,, Sb R LED SJERESS 554 T, IRPIAESAS . 28 SORAE P ROV S AL 253010 94%
67% Fl142%. JIRIRFFAS > 253 > AR, RUVE RTINS

FEBS I ThyFe o fh AR TN A O, 20T, “FIEAE LED Y6 REST . [ 2R 6 B G5 0 2 15 v s hif 1
TR0 5 94% , 45% 1 33%. JZ AR A LED MG > F ARG > ARG, K0 LED 6 B8 5t 5 2244
1.

FEGS M ThyFe o fiA . A O, FI LED JERESA5F T, A5l 4, 8, 16, 24 F132 h. & 4(C) I,
TE SN IA] A 24 hiF, SRR FEAL 3R T T 94% , AR E K B W I 18] J5 5540 R IE T0 B AR T, BRItk
$5 24 hVE Rt O B[]

LIRS AR R, ThyFe, it — Bt K 09 0] TR0 R e A LRI R B AR 7, SR
B AR« LED YEHREF (A=425 nm) | O," TRV 24 b, ARV &, AT TR SLER . 4
El4(D) PR, S 4 RGBS , AL RN 5 A28 AT TR, 3X ] B2 i F ThyFe,, sh A £ (i A i F2 v
HBER A RE TS . (AR A, ARG B TR, {0 ThyFe,, Sh AT Bt LT RF5 A
A%, FW] ThyFe,, A BA BUFELTE ST . B 4(E) IR, 5 RZMAL S 1Y ThoFe , ShAA R IR 15 &l
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Fig.5 Mott-Schottky plots of Th,Fe,, measured at 500, 1000 and 1500 Hz(A), the electrochemical
impedance spectroscopy(B) and the transient photocurrent responses of Th,Fe,, and PhPO,
under LED light(C)

Inset of (A) shows the HOMO and LUMO levels of Th,Fe,.
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Fig. 6 EPR spectra of reaction solutions in the existence of TEMP(A) and DMPO(B)
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TNEEW N (C) , A AR AT BB L AT 2 AP AR S BE . (1) FECIRBUR T, AR AR R T (o) A X
(h"), AT TR 500 10, SRS 0,8 NI AR rh A A A, PRI A 23 I 72 - OH Al Fp ]
PRC 5 (2) RIS A B2, Bl N RIEFHE 7 B 2L B, S5 A 5 B it — 44y
HEI AR C. 55 20, IR C oAb o N-ME- R IR (B ), R S5 10 B9 W ek — 2D 4 65 2 b )4
N-"RHE-1--RE R e (D), A28 7Rl R iRl iR D IR &0 1, B i E7

=

0,
2 (0]
\_ O a
e ¢ ¢o 1Ow/\ @ﬁN\“H
- H
$ 11 gNHz
la ]—ZOH

NH:
ThFeio 4o N =
B c ‘

—NH;

é
h* h* h* NH. ©/\N/\©E
.

Scheme 1 Possible mechanism for photocatalytic oxidation of benzylamine to N-benzyleneamine over Th,Fe,,
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