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Density Functional Theory Study on the C—H Bond Activation of Methane by Pd
Doped CeO:>

LI Qiangian, CHEN Rongfang, XIA Wensheng™!, WAN Huilin
(College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China)

Abstract The importance of the close interaction between Pd and CeO: has been stressed for many oxidation reactions,
while the nature of the active sites in Pd-CeO2 remains to be identified. In this work, we employed the density functional
theory (DFT) method to investigate the activation of C-H of CHa and its mechanism at the PdCeQ4?/PdCe206%-X(S/T)
clusters at the UB3LYP/SDD+TZVP level. The results show that Pd doping enhances the ability of CeO: to activate methane.
Generally, the singlet clusters are superior to triplet clusters in activating C-H, and the configuration has a great influence on
the reaction energy barriers. On the singlet clusters, the transition states consist of Ce(Pd), O, H, C atoms, following the four-
center addition mechanism. The optimal energy barrier is 63.1 kJ/mol, which occurs on the Pd-O(B2) of PdCe20¢%-A(S)
cluster. The transition state of the triplet clusters is composed of C, O, and H atoms, which is consistent with the hydrogen
removal mechanism. What's more, the charge population and frontier orbit analysis indicate that electrons flow from the
cluster to methane when the C-H of methane is activated on the PdCeQ4%>/PdCe206>-X(S/T) clusters.

Key words Pd-CeO:2; methane; density functional theory; mechanism

HBE(CHa) 2 RN M LBy, BABRKERN, Al g f . gt T ah i £ 7
o W T R B AR e R, S B A U T I B 2% AR () R REAT TR IR R
SEAIRBE R BLH 22 FEBE NOx. CO 545 BRI AE B, X FRSEE si5 4. BHIE, FST CHa HUMIRIRE
AN A B AT B2

TR AL (CeO2) BE WS T 1 M it A7 S U AR E i B I R, T AR F COL CHa 55/ 7 11
WAL R AR, BT Pd B Pty Rh ', HHY CeOr M & &= LM 7 IR A IS 1E, FT
LIRSk Pd 5 = AR AL TR RS0 AR AL 2 2] T AT B AT, KpJil g, Pd-CeO, (AL
2 BB IR e 1A R f R D223,

oA H Y 2019-04-26
HETH: ERARBYIES (21373169)
W4 ke . 2019-07-30 11:47:12 w4 % bl . httpi//kns.cnki.net/kems/detail/35.1070.n.20190729.1806.002.html



2 [R5 4 (E 2R B

BRIV 2 A A BT8R H T Pd F1 CeO, [ VI HIAH BAE FH I E M, {Hj2 Pd-CeO; fiE L7
TETEAL IS AR R — A S K Bh AR . — LB T8, DL CHa NEREN 21, X0 R (i Ak 7503 P o7 3k
TTHIF . Lu Z00 N CeO i Pd B 7RI T CeO, i PO, Senftle &6V it %5 FF 2 B
PR (DFT) iAW 535 . Pd/CeO, F1 i) Pd?* 78 FH e (IR & A o 52 30 1 A v 03 1k, 17 )
SN F13% (ReaxFR)BEAUAT DFT 115U &I PA* B o g 7E B 23 HR A CeO2 [f] PO e,  Jf i3k iy & 3 7%
e AE s Luo 208V HTF 72 26 B AL 7 R T 1 PAO WA & ) B (3G ME A7, Trovarelli 25150 A%
PEfT 2 CeOp 2 1M _FANST B IE 75 X1 PdOs; Colussi 25100 % 3 PdyCe1xO2 [l 4 i i) Pd-O e
TEAL ) CHa B ALTEE: Mayemick Z5ROMKHE H DFT 545 45 CHa7E PdyCerxO, [Fl VA& # H L 11
TEALAELL PAO RIEMC, AR PdCerxO2 K Pd J+4 Hr. #iM0 Pd-CeOy 1%k CHa [ S N i 1
Oy (D7) A7 B K i

BRIk, ASCIEH DFT 8 HEEAE Pd B 241 CeO, % L HIIHALHEAT T 5T, % B #%%¢ Ce-Pd-O
SR 25 K6 S C-H WEAL I, LI IEXT Pd-CeOa 1A 2 fHE 4K FR 5 480 A B R v 0 (1) I 1 — 25
IR A

1 HEEEMTER X

B TR &R R T35 4 A8l B A R 0 e B A DS 222 Br DR A Pd(IT) HAR
(Ce0y)2-3 H#E2I Ce LIMEE Pd 54+ CeO, k. #RIEFIFBM I H eL EEKARRE, #5450 %R
184 PdCe04%/PdCe06%-X(SIT)(X=A, B, .. MRERHAEMME; S, T HRKRPESM=ER). X
TRREA &, W Fhsid: il T1, EEARESER 7 (Pd. Ce)rEich B2, EHAMFR
T Ce MM N B2, EHE—A Pd JE TFHAPEA Ce JR T /XA E N HS.

ik R GAUSSIAN 09 72 ¢ B4 e [ IF 5% J2 % BE 72 oA B i8 (DFT)UB3LYP 7 v (25261 %}
PAdCemOomsny* (M=1~2) F FEA F 47 5 L H b C-H Mg tb 45, Hd, &g Fik$ SDD &
728 kb C. H & O JE- kS TZVP FE419, 78 UB3LYP/SDD+TZVP /K- Fidid JU Ak i i
B AR, ESAEYR SRR (S T AL, BN 298 K), FHAEBIRZNER T H
RS AL PR IEAT A 2, IR 508 2 R N R = ) ) 3 SR PN B B AL b ( IRC) g v E
1T I8AIE
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2.1 BFEAKNEHTES

K 1 Jy UB3LYP/SDD+TZVP 7K1 T4k 15 £ ) PdCeO4%/PdCer06? - X (S/T) I #% ) J LA #4 70 AN AH St
fEit. Pk PdCeO2 7L EL FAE AS)(PUITIF). B(S)(LH). C(S)(VUILHF)3 Fiig %, Ce(Pd)JR¥
B E 9 N 4(2) 3(2) 3(3), Ce(Pd)-O(T1)8# K %) 192~194 (182~186) pm, fii Ce-O(B2)%: K 4K Yk 4
(254, 222, 200 pm)if, Pd-O(B2)#E KKK (188, 191, 226 pm), AHXT LY 4] 7% BE & WX Tt
(0, 6.2, 61.6 ki/mol); M PdCeO, > fE = H & NUAF—LHME A(T), H Ce(Pd) )5 + Bl fr £ N
32, BKHWSHEL BO)MIL, (HAEEKMK(-78.9 kI/mol). H % PdCe,O06® 1 . H A N7 1E
A(S)(STEHR) . B(S) (WY JGHR) . C(S)(MVU e F)3 FiAy 2, [i%H (Cel, Ce2, Pd)JE ¥ Bl %/ 5l H
(4, 4, 3), (4, 3, 3), (3, 3, 4), Ce(Pd)-O(T1)# K % 190~193(185) pm, Ce(Pd)-O(H3)% K 4
236(203) pm, i Ce-O(B2)# KMk k46 % (217, 203, 195 pm)if, Pd-O(B2)# KK k4K (203, 209,
227 pm), FEXH R R RS B AK K TF R (0.0, 89.5, 120.4 kl/mol). H1#% PdCe,O¢® #f = H & F thF4E 3
R, BI A(T)(ST0ER). B(T)(WUJCHR). C(T)(CEFF), Bl#%E A+ (Cel, Ce2, Pd)JE-FHCAL %5 7l M (4,
4, 3), (4, 3, 2), (3, 3, 2), Ce(Pd)-O(TL) 8K %) 190 (188) pm, Ce(Pd)-O(H3)% K 2] 226(239)
pm(5 R ERBE AS)ZNHECR), 1 Ce-O(B2)#KAKIK A 226, 208, 232 pm, Pd-O(B2)## KKk KA
199, 202, 188 pm, AHXF M A1 #% G & AK X ¥-10.0, 56.3, 57.9 kd/mol.

Rk, Bl K253 Ce(Pd)-O(B2)4i (M4 K:), 1M Ce(Pd)-O(THKEMNAK: BREFHSE
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o D T S R P A K U AT (R 38 S5 W R AR R AR, T 2 AR RE AR E . AT, HfRRE
BBt Ce(Pd) i1 Be o2 Kl (M K) .  Ce(Pd)-O(B2) < 4 i (M <) M & i s (H =8 & N BRI AEE
5 RS HUAHGEAFAE MBI R &, TN ST I H % PdCe06”-A(T) BE B AR XTI,
VU TCH S5 44 1) PdCe206”-B(T) FITC A S5 HJ 1) PdCe 06 -C(T) R B Htm, HJF L. =EESHIEK
JE7 TR B (R A A2 T e B T P2 AR IR B I ) 5 A AU 7 o o 28 AT R 1) 22 S K, T X o 14 e 2 U
e = A BRI

W, AT 2 T RBEN R RE, BRATH MultiwfnBORE 7 26 1 % 1A% 1) E e % 12 555 1
KA 2), —BS|EREMURIEHE, HEOARME. SREY . PEESHE LS T LA R
WA, TN = EARERY, BREEERZ A P R RS HALK O By b, 4i5HE 1
MR E e s, R =EAR%E L Pd. O JE1 B e &S v IEE, BRI 708 Alpha Hir
T, B Pd. O JRFlzE, Frii Alpha Sy Hsb . RS HAl R 5 45 58 SOt s i LR .
SRR, 5T B e B oA xBTS A SR 7 BN 1 R A5 BT R

R, WG, OEERDHAFE Ce. Pd. O BT HFEbRiC: HBELSTRRIEAST fE .
Kl 1 Pd 5 74% CeO, B PdCe0,2/PdCe 062 -X(S/T) M) 4 #4) (VA& B2y pm) AR S & (75 A5 97 11 ER A, kd/mol), LA J5 19 1 I Aii & B (O 4%
T HHUHE)
Fig. 1 Optimized geometric structures (bond lengths in pm), relative energies (Gibbs free energy, kJ/mol) and atomic spin population (shown in square
brackets) of PdCeO,2/PdCe; Og 2 -X(S/T) clusters
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Fig. 2 Spin density isosurface map of PdCeQO42/PdCe; Og 2 -X(S/T) clusters

22 BIR C-H B RN EEESF
2.2.1 PdCeO>Hl#% Lkt C-H HIiE

HE 3 FraRiEliE PdCeOs#-X(S)iE L ki C-H HIR M GER S, " LLEH, & &Mi&E AT
A (add)HH X T I N4 (cluster+CHa) IR RE A 2 AN K, K2 A IEME SN A (-1.4, -3.4 kI/mol),
KA S R R RS 1 — DAL RIS C-H W2 (175 L B8 22 F0 7= 1) e = I
Fe % DA R A R TE M AN R A [H] o [ 7% PACeOs*-A(S) L, HIkE C-H 34k RAFTE 1 kG AL A5 Pd-
OB2)1E %1%, TEALAELR (P IRk &) N 78.3(-59.3) ki/mol; H1#% PdCe04>-B(S) L, Wi C-H iHiLTF
7 Pd-O(T1). Pd-O(B2). Ce-O(T1)f1 Ce-O(B2)fi i 4 %fEH ik, Hittbae2 (=W E) D HN
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117.9(-110.5). 134.7(-34.2). 87.9(-9.3). 95.4(57.5) ki/mol, B —# AL Em T 5 =%, Bl Ce-O(T1)
Al Ce-0(B2) i SfEHEBBEHRAER, H Ce-O(TOA A=Wt EBAL, HIifEd Lnrit— 51,
% PdCe0,>-C(S) L., Hift C-H iE{L W 7E#E Pd-O(T1). Pd-O(B2). Ce-O(T1)F1 Ce-O(B2)fr i 4 41F
W, HiEEE2 (P WREE) ) BN 75.2(-137.1). 132.0(-87.7). 66.2(-28.1). 76.4(-26.9) kJ/mol, H:r
Pd-O(B2)fir s AF Fl & 2 e 2 fe i, Hi A =842 (Pd-O(T1). Ce-O(T1)A1 Ce-O(B2)f7 fifF i i 42 RE 22 A
ZA K, 1H PA-O(TL)AL A4 H BRI =Y e R RAK(-137.1 kd/mol), W R b5 RARE AL, W
1t Ce-O(T1)F Ce-O(B2) A7 s b A& A= v B B A0 1) L 38 AH X LA o

zr FATA, AR A 4 B K A AE PACeO42-A(S) ) Pd-O(B2) . PdCeO.%-B(S) ff] Ce-O(T1) Al
PdCe0,*-C(S) ] Pd-O(T1)fi . 1M PdCeOs>-A(S)Fl PdCeQ.>-C(S) I3 1L fE 22 # % 5 1% (78.3, 75.2
kd/mol), ‘EAITES&H —APUICI, MGk ae 22405 8= 1) PdCe04*-B(S)(87.9 k/mol) Ul A JE PR 4544
BTk, BRI 25 20 B e C-H i1k RE 22 7= AR §2 I

FN, EREE C-H iEtkid i, LI PdCeO,>-C(S)f Pd-O(TL)f7 A NI, Pd-C #. O-H #4550
(488, 243, 206 pm; 198, 155, 96 pm), Ifi C-H e K 5485 (111, 121, 107 pm). FrbL, HbeiE
i A Jy Ce(Pd), O, H, C P L&5H (1A 4a).

Hl7% PdCeO4>-A(T)5 PdCeO,*-B(S)—#f, I 4ity. MK 3 HrfLIEZ], FfE PdCeOs*-
A(T) 5 W bt BB 776 Ce-O(T1)F1 Ce-O(B2)hi i 2 FKAEHERE. MEWIIREE NIE(EB.3, 45
kJ/mol), Bl F e 5 [ #% 2 TB] (M) ELVE P58 . H C-H i {LfE£2(82.5, 92.5 ki/mol)5 PdCeO,>-B(S)[]
FRAH N AT A ZE AN K (87.9, 95.4 kd/mol), {HJE L= HE #(129.4, 285.8 kd/mol)iz 5 T PdCeO4*-
B(S)H1#%(-9.3, 57.5 kd/mol). #rli\Jy, HLifE PdCeOs>-A(T) % LB AEBEAT IR FE R AL

B—JH, ZESHBEEFRL C-H K, LI Ce-O(T1)f A%, C-H BZEWiK (110, 145, 108
pm), H-O FZE W44 (212, 125, 96 pm). il P8 I5 S R ALEL (& 4b), &M MEEYMHFrRid N
PC)# 4k N A% -H(##ic v P) 1 CHas.

gx bk, BAEWGHRIRZEELE R C-H RE i LR &5 . [ e 2 51 B 50 135 A0 F Je
[ fe Sy fEAERZ I, RN H A RS AL bE C-H R J15R 5 = A BI% .

PdCeO, -A(S) PdCeO,> B(S) TS-TV(B2,Pd)/134.7
150F TS-II(T1,Pd)117.9
§ TS-II(B2,Ce)/95.4

120k 150 | TS-I(T1,Ce)/87.9
add-TI(B2,Ce)/21.7 .
90 T TS-1(B2,Pd)/78.3 100 add-II(T1,Pd)/7
pumiahy e add-IV(B2,Pd)/6 .

60 ] , Es0 add-I(T1,Ce)2.7, B2,Ceys7.5
= 5 "____.7-—“- .~
E 30 1 cluster+CHy G 0| —r L
2 0 (I r— \ < cluster+CH PHTLCE-93
= — \ =0 L
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ET Y 100

60 P-TI(T1,Pd)-110.5

._
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= ol pzoc: M oS TI(B2,Ce)/76,4 P II(B2CeI 269 S 5ol < {1204
EN T T A el B el
Z 40} cluster+CH, TS K(T1,Co/66.2 *, PATL,CO28.1 2 100- — £~ PII(B2CeH+CH;
N sol  add-TB2Ceoya5s" R p—
 — s add I(T1,Ce)3.3" “ PC-I(B2Ce)/53.1
1200 PAV(B2.Pd)-§7.7 of e — ;
160l — 0.0 PC-I(T1,Ce)/-16.4

P-III(T1Pd)-137.1  -50 cluster+CH,y
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- . 110
I{E}C 130% e
211 — g% — ""IE — -
(,Am@“ o—r'mi{‘
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Fig. 3 Potential energy surface (kJ/mol, the energy of clusters+CH, is 0) and optimized geometries (bond lengths in pm) of the product (P), product
complex (PC), adduct (add) and transition state (TS) of CH, activation at PdCeO,4 2 -X(S/T) clusters

& 3 CH, 7£ M #% PdCeQ42-X(SIT) L iE AL i i in &4 add.

e s [ L

] 4 20 T 25 5 = o 1 A PR R U A (0 45 4

Fig. 4 A diagram of the structures of transition states of methane C-H activation at the clusters for both the singlet (a) and the triplet (b) states

2.2.2 PdCe,06* Bl #% £ ke C-H HIiEL

B 5~7 wl &, W ke Bl #%E PdCe06>-X(S) L im AL i, o & % ) fie & % 4 1E 11 (2.9~23.9
kd/mol), i BT G 1A A AR SR IR S5 o X T F B8 B RS e 2 M=V RE B 5, 5%,
C-H 7EH#% PdCe,06>-A(S) LiGfb i £7E Pd-O(B2). Ce-O(T1). Ce-O(B2). Ce-O(B2')fil Ce-O(H3)Mi
5 ZERSE, HiStbRe 2= WRe &) B 63.1(-99.5), 105.7(45.0), 93.1(42.1), 93.4(48.4),
117.9(89.4) kJ/mol, B Pd-O(B2)fii%fk C-H fg i 5k, Hi% PdCe,06-B(S).f, H kit C-H VGt f7A7E
Ce-O(TL) A1 Ce-O(B2)fii i 2 sKAEH&EF, HiGHAEL(=WRER) ) N 78.5(-12.5)F1 83.3(-24.4)
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kd/mol, FILCLEH, Ce-O(T1)iGfLAE22 L Ce-O(B2)Mi ISk, 1H & Ce-OB)LLMI=MIRE BHAK, EH
Rttt — P4k . A% PdCe206%-C(S) I, Wkt C-H ik /7 7E Pd-O(T1). Ce-O(T1)#1 Ce-O(B2)fi
M3 X&EM®RE, H C-HIGEEL2-WREE) D AN 82.1(-139.5), 100.8(9.3), 82.1(5.6) ki/mol, Fir
PL, PA-O(TL)f7 i b C-H iGfLBE 22 FI = MR |mIVEAK, AOUH e 1 EaE, mHFEAER B
RAERE AL

B ERAEE2E AT, B KA PdCe062-A(S) ) Pd-O(B2). PdCe,0¢>-B(S) ] Ce-
O(T1)F1 PdCe,06>-C(S)HJ Pd-O(TL)NZ 55, Hrf PdCe 06 -A(S)HITE AL AE 22 5 {%(63.1 kd/mol), % 4#%
HEHNICHN, TG AL BE 22 40 X ¢ 5 1) PdCe,06%-B(S) A1 PdCe206%-C(S) (78.5, 82.1 kd/mol) I Ay Xi Y
LML, R, HE C-H iE Ak R 22 bl A iR I 45 /T =, S oI iEA B C-H R 5 T DU R .

A, HETE PdCe06%-X(S) b il AL Mk SR 1A PU A0 I e L3 . 540, 76 PdCe206%-A(S) ¥ Pd-
oB2)f7 & F, O-H #45%5 (136, 96 pm), Pd-C Al C-H ##2: K J5 446 (228/233, 235, 215 pm
111, 133, 107 pm).

M A e L EER AR, C-H MR NEEE M 2. 5 PdCe06-A(S)H[F], PdCe,06*-
A(T)FFETEA F RIS, KERAFAE 5 AN ERE, A YIRER(-23.8~8.7 kI/mol)fik T PdCe;06%-A(S)
[#171%(2.9~23.9 kd/mol), {HJEXT ¥ C-H iH1k AE 22 (P~ ¥ g &) 103.8~116.5 kJ/mol(43.4~78.3 ki/mol),
BT PdCe06%-A(S) 155 AN AL A FHRE A, Bl = EASRIEIEAH R C-H MR 5 TR ESH
#%. Hl#% PdCes062-B(T) I, fF7E Ce-O(T1)A Ce-O(B2)fr i 2 21E 4%, HH ki AL iin& e
(-52.7, -53.0 kJ/mol). 71k AE22(40.8, 38.4 kI/mo) =¥ & ¥)RE & (-57.8, -51.4 ki/mol) KT H
HEABFEMANAL SRR R, (B LR& S YRER(96.0, 137.0 ki/mol)E T PdCe,0¢%-B(S)Hl#% . X 1]
Re 5 HAEN A% A G, MR T HA=EARE, PdCe06-B(T)H%EH S Pd AT AR TR A
E e 04, MR EUR T 10 B e A B LN 0, YumuralH B B e 55 5 43 A 10 A 5] 7T DL A% [ %
R 2 A EAER. BRATEMER Multiwfn 27 LOBA J5 it & 17 A R % - % IR 7 A ik
A, RILHAE PdCe062-B(T) L1 Pd JEF +1 4, 5 Pd AHARHIA ML E M -1, Ce FIH fih 4 R
TAEWM B N+4 F1-2, MHABBKE EMNE Pd. Ce. O JRTHILA MBI N+2. +4. -2, H%
PdCe,06>-B(T)[¥) Pd Al O J&-FIL &M 1AL, SEIIEILF S C-H MAE 22 (K. H CHR[15]H % 1,
BR&mETE ML, BER T B

PdCe,06>-C(T) [l #% L A7 #E Ce-O(T1)F1 Ce-O(B2)NZ i 2 %A A%, W e is AL it 1 hn & 4 fig
£(19.5, 84.9 ki/mol). WHfbAEZ(167.1, 164.5 ki/mol). F=¥IE & ¥fe & (69.3, 63.0 ki/mol)Fl=¥he
§(92.5, 79.7 kImol)¥J i T EARE, B PdCe 06 -C(T)RBIFRMEHE H ke C-H HE— B8 ALK 14

5 PdCeO4-X(T) Hl #% — #£, PdCe206*-X(T) Hl #& G 1t C-H K i 15 A M bR LI . fl a0, 7E
PdCe,0¢>-B(T) 7% Ce-O(T1)f i, H-O #iZilfi46H (225, 120, 96 pm), C-H %56 H¥ K J5 45 56 (110,
150, 108 pm). =)< N CHs Ml A #%E-H.

i Bprik, AT R E, RESEHZEEL C-H MR T =E&F%E. L, MTFRES
HET &, B BIERNIER, HeiE R e 8% 42 2 8 PdCe04%-C(S) I Pd-O(T1). PdCe,06*-A(S) I
Pd-O(B2)fi7 s, &L BER 1 75.2 F#AKF] 63.1 kd/mol, HUFALHEE C-H RS Ju B 7% 1% K $2 s B,
HfE e C-H MIRE 1N : Noeih >PUoih ST AfE. 1 H, T3 B35 & A e A E 1 Pd-
O i &%, #ifi, Pd-O i fii&fk C-H HIfE /15T Ce-O fiisi.

Pd #7% CeO, &S H e AN I A R I B B 4, ail#% PdCeO4*-C(S)I#) Ce-O(T1)AN
Ce-O(B2)f7 fi b C-H 5L AE22 5 N 66.2, 76.4 kd/mol, Bl 547 48 L MR A2 0% 4k C-H [ fE JIug o, 1
[#1#% PdCe,06*-C(S)H] Ce-O(T1)Fl Ce-O(B2)f% i I C-H iH{LfE 2 435I~ 100.8 F1 102.4 kd/mol, #Hiif
PR LIRS C-H RS JI0E 58, 1fi K15 2 BIFEM A R AALIG 6 C-H B 131 Bk 2 724, JREp
Pd (5| A& AALIEL C-H I ZE R4/, BaEfas i,

Pd S S C-H M RiG b 12 R ETE PdCe06*-A(S) A% I Pd-O(B2)1 i, HAL 7
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AR 63.1 ki/mol [IfiE2e, AUREAHZ AR R CRHEB RHABIELF e N 82.8~165.7
kd/mol™, B & FHBRE%. # Pd B8R EEWEHE T CeO itk R MAEJ1, 1X 5 SCHk B & ) it
5t 45 IS W & 1), 7E PdO/PdyCe1.xO2.5. PdxCe1.x02.5« PdO/CeO, LA K CeOy fEAL 7 IR CHa B ALK
MR, Pd B85 T CeO AAL H e HIAE J1, b PdxCerxOp-s A6 71 3 P 5 47

PdCe;04-A(S)

TSIVEHILCeHLTS
160 TSI(TLCe/L05.7 ;zﬂ“‘?'f%{‘
ESLI TSTI@2 Cel93.l (B2.PA)/63.
- f— e PAVELCOE4
3 J:
ERm K " PATLCE)45.0 " mm BII(BZ,Ce)48.4
= 7 omsterecm, 7 PIIB2,C9421 cluster+CH
P s —— "
0.0 add-T1(B2,Ce)/12.0 0.0 add-V(B2,Pd)23.9
-0 addI(TLCe)2.9 add IV(H3,Ce12.6
addI11(B2',Ce)12.0
80 "
“mm P-V(B2,PE)-99.5
PdCe,08-A
20¢-AM TSIV(H3Co16.5
160 - TSITLCMIL.T TS-V(B2,Pd)109.1
120k TS I(B2,CH/105.6 PIT1Co+CHyT3.3 TSIIE2,CH1038
b — PII(B2,CerCHATLE o — yomp——
E — : R K
3 } e II‘(‘B“,C add-IV #3,Ce)8.7 L
= F -1 &) h T " —
= . 2 4d T(B2,C PCIIEB Ce)i68,
& |chustereCH __ PCI(T1.Ce)62.8 ad M@ _“)‘ g (B e)‘,,’]‘ TI(BT, Ce+CHA 8.3
O m— RLC — ! ‘" P-V(B2,PA)+CHy/TLG
00 add I1(B2Ce)8.5 cluster 1CH | 7 B2, 3
w0t add-I(T1,Ce¥5.0 0.0 ldd-\_(Bl,Pd)J-ZJ‘S PC-V(B2Pd)/-6.6 P-IV(HI.Ce+CHy43.4

PdCe;04-A(S) . 110
L.J{llu 133_}"&
193 212 e -8 o5, 228
%»—"2‘16 218 s 336
110 S0 170%
add-I(T1,Ce) addfiI(BZ,Ce) add-III(B2',Ce) 2dd-IV(H3,Ce) add—‘w‘iﬂl__l’d
" 1335{,\
303 ] [ A7 Bg- 123
{50, M Lgs:
1209206 () ’k‘m
a7
TSKTLCe TS-I(B2,Ce) TSII(B2'.Co) TS-IV(H3,.Ce)  TS-V(B2,Pd)
96
200 ¢ @‘ 7 iﬁ%fml
227, . L 270; . h
Y06 kjéja - L?.' <96 o
PI(TLCe) P-II(B2 Ce) P-II(B2'.Ce) P-IV(H3,Ce)

&l 5 CH, 7E [#1#% PdCe,06%-A(SIT) LG FT I & add. WIER TS, PR &9 PC RIF=4) P 1258 (B K 5478 pm) & #A GETH (kJ/mol, 41 7%

Fig. 5 Potential energy surfaces (kJ/mol, the energy of clusters+CH, is 0) and optimized geometries (bond lengths in pm) of the product (P), product

+CH, MR 0)

complex (PC), adduct (add) and transition state (TS) of CH, activation at PdCe,0s>-A(S/T) clusters
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6 CH, 1£ 1% PdCe,062-B(S/T) Lif AL Tl &9 add. IR TS, =¥ E &4 PC FI=¥) P 451 (B 55467 9 pm) A1 %4 B T (kd/mol, %
+CH, I AE & 0)
Fig. 6 Potential energy surfaces (kJ/mol, the energy of clusters+CH, is 0) and optimized geometries (bond lengths in pm) of the product (P), product
complex (PC), adduct (add), and transition state (TS) of CH, activation at PdCe,0¢?-B(S/T)) cluster

PdCe04-C(S) PdCe;05-C(T)

TSITLCe/1671
2001~ TS-ITLCe)102.4 TS-IB2.Cep1645
TS-I(B2.CeV1008 :

TS-IKT1 Pd)/s2.1

| addTIB2.Ce233 _) add-TI(B2,Ce)/84.
add-(T1.Ce)10.0 :

|- add-TIXT1.Pd)/
| ="

P-I(T1.Ce)-CHy92.5

PCITLCeye0s PI(B2.Co+CHyTO.7
PCII(B2,Ce)/63.0

44T 1.Ce)19.5
ITLCEYS6  cluster-CH,

0.0
50| cluster-CH,
"P-II(B2.Ce)/9.3

P-IIT1.PA)-130.5

[E 7 CHq 7£ H 7% PdCe,06%-C(SIT) LiGL BT IN& 4 add. I JEA TS, PR &4 PC A4 P 1458 (B K 547 4 pm) R34 BETHT (kd/mol,
fE+CH, 1 i 0)
Fig. 7 Potential energy surfaces (kJ/mol, the energy of clusters+CH, is 0) and optimized geometries (bond lengths in pm) of the product (P), product
complex (PC), adduct (add), and transition state (TS) of CH, activation at PdCe,0¢?-C(S/T) clusters.



FHEMSE  Pd 3% CeO BIFETE L H bt C-H 1 iz b FLIB B 7T 9

2.3 BRI C-H FHHERNE
2.3.1 BIKHED

K LAETHIEANBEBENITLERE. SCH[83]1FX B, |[HOMO-LUMO| (the highest
occupied molecular orbital, HOMO; the lowest unoccupied molecular orbital, LUMO)&E & [a] Fi7 {5 i K & vk
FE TR R E R, AL RN R NG . % PdCe04*-A(S). PdCeOs%-B(S). PdCeOs*-
C(S)KJ|HOMO-LUMO|1 %3 % 2.23, 2.02, 1.50 eV, i PdCeO,>-C(S)Hiikik, WHAL W ki HIRE /18
BRe SR, M E A E I OCRT, BURIE G, an, PdCeO4#-A(T)) SOMO (singly occupied
molecular orbital) ¥l e & (5.21 eV)Eim, HSHEIIATLSEREMZBOR, BMEL Bk E 1%
. [FIFEHL, MRIE PdCe,06>-X(S)H#% H|HOMO-LUMO|E AT &1, B1#% PdCe,06>-B(S)iE MhHi . i
H, PpESHABAOEESES T =ES, 5 LEBAKMNAEESMITE R 3

B—J5H, mE 1A, BAEE PdCeOs#-X(S)M PdCe,06-X(S)H) HOMO fE&(2.59, 2.80,
3.70, 2.01, 2.70, 2.31 eV)5H % LUMO fEE(1.31 eV)ZE{E %~ 1.28, 1.49, 2.39, 0.70, 1.39,
1.00 eV; M#HBABIFER LUMO B (4.82, 4.82, 5.20, 4.33, 3.93, 4.65 eV)5H i HOMO fEH (-
10.78 eV)Z1{i /%N 15.60, 15.60, 15.98, 15.11, 14.71, 15.43 eV, [k, iZaeEMEHEN, B2
Hl#% HOMO 5 H kit LUMO fE AR A F, BI H - 1 0 ) F e GREAZ N R) - [RIRE#h, %
PdCe04%-X(T)F1 PdCe,06*-X(T)] SOMO g (5.21, 4.28, 4.22, 3.42 eV)5H & LUMO fEH(1.31
eV)AHIE, FLT i AR IR R e

F 1 [#%PdCe0,2/PdCe 02 -X (SIT) FICH, [ R £k HLIE At B (eV)
Tab. 1 The frontier orbital energies of PdCeO4? /PdCe; O 2 -X(S/T) clusters and CHy (eV)

[ 7% HOMO/SOMO LUMO/SOMO [HOMO-LUMO]|
PdCe0,2-A(S) 2.59 4.82 2.23
PdCe0,>-B(S) 2.80 4.82 2.02
PdCe0,2-C(S) 3.70 5.20 1.50
PdCe,0>-A(S) 2.01 433 2.32
PdCe,0¢*-B(S) 2.31 4.65 2.34
PdCe,0¢*-C(S) 2.70 3.93 1.23
PdCe04>-A(T) 5.21 5.21 -
PdCe,0¢>-A(T) 428 428
PdCe,04>-B(T) 422 422
PdCe,0¢>-C(T) 3.42 3.42 -

CH, -10.78 131 12.09

232 BREISHmOH

NT T WS C-H 1E Pd-Ce-O HIf% FiGLIA T, ofr TidES TS K. CHaH.
5 CHsEF ) Ce(Pd)Fl O J&-F47 £ 1 NBO Hifif 4345 o

LAHAf% PdCeOs2-A(S) il 43 B ke AL i 2 vl i ) . BHR 2 mIN, T s vh AR R v LA
N-1.861 e, HEXTF BIHTHI AT (-2 €), PRI R LM TECN 0.139 e, MidyEA T CHa i 1 Fa A
N 0.139 e, VLI HL T2 H BRI CHa, 50018 B AT 2R PUE 2 BT BT 13 H 10 58 B 368 7 1) (TR —
;. FAEH, EoESPR LEAEX B FEBEA

SR, BAREHFE-F R AR EBE S H 5 C-H WML S IR — S AERE R R, HE
3 A1, PdCe,06%-A(S)IH) Ce-O ff fidfk e C-H i T1, B2, B2/, H3&1Z, TS v [BI#%-H kelal ()
RSB 4y )& 0.260, 0.255, 0.248, 0.244 e, XFM K H % C-H JE4LRE2 7 %)~ 105.7, 93.1,
93.4, 117.9 kJ/mol, FHELf#EFEHR K (0.260 )] T1 &4 C-H 3G 4k AE22(105.7 kI/mol)H HF i fik; 1M
ZRA R R PAd-OB2) i AE &R, TS H #E-H o 0] 1 FEL A F5 S AE 1R /1N (0.044 €), XS M H b C-H
TEALBE22(63.1 kI/mol) A bb iZ 1 #% i Hofh i A2 B . (H2, Wi R BKM/ERL A Ce(Pd) 1 O Xt
WAL C-H fs2md, TR, Ce(Pd)Ar A& (0 H far IEE /N, B O A7 s i FL A SRR, AR BE C-H 3%
fLfE 2K . WF#E PdCe,06%-A(S)HI PA-O(B2)1 fifE FH 4%, H Pd A7 A Y far IE 48 /N T HoAthig
7, WO s C-H iR A B Re K. Fril, FREME AL S b C-H My fb A ROKsEm, H
5O LTI AT FUERROR, B Ce AL AT HEAT IEME R/, IS BT C-H [IRE J1BkoE .
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F2[FEPACeO,2-X(SIT)EAL AT AT I S TS R CH AT, 5 CHAEH I Ce(Pd) FIOALL A IINBO HL AR 43 A1
Tab. 2 The NBO charge population analysis upon the clusters and CHy4 species in TS and the Ce(Pd) and O sites interacted with CH, at the PdCeO4?-
X(S/T) clusters.

s H 3 4% gle
% C-H L Ce/Pd (1) 0 (1) Bl (TS) CH, (TS)
PACO-A(S) 1 (B2, Pd) 0.401 3019 1.861 20.139
I (T1, Ce) 2.465 -1.313 -1.739 -0.261
11(B2, Ce) 2.465 41283 1751 -0.249
. ,
PdCe0,*-B(S) TI(T1, Pd) 0376 -0.932 -1.878 -0.122
IV(B2, Pd) 0.376 11,283 -1.878 0,122
1(T1, Ce) 2329 1,308 727 0273
II (B2, Ce) 2.329 -1.292 -1.742 -0.258
2-_,
PACOSCE)  ppyery | pay 0.573 41,059 1913 -0.087
IV(B2, Pd) 0.573 -1.292 -1.918 -0.082
1(T1, Ce) 1722 1,053 1787 0213
N ,
PdCeO,7-A(T) 11(B2, Ce) 1.690 -1.047 -1.814 -0.186

F3PIFEPACe,06%-X(SIT)ii b FBE AT i IE A TSH BI% . CHAFH. 5 CHAE I 1Ce(Pd) FIOAL £ FINBO LT 434
Tab. 3 The NBO charge population analysis upon the clusters and CH4 species in TS and the Ce(Pd) and O sites interacted with CHy4 at the clusters
PdCe,06*-X(S/T)clusters.

Bl C-H H L ale
Ce/Pd (H1#%) O (HA#%) B#% (TS) CH, (TS)

1 (T1, Ce) 2.517 -1.264 -1.740 -0.260

I1(B2, Ce) 2.517 -1.283 -1.745 -0.255

PdCe,06>-A(S) [I(B2’, Ce) 2.517 -1.468 -1.752 -0.248
IV(H3, Ce) 2.517 -1216 -1.756 -0.244

V (B2, Pd) 0.746 -1.283 -1.956 -0.044

1 (T1, Ce 2.341 -1.281 -1.732 -0.268

PdCe,0¢*-B(S) il EB2, Ce; 2.341 -1.221 -1.751 -0.249
[ (T1, Ce) 2.386 -1.242 -1.735 -0.265

PdCe,06>-C(S) 11(B2, Ce) 2.386 -1.423 -1.745 -0.255
[I(T1, Pd) 0.628 -1.007 -1.944 0.056

1 (T1, Ce) 1.659 -0.967 -1.806 -0.194

I1(B2, Ce) 1.644 -1.031 -1.846 -0.154

PdCe,06>-A (T) (B2’ Ce) 1.648 -1.094 -1.832 -0.168
IV(H3, Ce) 1.644 -1.031 -1.847 -0.1533

V (B2, Pd) 0.472 -0.961 -1.896 -0.104

1 (T1, Ce 1.666 -0.966 -1.795 -0.205

PdCe;0¢"-B (T) II EB2, Ce; 1.654 -0.959 -1.831 -0.169
] 1 (T1, Ce 1.656 -1.022 -1.798 -0.202
PdCe,0¢"-C(T) 11 (B2, Ce; 1.560 -0.972 -1.825 -0.175

3% i

AICH H & PdCeO4? /PdCe206% - X (SIT) 1 &5 K FIFH X Hi e C-H 34k BIAR AT T HBF L. &5
T HiEL EEXN NSRRI, PdCeO4Z-X(S)F PdCe,06%-X(S) %% 17 1F = Fli s 5 45
F; 1fi PdCeO4?-X(T)FH PdCe206® -X(T) & A7 1E —Fi Al = Fhfa e 45 . H P BB I HR 1 H 4 C-H
fIfE i sn T = EE, HAPRRsgE R LA PdCe06>-A(S) I Pd-O(B2)f7 45, Hit C-H ik AE 221X
o4 63.1 kd/mol . Fp FE 2 [ R0 A PR e A B D RR O i pRL B, T = B A T AR A o B AN S B AL
B, UbAh, HATARE TR PIE W R, Pd 5244 CeO, BTG4 H 5t C-H B HEL 7~ e B AR 1) H e
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