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Abstract

Using UB3LYP method in density functional theory, the micro mechanism of the singlet and triplet
potential energy surfaces of the three spin forbidden reactions Th(6d7S?) + C;Hs—ThH;3-CCH was
investigated. Two reaction channels were found, and the two state reaction (TSR) was analyzed.
Then we used the method of single point vertical excitation calculation of intrinsic coordinates
Hammond and Yoshizawa’s hypothesis, found a series of potential energy surface crossing point of
[crossing points (CPs)], and made the corresponding discussion. By calculation, the crossover of
potential energy surface and the spin flip process are discussed. Using Harvey and other methods
to optimize the minimum energy crossover (MECP), the possibility of the “inter system channeling”
(ISC) between different potential energy surfaces in the reaction of Th and C;H; is further dis-
cussed. In the end, we make a brief discussion on the frontier molecular orbital MECP2, which can
be used as a guide for further theoretical research and experiment.
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AEEZRBERFRUBLYP T, HATRESN=ZE5HRE B RS R M Th(6d275%) +
C2Ha—»>ThHs-CCHRBOMBIE . BT HIARPLEE, X KB RBL(TSR)ZBT T 2. #iiz
FiHammond {5 & M YoshizawaZ5 ) A AL IR B S EHBMAR T EN T ERE T — KA BRI XA
[crossing points (CPs)], FH1E TAHRIAIME. B HE, ST HRETEA XAITTREN B el#idiE. A
HarveyZ i 74tk H B KRE EZE X (MECP), #—2 8 T ThECHMRMFAE AT Z BN “F
FEH” (ISC)ITTEstE . B)E, XTRILSTFHIEMECP2M T MK 18, XMEBLE BT LMERE—$
HRHAMELRAES.

E3: 40
Thik{bC:H,, FEZ KIS (DFT), HEEH, BIKALER X S (MECP)

1. 5|

T C-H B REAE I R i o YERIPE R, B DAE SEEG FH B A0 5 A 22 KR 1%
o AR TN TF 26 U N AT FRAE 2 T/KF B D4R 4 IR RN S AP IR[1] [2] RiE =
HE SN V2 G S S AN B R AR A 56 1) TR0 R T 1 AT e (3] C-H(X) 4 AT Ji5 Joe e 1 b
AR 1) FHEHE DL M R AV 2 1 U 5 R AR R DA IR AT IT T [4]-[11]. REIE £ 0 B0 s mil iy it 3
SRR AR M R S LERLE LR 2 I 99iE[12] [13] [14] [15] [16]. [AIR, S 8642 o 4m 1 th 2 Fie
W7 K344 . Siegbahn, Blomberg, F1 Svensson it i 755 i I &)@ 5l FiE 4k 206 i C-H 4, B
JEIXAS C-H BEWTEL T80 H, VHBR[L7] [18]. MR 7t i i 1 it &R 1E LI R G i e s— Ao
B, XACHEEEGEFHIIE R — AN o XS5 T IH B Ho 1842 M + ethylene(Z
Jfi)—m complex (= 454#))—insertion product(fi A\ /= i) —dihydrido complex (=& & &%)—>M-C,H, + H,.

B, fE— RN IR A, 0510 48 B S R0 A 5 T 1 S R L2 A 4 ) il 1A
Fe[19]-[27]. ML T, BIRKEIE &R TR IR 2R R, RE SRS EEY A 2P R
PEJR T Th F1 U [28] [29]. Andrews HIB\#RIE T iz FIBOCIEREFI T EX Th 5 U &8 5 20 [ R S50 5
Fi[11]. HHAE B3LYP KV EXSAHR =I5 Res . ARSEM 7 B THE, SRESCEMA TN kA=
PRV, AR NUER ) R A TR A P B R . A H TR TR, FRATHRGE TR S8 Th 5 i ST
AT RET o SN T S0 B PR AR S S B e B i A, AT P %85 B2 R BRAR N 0T R Bk U 4 )8 Th i
o2 C-H B R i K AN 35 B T A8 X RUEEAT T RGN 7. X TEL S ZMm e S R, 3R
AT = 7 — N LR

BRI B R, 18 Th 55 208 B OB B s 13X AN SO, B 35 i 7 il e AR B =& 2 ik
FAEY(ThHz-CCH). [T RIZ, B Th 5 406 B XN, ST B R SFRA TS 1 i 5,
HEE R R E R, XHRHEAHRRSIRENS, X85 LEMEIRIF Y& .

2. WHHE*

Th 528 N = EAAMAESHBEEE 7VEgIrNE. B it 5 8H Gaussian 03 F2/5[30]
e BATFZEFEZ sk (DFT)H i B3LYP J53£[31] [32] [33], A4 @R T C. H [34]5 5% ] 6-311++G (d,
p). 6-311++G (2df, 2pd). 6-311++G (3df, 3pd)FE2H, <)@ [T K Fl AL & A8 RN A% #4 B8 (relativistic ef-
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fective core potential) ] Stuttgart F R FAIEL, X &NANE B IS A Re i ER s A, iE AR, T
AP IR BGHAT T S5 . AT — N 25 AT 9 B2 OB ARAR(IRC) VB, SR TE T B
R AT VP S B0 A D B I s B B AR R B S B B AR, IE SE IR 608 R A R B e - SR E 1 B 4K
FERETCRYL, FE—ANAEET LR s A AU AR, 8 S — DN IR EE . 3RS AR I
X REEAA, 7€ B3LYP fRALM LT R B AS Bk —20 R CCSD(T) [35]/1757%, 454 6-311++G (d, p)-
6-311++G (3df, 3pd)IE4L X A RET 1) & 5E ST T S Re TR . FRATTN SO AR ZR I A S R 38 R T
(IR RS =4 R aAR A S A BT T 28 . O T SRR NIRRT AT B
A& 12 F NBO5.0 [36]F2 /7% H AR B AE i T NBO 4347,

T TR N FARE T A2 X (crossing point, CP), i& | 1 Yoshizawa Z5[37] ) A B2 iz J37 A s 2 p5 T
BEBORTE T, BIFE— B BEST IRC RN ABAR & fUBT X RIS b, THEZ M B 5 — B e T
FREE, 1931 T — AESHA BN I IRC R N ALFRERAE S — A A aem A s L(EA RS —A
JEAH IRC #4R), MR — AIER IRC #1465 7 — F e AR A A X mio F LA CP s i BA K
i, 12 H Harvey S¢[38]H) 7 iLAUALAS B iR AR BE B 52 X (MECP).

3. HEREITR

KRR T LB S M SO HLEE A & Mo i S5 AT RE B S FEANE B EAS R, % N
R A RS R E A S EULIE 1 DL R BB AR I SRR WL 2. £E DFT Fl CCSD(T) 7K~
T RAANFRAFER GRS BF T2 1 gk 2. W& 1 FIEE 2 ATLLE #| CCSD /K FHIREE LB M
ZHAE AR ERAL DFT NHREE &, ArLARA T A 18 CCSD K FHJREE . LA TFIIREE T B

B )72 B3LYP/6-311++G (3df, 3pd) L4l /K T FHIfE & .

Table 1. At the level of DFT-B3LYP Th and C,H, reaction of each point energy
F*1. 7EDFT-B3LYPKETThECH,REHEH A=

Singlet Triplet Singlet Triplet Singlet Triplet
Species 6-311++G (3df, 3pd) 6-311++G (2df, 2pd) 6-311++G (d, p)
*Ezpe bET ‘Er  *Ezee bET °Er *Ezpe bET *Ezpe bET *Ezpe bET ®Ezpe bET

Th+C;H, 0.0509 —486.0987 13.5 0.0509 —486.1203 0 0.0509 —486.0984 0.0509 —486.1200 0.0509 —486.0984 0.0509 —486.1139

IMO

TSO01

IM1

TS12

IM2

TS23

TS24

IM3

TS34

IM4

0.0485 —486.2028 —51.8 0.0483 —486.1860 —41.2 0.0485 —486.2023 0.0484 —486.1855 0.0485 —486.1968 0.0485 —486.1819

0.0444 —486.1640 —27.4 0.0408 —486.1388 —11.6 0.0444 —486.1637 0.0408 —486.1383 0.0443 —486.1576 0.0408 —486.1331

0.0443 —486.1895 —43.4 0.0434 —486.1890 —43.1 0.0443 —486.1893 0.0434 —486.1889 0.0441 —486.1831 0.0433 —486.1827

0.0405 —486.1681 —30.0 0.0356 —486.1508 —19.1 0.0435 —486.1857 0.0356 —486.1505 0.0434 —486.1797 0.0355 —486.1446

0.0376 —486.2226 —64.2 0.0344 —486.1808 —38.0 0.0376 —486.2223 0.0344 —486.1803 0.0375 —486.2170 0.0349 —486.1584

0.0365 —486.1705 —31.5 0.0301 —486.1644 —27.7 0.0365 —486.1841 0.0301 —486.1024 0.0365 —486.1785 0.0301 —486.0960

0.0316 —486.1479 —17.3 0.0274 —486.0969 14.6 0.0316 —486.1476 0.0325 —486.1399 0.0315 —486.1419 0.0324 —486.1339

0.0373 —486.1904 —44.0 0.0356 —486.1672 —29.4 0.0373 —486.1902 0.0358 —486.1670 0.0372 —486.1847 0.0357 —486.1611

0.0301 —486.0914 18.1 0.0301 —486.1029 10.9 0.0301 —486.0910 0.0301 —486.1024 0.0300 —486.0850 0.0301 —486.0960

0.0321 —486.2153 —59.6 0.0351 —486.1513 —19.4 0.0322 —486.2151 0.0351 —486.1510 0.0321 —486.2091 0.0351 —486.1446

3 ,pe: zero-point vibrational energy (a.u.). "Ex: total energy (a.u.). °Eg: relative energy with correction of the zero-point energy (kcal/mol)
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Figure 1. UB3LYP/6-311++G (3df, 3pd) the geometry level under different spin state poten-
tial energy surface of stationary points
1. UB3LYP/6-311++G (3df, 3pd)7k F T AN [E] B herS e £ & 3 R By L5 3Y
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Figure 2. Path diagram of C,H, reaction with Th on two potential energy surfaces
E 2. ThEANMEEE LS CH, R HHBEREE
Table 2. The single point energy of the reaction of Th + C,H, at the CCSD level
2. fECCSDIKETRTh + CH, MR R A8 S ge 2
Singlet Triplet Singlet Triplet
Species
6-311++G (3df, 3pd) 6-311++G (d, p)
IMO —484.1377 —484.1010 —484.1214 —484.0943
TSO01 —484.0794 —484.0632 —484.0716 —484.0562
IM1 —484.1334 —484.1430 —484.1259 —484.1354
TS12 —484.0740 —484.0885 —484.1207 —484.0806
IM2 —484.1514 —484.1116 —484.1442 —484.1059
TS23 —484.0994 —484.0397 —484.0923 —484.0311
TS24 —484.0525 —484.0888 —484.0451 —484.0820
IM3 —484.1108 —484.1321 —484.1039 —484.1252
TS34 —483.9812 —484.0397 —483.9705 —484.0311
IM4 —484.1573 —484.1017 —484.1495 —484.0934
3.1. ZESBE

Th (6d%7S?, °F) LSRR LA A 13.4 keal/mol HIfE R, Fitk Th 5 ZIGLEARAE BRI T A F)
TP T ZEARAEM, AT VR B RN —NMEANLEE, 556, FBREETh 520
THIEREE T A SIMO; 55 2 *IMO Zadid i A 3TS01, 7k 29.6 keal/mol IS 24— H JETF M
BE TR SR Th BT E, JEREEANMEEY ThH-CoH; CIML), Zid PR L, TR A 1.9
kcal/mol fIRER . 2 FoRRM4KEEEAT, IML BN S A EHRBILKR A E &9 C,H=ThH, (IM2), #)
W —AMEILBEL 24.0 keal/mol, [FINI UL 5.1 keal/mol fIEEE . FATRIIHH T 2IM2 (4K, &=

e —

LR TEASY, FFHXANEEMEESSEEREXFR. IM2 FEEA, BN IM2 TFHEA P4 %
1o 2842 SIM2 B ERS °TS23 AR 2 HEE &) ThH,=C=CH, CIM3). & IHFILE =4
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EER

C-H it — /MR E AL A °TS34 Il = A 2R E 45 ThHs-CCH (CIM4). X — Il 10.0
kcal/mol, Jf HEEK 40.3 kcal/mol {16622 . W SRHYE S 442 B, CIM2 B A °TS24 B AL
IM4. FRATERL T 3TS24 Bg—N AU 2IM2 A1 3IM4 rfr . AN E RS TS24 {UH — /N EEH 269.79i ecm 2,
Hrhge& 2 52.6 keal/mol. 73t =E & HEeH, AT CUE R A H M =4 H 2Rt 2.

3.2. RETHEE

FRATE B R E SRR W L. B AN FIEMIERE T Th 5 2@ MR 8. 5 =AM
P, XA RESHAEMAS Th 520 RpfeE Eb=EA&mH 135 keal/mol KN IFEET 1IMO, M
CHBE - NER A IS 1TTS01 TR ALAE 2 24.4 keal/mol JEEGE A F & TIM1. 25 M HIM1
EERE AEIE TR CH=ThH, (IM2), XA FEA — MG tLAE2: 13.4 keal/mol. 'IM2 LS i % 5
MUF=EE, RESHAEWERGE. B &BENRPZEDCEK—ANMEILiE2 24.1 keal/mol FE
ThH,=C=CH, ("IM3). fitJi 5 =M B SN A= = A LR &9 ThHa-CCHCIMA) 4 % .
XA FE AR, 15.6 keal/mol, I HA —ANAE 2 ELis it I 45 1TS34, A2 N 62.1 keal/mol, X4
I FEEAE 2 R 2L . X AR AR B RS  73.1 keal/mol o % T4 — 268842, AT EoR T 1IM2
RIFA T BRI A TS24 151K AE 22 46.9 keal/mol A AEA A HIM4. A\ TIM2 F1] HIM4 FRIR AN i B2 AR #44
4.6 kcal/mol. HlfAk 'IM3 1, Th-C 8BRS Ay 2.153 A, [F] 'IM4 #HEL Th-C S IFEE A 2.412 A, 'IM3
o C-H R FE RS 2.090 A T HIM4 tF C-H BERIEEES 2.075 A HRETHITHE R, AN B I A OB R AR
P A LRIEE AW ThHe-CCH, X HSc s 7SRl gg . BATHE IR M B 455 Andrews 25 A )56
FE AR — B0

3.3. BEEMEBIAIRZX

ME 2 FTULEH, E8—4RE LSRRI A LS XIR . XANRIE R AR, & ZRESM RS
I AE S o FRATTAEI 7 58 ST PR AN BT RE XIS P NS4 R THITF] . — AN RTREMY X302 Th NIJF4E 5 206
MEAEH fE S, XA XA T MO A1 °IMO R A& 2 AT LLE F) MIMO 7ERE R L EE *IMO %, &41]
ISE R RARL . A T 3R AN ST, ARET R R T AT INE . oI — AN AT REX AL T IM3 Al
IM4 2 8], 'TS34 £S5 L 3TS34 &, 1IM3 1 HIM4 (RS R EL *IM3 1 3 IM4 (#R K. A 7 #RAEE AT
BEDXI, BATEFE T Yoshizawa &5 A —ANa] BA 7 V2SR 5 5 S [F) 35 B 1T 1A O 28 S0 Ao IR E B 7R
RPAT — RINM B SRETHUTE IRC ER—HIES T, RZIMR[39]. M LJEEAAEY) ThH,=C=CH,
GIM3)JFAE, % IM3—3TS34—-1IM4 1] IRC, 7E B3LYP/6-311++G (3df, 3pd)/KF T, 7EMEZA FHAT
TRV SR, BANTEAS TR ESHRRIE N sRe. ORI R ESHRI LK T ==
SHBEM, FIBRATHEWAE X ARE XA X8, K 3 Son 7 = 5 20 8 5 25 3 A T 1] (1 B (G e A Sk
Mg (HAERIE, 22X 5 MECPL X KIS RE 2 o5 Ak EEE A, X2 RH MECPL £
SPGEIE RN AL, fER N EE R REEE TN A G T EIRNK T AR A BERE AR 2 1 B3 X
Bl%, A MECP2 fiEAT T NBO HUE /3 Hr AR 28 4> T HUE AR IR A0, 348 T8 RIS R,
Kl 4 FR, af ThJRFH d2? U, & = E AR HRE L 5 HUERT HOMO,  [H]H th /2 5 8 25 i e 2
I LUMO. b J& Th J5 7 d, $iE, & =B KRR 5 HUERT SOMO, [R]I 2 5 5 24 1 S X HUiE .
FERABIT, a YUl B o B2 E BRI, R, BT 4R Nb 1 a $uE (dz9) Bk
F b B (dy,) b, FERLH =B A A SR A AR  RUATE — AN T A R 08 F o i 7 R 88 & A vr i [40],
FIT DA ZR ) B R AT R . 6 T RIS AE B3 A MECP3, EBA e MiER AR rh i AR B B B MR, R,
XANAE X AR ) LA AT A5 B8
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Figure 3. Schematic diagram of the structure of the lowest energy crossing points along the potential energy
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Figure 4. Analysis of the frontier molecular orbital at MECP2
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3.4. SHEHRNHE

BEZESANRESKRNBERE, £BIET Th 5 25 BAEH#3i4  Chatt-Dewar-Duncanson A1
H[41]. ME 1 R IMO S5 mT LE 2], KP4 R Th R 15 ZAH Rk, 2300y » B rh 4
B o THIE. SR, ZEH o BRI T, XA 2 PUEERE KT, BT ERET d HuE i
RGBT, EFEIE AR T o, XAEUE R T — AN E SRS E A N T AR OGS T
IMO X NE AR C-C ik 7, C-C-H BMPHAM 1. 58 Th-C BHKEEZ R R, X e L
VLA NI T o B FORIIRAAE ThdAE 060 C-H #r, #id—NdyEss TS01, &
H R B e aei, B — H EFAREFRIEEET L, AREE H-Th-CoHs. FA1TE HiX
PN IS RE 2R AF ), RESM T =E8N0TH. A TRARFRNESREBR TS5 20
MR 2, FTLAEANE G4 H-Th-CoHs thichase . XA S By 45 B B A B AR 4k it AT, Il i
A TS12 # R —A p AR T4 sk 2 M 44 ThH-CoHo(IM2) . XFF IM2 Fhjalfk, dEH AR, XAk
A LR T 1) B Fh 4 R REMS AR RS AR S Ra e k. Bl dnrp Al ik BIM2, (HASIE R 2 C-C #EAT C-Th
HRREN . XMERRTERANS T TRR— A amk42]. SRR REEE, B « Hub sl
FE3IM2 T, BE2BnER T C-M . M NBO () C-C # [l 5 E 8IS ERAIE R, IM2 HEAIML K, 2512
0.0144 1 0.1780. IX#tHH &M SH T MH C-C 8. MIRK, “HEEMY(ThH,-CoH,) NBO [ C-Th 7
B A HUIE, tdd N AR (ThH-CoH,) B, 4 Al 0.0362 A1 0.0115, REHE, A Tt — B 5L 2,
BATE T THEZABOMTT, NIRRT R . 438 IM2 5, HEBREERRET Y. 6 %8kE
& IM2 JE I RS TS23 TR 205 B AW IM3. 25154058 =4 C-H il — AN EE LS TS34
RIGFESZACHEEEY M4, 5 4R IM2 IR IER TS24 BHEERRA Y IM4. HE 2
W REATE ], Ltk =HESERRESTEE —KBAAR. TAREFEAMLCEM T — M E A
BEERS )6 R B AR BT .

4, 4Eip

K5 B2 i UB3LYP/6-311++G (d, p)//6-311++G (2df, 2pd)//6-311++G (3df, 3pd)77vExt < [
Th+H,—ThH;-CCH MO AL #EAT T8 78, 3t T L R4k

1) ASCTE R ESM = EAEWANAREI LT T IR Th ("D)I Th(F)5 2.6 #548 HLL S ALEE,
BATTER & — AN B R AN LB

2) H/DRER RNV EEARIEAN R BRI H P —A, Th 5 2@ M SN ae s RN AR a1 T

ThCF) + CHy(A)—MECP1—'IM0—'TS01—'IM1—-'TS12—'IM2—'TS23—'IM3—>MECP2—°TS34—
MECP3—'IM4.

3) KPR R T ZEAM P ESHANHEEMEAE X, 58 X A CP1.CP2 il CP3 43 i HE BAFEN 14k
'IM3—°TS34 1 °TS34—-1 M4 [#4% b, S N IR AR R E Bl BB A 2 BT |

4) HETH AR — A 7 — AN e, s B AR R e i I &8 5 7 5 W iR S A1)
(1 RS T — s B

B
FAVE E R 1 SR FE 42 (Grant No. 20873102) [F] i B 2 5 O SR A i3
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