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AALHETEFZF 0 F - FAPHF MCDFT = 2 g *
Minnesota & 71| % B2 & 3 2 et B A 0 % - F AP RIEE mixed
functionals = ;Z3t3gp) 70 BiER & A F bt 2 2 % = F P
IR B4 B R R S ¥ B 2 2477 e (tunneling
effects) & 4+ & I =2 »cJi (Kinetic isotope effects, KIES) 8 58 o

% - A PE MC-DFT =2 g% fir# % Truhlar B 5 orB 3
1 Minnesota % 7| % B 2 3 jE 0 .# $2 M06-2X > M08-HX » M11 #2
MN12-SX > & 2 pl3EH 44 Bfei 4 B0 i Mo 5 2 5 8
Tt FRARINEELSPE T H - ARSI HGRE B, B %
7~k or M06-2X e A & Sodic e &0 [6-311+G(d,p)/6-311+G(2d,2p)]
H - fitey xS ant B >3V B3 &% v performance/cost ratio > 4+
¥ 211 BEgra £ epEE % 0 2 MUE 2 1.58 kcal/mol » & 4c »
SCS-MP2 it &+t p]¥ ¢ MUE " © 1.22 kcal/mol -

AR R APRLESFAT B DFT 22 k3gp 70 BiEA &
B Feh+ it B (Fk@L ] > 2kcal/mol) > #p 37 a 5933 =
E AL E AP I RIREL c A A G R &£ X 32 (Mixed DFT)
4_ t-HCTHhyb/mPW2-PLYP > # MUE 5 5.49 kcal/mol » & ¥ -

1-HCTHhyb # mPW2-PLYP ¢ MUE B|4~ %] 5 6.14 kcal/mol £
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12.88 kcal/mol » ## * Mixed DFT = 2 4p*H - 3 27 R 1 5
0.5 kcal/mol 2} 84 o 2% % MC-DFT = ;2 4]% - B 4K S ¥k
EEFERTHRAEErAE T 494 kcal/mol o 2 iR B~ A 4e 2
MP2 &2 CCSD = Z2eic &R > 72 MUE &~ %™ 3 477
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¥ F AP gk VTST/MT (dual-level dynamics approach
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tunneling) EH KA F 2 73 Fing 45 » F R F B2 #4 5§
F > Ng’+ HNBNg* (Ng, Ng’ = He, Ne, and Ar) - 3+ & % % & > o
Flsz 5 i a3t s) i S =0kealimol = & > ¥ 7 oot s ik ¥
R EFIET R T Lk s # 9l E_He+ HNBHet £ ¢ § ugoc
ToenF Rrdo B % o i b PGE TR R B P AT okl o
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Abstract

This thesis consists of three chapters. In chapter 1, we applied the
multi-coefficient density functional theory (MC-DFT) to a few recent
Minnesota functionals. In chapter 2, we have developed a new method
using mixed functionals and we tested it on 70 bond energies of 3d
transition-metal-containing molecules. In chapter 3, we investigated the
Kinetic isotope effects and tunneling effects of noble-gas exchange
reactions.

In chapter 1, we have applied MC-DFT method to four recent
Minnesota functionals, including MO06-2X, MO08-HX, M11, and
MN12-SX on the performance of thermochemical kinetics. The results
indicated that the accuracy can be improved significantly by using two or
three basis sets. We further included the SCS-MP2 energies into MC-DFT,
and the resulting mean unsigned errors (MUE) decreased by ~0.3
kcal/mol for the most accurate basis set combinations. The M06-2X
functional with the simple [6-311+G(d,p)/6-311+G(2d,2p)] combination
gave the best performance/cost ratios for the MC-DFT and
MC-SCS-MP2 | MC-DFT methods with MUE of 1.58 and 1.22 kcal/mol,
respectively.

In chapter 2, we have developed a new method using mixed

functionals for transition metals. This method was tested against a
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database including 70 bond energies of 3d transition-metal-containing
molecules with small experimental uncertainties. The best mixed
functional method was the t-HCTHhyb/mPW?2-PLYP combination, and it
yielded an MUE of 5.49 kcal/mol. In comparison, the single t-HCTHhyb
and mPW2-PLYP functional gave MUEs of 6.14 and 12.88 kcal/mol,
respectively. We also applied the MC-DFT approach into the mixed
functional and it yielded an MUE of 4.94 kcal/mol. We further added the
MP2 and CCSD energies into the new method, and obtained MUE of
4.75 kcal/mol and 4.51 kcal/mol, respectively.

In chapter 3, we used VTST/MT method to investigate four noble-gas
exchange reactions: Ng># HNBNg*(Ng, Ng>= He, Ne, and Ar). The
barrier heights of these four reactions were predicted to be 5 — 9 kcal/mol.
The calculated results showed significant tunneling effects even at room
temperature, especially for the He + HNBHe* reaction. All reactions
showed very significant tunneling effects at low temperature. For helium
exchange reactions, the internal helium atom (in the cation) contributed
more in the tunneling effects than the external helium atom (the neutral

reactant) at low temperature.
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% — & The MC-DFT Approach Including the

SCS-MP2 Energies to the New Minnesota-type

Functionals

iF &

Ay AP MC-DFT = 2 g% fif & & Truhlar BF#r B %
e1 Minnesota % 7| % B £ 3 2 5 & $2 M06-2X > M08-HX » M11 ¢¢
MN12-SX » & 2 jplza 2 A 414 Bded 4 -8 i o PlRE 5K
o * FRAK S SRR H - RS BGRE B e P
7t MC-DFT = i ¢ 4 » SCS-MP2 sife @ wv £ > # e 4 i i&
ARSI EEE Vi H G TIHEL (mean unsigned errors, MUE) i&

- % 7% % 0.3 kcal/mol =+ - Pl R M06-2X #F e K dnfic e

Rl

[6-311+G(d,p)/6-311+G(2d,2p)] A1+ »cd vt B = 58> B 4 &
% 1 performance/costratio» -4+ 211 B 1% F &4 F i £
BlRZE% > 2 MUE % 1.58 kcal/mol » % 4 » SCS-MP2 i & & +

pl¥ & MUE "% 2 1.22 kcal/mol -
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1.1 =3

AL E KR AL SHIEH (density functional theory, DFT)L 4 3
AT BRI B R AR kM F e DFT 228 3 i £
1 AR3T> B I¢ wavefunction-based = 2 enfErg R o ¥ 7 E & oty
ToRAPHES 230 powmoe 55 3F S AaEeh DFT 2 2408 B Ik
R EH A T o B DFT 2 2 2 3P B B R v 2 2220 3 [y b
wavefunction-based ab initio = ;* - |4~ QCISD(T) £ CCSD(T) -

AR ot b B e DFT 2 2 &3 4e HPh B B g H 28 e

FliHARKRSIEITRT P BE > U

‘E\

% %~ 4% wavefunction-based

ab initio 3 ;2@ * — 1 F| 3 & e N ReiE T 3 AR B OATR P

=i

Wigd W BB MR o - B 2 o HBKH < B DFT 22971k
FoE R Sles B Rl g R g BRER D 1T E Ko D ORIRRE R
hybrid DFT = j2 2 3-8 855 & crfg v 70 NE ¥ AR S ficehs] < @ A
45,

b 2007 ERF > APRHRTES - BATNI AT T RS2
(multi-level or multi-coefficient electronic structure methods) » 2. &
Multi-coefficient Density Functional Theory (MC-DFT) = ;2 6.7 >
MC-DFT = 2 f i@ *H- oA Ld ef|* 5 3Lk S#khke

R EA R AR AR SRS AP AE TR B
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IR T I SIEESRICE EY RS T ST

W

B
eiE o ip it X S icenz. eh4e (extrapolation) £ % L Sk Sl
REFICHFLNIER IR BT GARRT B T AEP T ok
i A Bk Yoeg 814 A A m ET g ¢ 67, AR
MC-DFT = ;2 f#icfd DFT = 2 en3t 5 2 > ¢ 35 B3LYPIS
B2K-PLYP16, B2T-PLYP16 22 M06-2X17,> #H ¢ MO06-2X » B2K-PLYP
o B2T-PLYP & & vt B3LYP keds > Pl3d 211 @ FEraee £ 0
MUE % 15-1.7kcal/mol > ® <3R4 a7 » & % Lk Sfcle & & 10
@ B - AR Sk L o

2008 & » at  F ¥ =2 F 53 M06. % 22 1719 Truhlar ® 13
B 1 Fren MO8 ik 7|7 £ 0 &.45.M08-HX £ M08-SO185 pt 3 8 =
* 25 A& 11 exchange-correlation functional ¥ - x> Z B A3t S iF 1t
HLgs S8cns 85 £ 8 o MO8-HX Z4¢ ¢ HX (high HF
exchange percentage) # -+ i¢ * § +* | Hartree-Fock (HF) exchange
energy » m MO08-SO % #¢ « SO (second order gradient expansion)
#. 77 "4 H  exchange-correlation function ¥ &7 second order gradient
expansion i #cr 0@ H 2 & UEG limit = #gf% 22011 & > Truhlar
B rfie— 8 B 9 #7¢h range-separated DFT = 2 19, @ i HF
exchange st € 78 4 % :74% (short range) £7:& 42 (long range) #<it 7% -
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> wlig r 42.8% ¥ 100% =7 HF exchange &t & ° 2012 # - Truhlar
B xa B 0 — B Freh generalized gradient approximation (GGA) DFT
Pk o b3 R b sk o B oexchange ¥ correlation & 7 i e 8 A -

4z 1 (nonseparable, N) » & & 5 N12 = ;% 200 gt = jx
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-

Hrfi®d & % ,f‘fu”'"ﬁ 24728 A e GGA = 2> 7 IR A
AR R BEEEL > 2 TR UIER R AR R E R

(cohesive energies) £* & £ ¥ Hco gt 7 > W PR — A A N12 = 2
® 4c ~ Kinetic energy density tei+ 3 0 ¥ & & 5 MN12-L21 o £ 45 »
% &>t M11 =2 ¢ > range-separated HF exchange &: 7% s+ 8 €

WA ¥ AT A IE Nsansp el A o Truhlar B R h g AR R D

e

e HF exchange it & 78 3 K,ﬁ; » :e&ei #  Jocal approximation it
M oiTARfer A % * screened HF exchange (SX) st £ & » rH
HF exchange +* &) &5 25%- s -t P24 e * >t N12 & MNI12-L
3k B A BaTeh DFT 2204 9 2 N12-SX ¥ MN12-SX22 >

4
3

G R EE AR
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S LA RS
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AFT P s MC-DFT =3 e * &if# & Truhlar BIf s
B et % Minnesota i 7% R LSk 0 & 35 MOB-HX > M1l

2 MN12-SX» ¥ & MO06-2X = B3LYP crig % TE vt i o pb o 24 jpe 7x
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£ DFT

Rl

2t 2 MC-DFT = ;2 @ 4v » MP2 it £ )& > iBf8t
Skl MP2 2 2epdr A s Ld Truhlar B>t 2004 & 3 4
135 4 % doubly hybrid =% > i % 4 3 MC3BB > MC3TS #
MC3MPW = féx 4 » & w4 ¢ * B1B9523 » TPSS1IKCIS24,25 ¢
MPW1PW9126 = ;2 o pt 48 doubly hybrid = % eniE g8 7 g * >t iz @
DFT = & » ¥ ¥ i & v DFT = 2 p| &  # 2 &
wavefunction-based = ;2 sz g 13-140 gt ob B 5 — fAagina= 2 4
% double-hybrid DFT27-29 > % — i gt 48> ;2 £ Grimme . 2006 &
“r3% 4 ef1 B2-PLYP » 244 4 & DFT = % ¢ 4c ~ 4% Kohn-Sham
orbitals #73*+ & ! &k e 'E2 correlation.energy » 254 = JE g4 B e
B4 BRI R ok 162028300 37 = & > Kozuch ¥ Martin
< 4 4 7 #f& double-hybrid DFT3L & 4245 Grimme #3% 1 &9
SCS-MP2 = ;£ 2 %4 32,4 E2 correlation energy *# 7 same spin £2
opposite spin it £ 38 & 4c b — BV AN SH IR Ao x T 2 HTIF
* (dispersion corrections) it 78 - fz i DSD-DFT = % » iz
SR S AR B IR R AR 3o

ER R SR NN AR R T é:—ﬁé* B Y MP2
BT AERA o s A MP2 2 BT P BAR MM R L H2F A
B4 LR B H 4 MC-DFT =% amt ¥ B p o
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12 3832

AFE g Rl e DFT 22 & 3522 48 Minnesota-type DFT = j#
MO06-2X17~M08-HX18-M1119 = MN12-SX22’3§7§ ¥ * ¢ B3LYP1S
= E o FAR S BFR A A PE R ce-pVDZ -~ aug-cc-pVDZ ~ cc-pVTZ  EE
aug-cc-pVTZ = 4& Dunning-type =1 A & & #c 3334 » 12 2z
6-311+G(d,p)~6-311+G(2d,2p)~6-311+G(2df 2pd) 2 6-311+G(3df,2pd)
» #& Pople-type 3k & & #c35, e pF2E #HR13R 5 Truhlar B Fx B % en
£ & 3 B,k MG3S (modified G3; semi-diffuse)11.36.37 » MG3S 3%
G3large # & &0 Beenig iAo T 2 a% 3 % A core polarization
functions » & 4 v2 7 & Ju + e diffusion functions - 5 7 > T A B » &

R PR S R T

pdz cc-pvDZ
apdz aug-cc-pvDZ
ptz cc-pVTZ
aptz aug-cc-pvTZ
Pop-dp 6-311+G(d,p)

Pop-2d2p 6-311+G(2d,2p)
Pop-2df2pd 6-311+G(2df,2pd)
Pop-3df2pd 6-311+G(3df,2pd)

AR s kT B2 (MC-DFT) » H 2584



Ess (MC-DFT) = E(DFT/B1) + c,[E(DFT/B2) — E(DFT/B1)]

+ ¢, [E(DFT/B3) — E(DFT/B1)] (1)

HP DFT 74 %@* Fiteni & DFT 22 > @ B2 B3 47 &
APk A Sl @ Bl A O] A S # 5 2 B R S Boha e
BLE By AV BN LE

%= %A 0 A A MC-DFT 2 % ¢ 4c » SCS-MP2 it £ & & 78 >

Flpt e H - Ak Sofeen DFT 272 23840

Eig (SCS-MP2 | DFT) = c; (HF/fapdz + c, E 2,/apdz

+ G E §y/apdz) + (1=c¢y) E(DET/B1) (2)

PRS- E2 it € 4 5 oppositespin correlation energy (E 9,) ¥
same spin correlation energy (E 3,) > I 4 %% C, & ¢s = B $HiE (7

AEE o Flptgpe = B A K Sdeeh MC-DFT = 27 e g = ¢

Esg (SCS-MP2 | MC-DFT) = c¢; (HF/apdz + c, E g,/apdz
+ G E 3y/apdz) + (1—cy) {E(DFT/B1) + c,[E(DFT/B2)

— E(DFT/B1)] + c;[E(DFT/B3) — E(DFT/BL)]} (3)

Bofs s Aqig— %9 MC-DFT = & 5 * % MP2 it 35 0+ #

¥

MP2 = 2:e(7 5 BAKSBePMMPEE > BH & 25 MC-MP2» K
7



K ¥ e [pdz/apdz/ptz] A K Sndicie &N F B A

E (MC-MP2) = HF/pdz + c; Eg,/pdz + c, (HF/apdz — HF/pdz)
+ c3 (HF/ptz — HF/pdz) + c4[Eg./apdz — Eg,/pdz]

+ Cs5 [Eg,/ptz — Eg,/pdz] (4)

Mo Eg, AR E2 R BPREEAPLEL SCS-MP2 g2
MC-MP2 = j# > % 3 M #7 ¢ MC-SCS-MP2 = 2 - ¥ # fie

[pdz/apdz/ptz] £ & S ficie & eha 8 5

E (MC-SCS-MP2) = HF/pdz + coE §,/pdz. + csE §,/pdz
+ ¢, (HF/apdz — HF/pdz) "+ c; (HF/ptz — HF/pdz)
+ ¢4 [(co E B,/apdz + c. E §,/apdz)— (G, E p,/pdz + csE §,/pdz)]

+ Cs[(Co E B,/ptz + CE §,/ptz) — (Co E Bo/pdz + s E 3,/pdz)] (5)

MC-SCS-MP2 - ;2 $£7c ¥ — f & &ffceh DFT = 2 > H 2 4o

g

Eig (MC-MP2 | DFT) = ¢, {HF/pdz + ¢, E g,/pdz + csE §,/pdz
+ ¢, (HF/apdz — HF/pdz) + c; (HF/ptz — HF/pdz)

+ ¢4 [(Co E Bo/apdz + s E §o/apdz) — (Co E B,/pdz + s E §,/pdz)]
+ Cs[(Co E Bo/ptz + CE 3,/ptz) — (Co E Bo/pdz + ¢ E 3,/pdz)]}

+ (1—c,) E(DFT/BY) (6)



PP B AR S Beeh MC-DFT = 2 plec g =

Esg (MC-MP2 | MC-DFT) = c; {HF/pdz + c,E §,/pdz

+ G E §,/pdz + ¢, (HF/apdz — HF/pdz) + c3 (HF/ptz — HF/pdz)

+ ¢4 [(Co E Bo/apdz + CsE 3,/apdz) — (Co E g,/pdz + CsE 3,/pdz)]
+ C5[(Co E Bo/ptz + CSsE 3,/ptz) — (Co E g,/pdz + s E 3,/pdz)]}
+ (1—c,) {E(DFT/B1) + cs[E(DFT/B2) — E(DFT/B1)]

+ ¢, [E(DFT/B3) — E(DFT/BL)]} (7)

Aot (1) 20 (7) P FAAE Sk () o AR B
TR 2 M T 328 #5254 (Mean Unsigned Errors, MUE) & /]
fear (8 3] o SRR e 4 B Truhlar BIF 7jFhe00 ¢ 3 109 B 4
AE AT 2R3 B (MGAEL09/11)38+13 i 5 i (IP13/05)39
13 B % 3 MAr4 (EAL13/05)39+38 # & #4% F Ju i i (HTBH38/08)40 »
38 i 2-g 45 5 ii e (NHTBH38/08)40 » s 211 i #cdf = % 0
MO8-HX = j ¢t » #75 a5 § ¢ * Gaussian 09 Rev. D.01 #:4g 41
170 @m MO8-HX ez 8 R E 41 * Molpro Ver. 2012 #r 48 42 - £ a2+
B pER ezt 8 CgHgN > CoCly » C4H40 » C4HuS » C4H5N » CF3CN

2 OSICly $ N A A AF PR S R A



2% AH%
1.3.1MC-DFT = 2 eh* B 4 1

1.3.1.1 B3LYP * 2 ing %

Table 1 Z41* MC-DFT =z ~» %pl3# 5 & DFT 2 235 en
23 F LAt g BILYP S el - 4 A A SENE S F
fie 7L & o ¥ic aptz <0 MUE 5 4.83 kcal/mol> MG3S % 4.33 kcal/mol >
Pop-2df2pd % 4.40 kcal/mol » @ Pop-3df2pd ] 5 4.02 kcal/mol - @
ALk R S & nk % 4o o [pdz/apdz/aptz] ¢+ MUE % 3.88
kcal/mol > [pdz/MG3S] % 3.87 kcal/mol - [Pop-dp/Pop-2df2pd] = 3.59
kcal/mol » @ [Pop-dp/Pop-2d2p/Pop-3df2pd] #| <£_ 3.57 kcal/mol -
Pople-type # & & #iceh3h B 2 % &5 > 2" ¢ *  Pop-dp 7
Pop-2df2pd = i k& it (7 ie £ 3k Ko AR S o2k BILYP
F A RFEEE > FH¥ MUE »3 3-5 kcal/mol » e ] #
MC-DFT = i cwgic Jgit— HM 4 A3 BRFER » # % AR Sl
£ MUE 3p Bt i@ * B - JL & Sofe® K] o blde @ 5
[pdz/ptz/aptz] =» MUE &t & * aptz £ %™ '35 1.0 kcal/mol > @
#5 fie [Pop-dp/Pop-2df2pd] =+ MUE £ it i * Pop-2df2pd & & ™ %
% 0.8 kcal/mol » & & chid % gt @ B - A A A AR ki

10



£ aptz = &_ Pop-3df2pd) -

1.3.1.2 M06-2X = i en% %

MO06-2X = j* #5fie 2L & S de aptz <0 MUE 5 1.99 kcal/mol -
MG3S % 1.76 kcal/mol » Pop-3df2pd R % 1.83 kcal/mol » % 2% i e
PIEET > M06-2X = 2 Bt B3LYP =2 ke fgia b o AR
G & [pdz/apdz/aptz] <5 MUE 5 1.55 kcal/mol > [pdz/MG3S]
% 1.53 kcal/mol » @ [Pop-dp/Pop-2d2p/Pop-2df2pd] #|%_ 1.58
kcal/mol » & {8 4 %)/ & chE_> M06-2X = ;2 #E ek & dnficie &
[pdz/apdz/ptz] =& F4& 5 21 » B MUE 5 1.54 kcal/mol » 4p #23%
H- <A R sficaptz 8% 52 3> 4 g ARsd#ce 4
[pdz/apdz/aptz] 2 Fz A o preb o Aoy g AR Sfce &
[Pop-dp/Pop-2d2p] > # MUE 3% 1.58 kcal/mol » ¢+ 2 & 7 123 3] & &
e & [Pop-dp/Pop-2d2p/Pop-3df2pd] =2t & B rr B > fridE 2 F

Sy 12 T =R
P ET‘J“;’L_ET 'FT‘/},%[ o

1.3.1.3 M08-HX = j eni &

MO8-HX - i# #fz 4 & & #ic aptz 7 MUE % 257 kcal/mol
MG3S % 1.66 kcal/mol » Pop-3df2pd R % 1.68 kcal/mol o # I &
ek & So¥ice & %5 [Pop-dp/Pop-2d2p/Pop-2df2pd] » # MUE 3% 1.53

kcal/mol » & % &7+ f1* MC-DFT = % 7 5 43 7 »xd K 4 MO8-HX
11



TRant R RRER 2 PiEa fE DFT 220t o MO8-HX = i et
¥ %52 M0B-2X i fE A AR 0L > @ A K BILYP Gk & kb

o

a1

%
1.3.1.4 M11 & MNI12-SX = e %
M A fE BT Minnesota-type DFT = i @ 2 %450 3] fi end 55

S

\\\ﬁr

Beiflr - BAEAY SR EE BFAERFR G A
@r > AP §iE 322 Sy FltieA fE DFT 22 anifBh i
MR 220220 dpF b o i i A ALY B B 4 B enip R £ R
ffo M06-2X 22 MOB-HX & ZRA-#EdL o i A chipl3a @ > M11 2
MN12-SX & & et 5 S h i 48 070 A b 20l - AR IHT S
MG3S> 2 MUE % %5 1.94 & 196 kcal/mol - &% 7 % > MC-DFT
FENP S LS I R TG HAZ A RO R F A
A Sl & s MUES % M06-2X ¥2 M08-HX =% 7 0.3-0.4

kcal/mol » = #% B3LYP = /% 47 % 1 kcal/mol -
1.3.2 SCS-MP2 | MC-DFT = /2 &gt B 4 1

Table 2 & 41* SCS-MP2 | MC-DFT = ;2 ~ ®w]p|3# 5 48 DFT
ety AR oo fEE s DFT 22 22 MP2 I235 cnig A 5F 1

%> Truhlar B #78 4 7 N9 multi-coefficient = ;= 13, k@ A i §_ 4

12



DFT 84 & % eng_ MC-DFT = ;£ » m SCS-MP2 R4 B H_ g * L
Kadfic apdze 2 %1 AL Rk EOA R S#cie £ 4~ SCS-MP2
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SERr - ARSEE AR IEELDLEY WA 3 ART
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1.6 Tables and Figures

Table 1. Mean Unsigned Errors (kcal/mol) of the DFT and MC-DFT methods.

Basis set combination B3LYP MO06-2X MO08-HX M11 MN12-SX
pdz 11.46 8.37 8.00 8.87 6.87
apdz 9.22 6.03 6.11 6.63 6.00
ptz 5.50 2.92 3.17 2.92 3.71
pdz/ptz 4.22 2.22 1.85 2.37 291
pdz/apdz/ptz 3.96 1.54 1.81 2.13 2.86
aptz 4.83 1.99 2.57 2.11 3.06
pdz/ptz/aptz 3.88 1.55 1.70 1.99 2.67
MG3S 4.33 1.76 1.66 1.94 1.96
pdz/MG3S 3.87 1.53 1.59 1.94 1.95
Pop-dp 7.36 4.84 4.91 5.02 4.23
Pop-2d2p 5.45 2.66 2.48 2.43 2.39
Pop-dp/Pop-2d2p 3.78 1.58 1.66 2.04 2.23
Pop-2df2pd 4.40 1.85 1.75 2.04 2.12
Pop-dp/Pop-2df2pd 3.59 1.75 1.56 2.04 2.12
Pop-2d2p/Pop-2df2pd 3.62 1.81 1.66 2.03 2.12
Pop-dp/Pop-2d2p/Pop-2df2pd 3.59 1.58 1.53 2.01 2.12
Pop-3df2pd 4.02 1.83 1.68 2.23 2.20
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Pop-dp/Pop-3df2pd 3.58 1.82 1.68 2.10 2.16
Pop-2df2pd/Pop-3df2pd 3.70 1.81 1.64 2.04 2.10
Pop-dp/Pop-2d2p/Pop-3df2pd 3.57 1.57 1.54 2.01 2.15
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Table 2. Mean Unsigned Errors (kcal/mol) of the SCS-MP2 | DFT and SCS-MP2 | MC-DFT method. (MP2 basis set: apdz)

Basis set combination B3LYP MO06-2X MO08-HX M11 MN12-SX
pdz 4.68 4.48 4.35 4.53 4.01
apdz 4.13 2.86 3.11 3.49 2.87
ptz 3.66 2.51 2.24 2.63 2.71
pdz/ptz 2.58 1.71 1.71 1.92 2.43
pdz/apdz/ptz 2.54 1.51 1.64 1.92 2.09
aptz 3.23 1.68 1.71 2.03 1.98
pdz/ptz/aptz 2.57 1.43 1.49 1.81 1.96
MG3S 3.00 1.56 1.54 1.91 1.80
pdz/MG3S 2.88 1.41 1.53 1.91 1.78
Pop-dp 3.76 2.69 2.72 3.06 2.44
Pop-2d2p 3.29 1.93 1.88 2.16 2.10
Pop-dp/Pop-2d2p 2.76 1.32 1.44 1.77 2.07
Pop-2df2pd 3.09 1.70 1.66 1.95 1.94
Pop-dp/Pop-2df2pd 2.71 151 1.51 1.83 1.93
Pop-2d2p/Pop-2df2pd 2.78 1.64 1.62 1.92 1.92
Pop-dp/Pop-2d2p/Pop-2df2pd 2.71 1.32 1.40 1.75 1.92
Pop-3df2pd 3.05 1.68 1.63 2.00 2.01
Pop-dp/Pop-3df2pd 2.81 1.61 1.59 1.98 2.00
Pop-2df2pd/Pop-3df2pd 3.03 1.68 1.62 1.95 1.91
Pop-dp/Pop-2d2p/Pop-3df2pd 2.76 1.32 1.40 1.77 2.00
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Table 3. Mean Unsigned Errors (kcal/mol) of MP2, SCS-MP2, MC-MP2
and MC-SCS-MP2 methods.

Basis set combination MP2 SCS-MP2
pdz 22.8 8.40
apdz 16.3 5.78
ptz 7.14 5.26
pdz/ptz 6.22 4.36
pdz/apdz/ptz 5.66 4.15
aptz 5.48 4.04
pdz/ptz/aptz 5.38 3.93
MG3S 7.14 4.83
pdz/MG3S 6.85 4.82
Pop-dp 16.31 6.53
Pop-2d2p 11.31 5.25
Pop-dp/Pop-2d2p 7.17 5.07
Pop-2df2pd 5.85 4.37
Pop-dp/Pop-2df2pd 5.66 3.86
Pop-2d2p/Pop-2df2pd 5.70 4.03
Pop-dp/Pop-2d2p/Pop-2df2pd 5.65 3.81
Pop-3df2pd 6.08 4.52
Pop-dp/Pop-3df2pd 6.04 4.26
Pop-2df2pd/Pop-3df2pd 581 4.35

Pop-dp/Pop-2d2p/Pop-3df2pd 5.95 4.24
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Table 4. Mean Unsigned Errors (kcal/mol) of Several MC-MP2 | M06-2X and MC-SCS-MP2/MC-M06-2X Methods with
Various Basis Set Combinations for the MP2 and M06-2X Parts.

Basis sets combination for

SCS-MP2/apdz |

SCS-MP2/aptz |

SCS-MP2/MG3S |

SCS-MP2/Pop-2df2pd |

MO06-2X MC-MO06-2X MC-M06-2X MC-M06-2X MC-M06-2X
pdz 4.48 3.64 4.01 3.91
ptz 2.51 2.40 2.46 2.46
pdz/ptz 1.71 1.75 1.78 1.79
pdz/apdz/ptz 1.51 1.50 1.51 1.50
aptz 1.68 1.66 1.67 1.67
pdz/ptz/aptz 1.43 1.44 1.45 1.44
MG3S 1.56 1.56 1.57 1.57
pdz/MG3S 1.41 1.42 1.42 1.42
Pop-dp 2.69 2.48 2.55 2.57
Pop-dp/Pop-2d2p 1.32 1.31 1.32 1.33
Pop-2df2pd 1.70 1.68 1.69 1.70
Pop-dp/Pop-2df2pd 1.51 1.53 1.54 1.54
Pop-dp/Pop-2d2p/Pop-2df2pd 1.32 1.30 1.32 1.33
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Basis sets combination for

MC-SCS-MP2/[pdz/apdz/ptz] |

MC-SCS-MP2/[Pop-dp/Pop-2d2p/Pop-2df2pd] |

M06-2X MC-M06-2X MC-M06-2X
pdz 2.06 2.95
ptz 1.69 2.19
pdz/ptz 1.59 1.75
pdz/apdz/ptz 1.41 1.43
aptz 1.51 1.42
pdz/ptz/aptz 1.37 1.35
MG3S 1.39 1.36
pdz/MG3S 1.26 1.23
Pop-dp 1.75 1.61
Pop-dp/Pop-2d2p 1.22 1.27
Pop-2df2pd 1.42 1.39
Pop-dp/Pop-2df2pd 1.41 1.31
Pop-dp/Pop-2d2p/Pop-2df2pd 1.21 1.26
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Table 5. Mean Unsigned Errors (kcal/mol) of the MC-SCS-MP2 | DFT and MC-SCS-MP2 | MC-DFT methods.

Basis set combination B3LYP MO06-2X MO08-HX M11 MN12-SX
pdz 2.35 2.06 2.21 2.77 2.13
apdz 1.97 1.77 1.82 2.30 1.93
ptz 2.18 1.69 1.70 2.14 1.98
pdz/ptz 2.10 1.59 1.63 1.82 1.98
pdz/apdz/ptz 1.78 1.41 1.58 1.75 1.89
aptz 1.90 1.51 1.43 1.73 1.78
pdz/ptz/aptz 1.71 1 38 1.33 1.49 1.75
MG3S 1.81 1.39 1.35 1.76 1.72
pdz/MG3S 1.66 1.26 1.27 1.49 1.71
Pop-dp 1.94 1.75 1.49 2.03 1.86
Pop-2d2p 1.83 1.37 1.25 1.74 1.87
Pop-dp/Pop-2d2p 1.79 1.22 1.24 1.67 1.85
Pop-2df2pd 1.81 1.42 1.37 1.76 1.83
Pop-dp/Pop-2df2pd 1.77 141 1.35 1.75 1.82
Pop-2d2p/Pop-2df2pd 1.81 1.37 1.23 1.75 1.82
Pop-dp/Pop-2d2p/Pop-2df2pd 1.77 1.21 1.23 1.69 1.82
Pop-3df2pd 1.81 1.51 1.49 1.81 1.89
Pop-dp/Pop-3df2pd 1.79 1.50 1.42 1.81 1.85
Pop-2df2pd/Pop-3df2pd 1.81 1.21 1.32 1.74 1.80
Pop-dp/Pop-2d2p/Pop-3df2pd 1.77 1.20 1.20 1.66 1.84
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Table 6. Relative Computational Cost2 and P/C Ratios using the B3LYP functional.

: . MC-MP2 |
Basis set combination MC-B3LYP MP2 | MC-B3LYP MC-B3LYP
ptz 11% (0.29)b 20% (0.37) 46% (0.46)
pdz/apdz/ptz 20% (0.33) 28% (0.55) 54% (0.59)
aptz 91% (0.05) 99% (0.10) 125% (0.22)
pdz/ptz/aptz 105% (0.06) 113% (0.13) 139% (0.25)
MG3S 16% (0.34) 24% (0.46) 50% (0.61)
pdz/MG3S 18% (0.36) 27% (0.45) 52% (0.69)
Pop-2d2p 7% (0.50) 15% (0.60) 41% (0.73)
Pop-dp/Pop-2d2p 11% (0.64) 19% (0.67) 45% (0.69)
Pop-2df2pd 15% (0.34) 24%(0.44) 49% (0.62)
Pop-dp/Pop-2df2pd 19% (0.41) 28% (0.49) 53% (0.60)
Pop-dp/Pop-2d2p/Pop-2df2pd 26% (0.30) 35% (0.39) 60% (0.53)
Pop-3df2pd 24% (0.25) 33% (0.33) 58% (0.52)
Pop-dp/Pop-3df2pd 29% (0.27) 37% (0.34) 63% (0.50)
Pop-dp/Pop-2d2p/Pop-3df2pd 35% (0.22) 44% (0.30) 69% (0.46)

aRelative to the M06-2X/aptz calculation.
bNumbers in parentheses refer to the performance/cost (P/C) ratios which were defined as 1 / (relative cost x MUEZ).
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Table 7. Relative Computational Cost2 and P/C Ratios using the M06-2X functional.

: N MP2 | MC-MP2 |
Basis set combination MC-MO06-2X MC-M06-2X MC-M0B-2X
ptz 13% (0.89)b 22% (0.73) 47% (0.74)
pdz/apdz/ptz 23% (1.81) 32% (1.38) 57% (0.88)
aptz 100% (0.25) 109% (0.33) 134% (0.33)
pdz/ptz/aptz 117% (0.36) 125% (0.39) 151% (0.35)
MG3S 26% (1.23) 35% (1.18) 60% (0.86)
pdz/MG3S 30% (1.45) 38% (1.32) 64% (0.99)
Pop-2d2p 8% (1.76) 17% (1.62) 42% (1.26)
Pop-dp/Pop-2d2p 13% (3.01) 22% (2.62) 48% (1.41)
Pop-2df2pd 17% (1.70) 26%(1.35) 51% (0.97)
Pop-dp/Pop-2df2pd 23% (1.45) 31% (1.42) 57% (0.89)
Pop-dp/Pop-2d2p/Pop-2df2pd 30% (1.31) 39% (1.46) 65% (1.06)
Pop-3df2pd 27% (1.10) 36% (0.99) 61% (0.72)
Pop-dp/Pop-3df2pd 32% (0.93) 41% (0.94) 67% (0.67)
Pop-dp/Pop-2d2p/Pop-3df2pd 41% (1.00) 49% (1.17) 75% (0.93)

aRelative to the M06-2X/aptz calculation.
bNumbers in parentheses refer to the performance/cost (P/C) ratios which were defined as 1 / (relative cost x MUE?2).
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Table 8. Relative Computational Cost2 and P/C Ratios of the M08-HX functional®.

: . MP2 | MC-MP2 |
Basis set combination MC-MO08-HX MC-MO8-HX MC-MOS-HX
ptz 17% (0.60)¢ 25% (0.79) 51% (0.68)
pdz/apdz/ptz 31% (0.98) 40% (0.94) 65% (0.61)
aptz 68% (0.22) 76% (0.45) 102% (0.48)
pdz/ptz/aptz 88% (0.39) 97% (0.46) 123% (0.46)
MG3S 21% (1.77) 29% (1.45) 55% (1.00)
pdz/MG3S 25% (1.59) 33% (1.28) 59% (1.05)
Pop-2d2p 11% (1.53) 19% (1.47) 45% (1.43)
Pop-dp/Pop-2d2p 17% (2.08) 26% (1.85) 52% (1.26)
Pop-2df2pd 19% (1.72) 28% (1.32) 53% (1.00)
Pop-dp/Pop-2df2pd 26 % (1.59) 34% (1.27) 60% (0.91)
Pop-dp/Pop-2d2p/Pop-2df2pd 37 % (1.17) 45% (1.13) 71% (0.94)
Pop-3df2pd 26 % (1.39) 34% (1.10) 60% (0.75)
Pop-dp/Pop-3df2pd 32 % (1.09) 41% (0.97) 67% (0.75)
Pop-dp/Pop-2d2p/Pop-3df2pd 43 % (0.98) 52% (0.99) 77% (0.90)

aRelative to the M06-2X/aptz calculation.
bAIl the calculations in Table 8 were carried out using the Molpro 2012.1 program.
CNumbers in parentheses refer to the performance/cost (P/C) ratios which were defined as 1 / (relative cost x MUE?2).
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Table 9. Relative Computational Cost2 and P/C Ratios using the M11 functional.

: . MC-MP2 |
Basis set combination MC-M11 MP2 | MC-M11 MC-M11
ptz 16% (0.76)b 24% (0.60) 50% (0.44)
pdz/apdz/ptz 28% (0.78) 37% (0.74) 62% (0.52)
aptz 152% (0.15) 161% (0.15) 187% (0.18)
pdz/ptz/aptz 172% (0.15) 180% (0.17) 206% (0.22)
MG3S 46% (0.58) 54% (0.50) 80% (0.40)
pdz/MG3S 50% (0.54) 58% (0.47) 84% (0.54)
Pop-2d2p 11% (1.54) 20% (1.10) 45% (0.73)
Pop-dp/Pop-2d2p 18% (1.35) 26% (1.21) 52% (0.69)
Pop-2df2pd 31% (0.77) 40% (0.66) 65% (0.49)
Pop-dp/Pop-2df2pd 38% (0.64) 46% (0.64) 72% (0.45)
Pop-dp/Pop-2d2p/Pop-2df2pd 49% (0.51) 57% (0.57) 83% (0.42)
Pop-3df2pd 61% (0.33) 69% (0.36) 95% (0.32)
Pop-dp/Pop-3df2pd 67% (0.34) 76% (0.34) 102% (0.32)
Pop-dp/Pop-2d2p/Pop-3df2pd 78% (0.32) 87% (0.37) 113% (0.32)

aRelative to the M06-2X/aptz calculation.
bNumbers in parentheses refer to the performance/cost (P/C) ratios which were defined as 1 / (relative cost x MUE?2).
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Table 10. Relative Computational Costa and P/C Ratios of the MN12-SX functional.

: . MP2 | MC-MP2 |
Basis set combination MC-MN12-SX MC-MN12-SX MC-MN12-SX
ptz 25% (0.29)b 34 % (0.40) 59 % (0.43)
pdz/apdz/ptz 38 % (0.32) 47 % (0.49) 72 % (0.39)
aptz 173 % (0.06) 182 % (0.14) 207 % (0.15)
pdz/ptz/aptz 202% (0.07) 211% (0.12) 236% (0.14)
MG3S 35 % (0.75) 43 % (0.71) 69 % (0.49)
pdz/MG3S 39 % (0.68) 47 % (0.67) 73 % (0.47)
Pop-2d2p 11 % (1.54) 20 % (1.14) 46 % (0.63)
Pop-dp/Pop-2d2p 18 % (1.09) 27 % (0.87) 53 % (0.56)
Pop-2df2pd 32 % (0.69) 41 % (0.65) 66 % (0.45)
Pop-dp/Pop-2df2pd 39 % (0.57) 48 % (0.56) 73 % (0.41)
Pop-dp/Pop-2d2p/Pop-2df2pd 51 % (0.44) 59 % (0.46) 85 % (0.36)
Pop-3df2pd 64 % (0.32) 73 % (0.34) 98 % (0.28)
Pop-dp/Pop-3df2pd 71 % (0.30) 80 % (0.31) 105 % (0.28)
Pop-dp/Pop-2d2p/Pop-3df2pd 83 % (0.26) 91 % (0.27) 117 % (0.25)

aRelative to the M06-2X/aptz calculation.
bNumbers in parentheses refer to the performance/cost (P/C) ratios which were defined as 1 / (relative cost x MUE?2).
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Figure 1. MUEs (kcal/mol) of the B3LYP functional using various basis sets and basis set combinations. The tops of the
green, red, and blue bars were the results by the MC-DFT, SCS-MP2 | MC-DFT, and MC-SCS-MP2 | MC-DFT approaches,
respectively.

37



Mo06-2X

150 -
3.00 -
= 2.50 -
£
“73 2.00 -
<150 -
El.i}ﬂ -
0.50 -
0.00
= =
& «:f*‘" @"’b & S a;‘f"‘ é‘ﬁ
@ﬁb W& a‘y‘\ & xsql & &
| Qb A N s Q‘S
qﬁq HPQ
$°Q'
»
quﬁ

Basis set combination

Figure 2. MUEs (kcal/mol) of the M06-2X functional using various basis sets and basis set combinations. The tops of the
green, red, and blue bars were the results by the MC-DFT, SCS-MP2 | MC-DFT, and MC-SCS-MP2 | MC-DFT approaches,
respectively.
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Figure 3. MUEs (kcal/mol) of the M08-HX functional using various basis sets and basis set combinations. The tops of the
green, red, and blue bars were the results by the MC-DFT, SCS-MP2 | MC-DFT, and MC-SCS-MP2 | MC-DFT approaches,
respectively.
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Figure 4. MUEs (kcal/mol) of the M11 functional using various basis sets and basis set combinations. The tops of the green,
red, and blue bars were the results by the MC-DFT, SCS-MP2 | MC-DFT, and MC-SCS-MP2 | MC-DFT approaches,
respectively.
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Figure 5. MUEs (kcal/mol) of the MN12-SX functional using various basis sets and basis set combinations. The tops of the
green, red, and blue bars were the results by the MC-DFT, SCS-MP2 | MC-DFT, and MC-SCS-MP2 | MC-DFT approaches,
respectively.
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Figure 9. MUE (kcal/mol), Relative Cost (%) and P/C Ratios of the Several Efficient Methods using the M11 functional.
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= % Benchmark Study of the MC-DFT approach
with Mixed Functionals on the Bond Energies of 3d

Transition Metals

iF &

AT Y A RIRE S AR R LSS % (Density Functional
Theory, DFT) #A3gR] 70 BB R & B A F ot 2 £ (P sk B
Z -3 2kcal/mol) o Bl % &5 2 e DFT 2 2428 R & B4
+ R FRR € P AP BBEMBGOF AL - FIPAPLELA

% e DFT = 3% hig (7

i
=

CEPIR P B RF R AR P 2 AP RS
TRRIZE AL o gt b A e MC-DFT 2 2 i * p R & N et B 3 2
(mixed functionals, Mixed DFT) > #p 3 sv i€ - H e H B Bag g o &
Y%k H- o0 DFT 22 & k43 ahE_1-HCTHhyb = 2 » st e
&_N12SX = 2> T35 %1 (Mean Unsigned Error, MUE) 4 %] &

6.14 kcal/mol ¥ 8.65 kcal/mol » i & & - # 4 » MC-DFT = /2 > &
Aok & e & pdziptz > BT A ¥ MUE & 5T % 1 5.94
kcal/mol £ 8.03 kcal/mol - Mixed DFT = ;% %4 » % 35 i3 e Mixed
DFT - ;* #_ 1-HCTHhyb/mPW2-PLYP > 2 MUE 3% 5.49 kcal/mol -

= & enp] ¥_ t-HCTHhyb/MN12L » 2 MUE % 5.74 kcal/mol » & ¥
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- 1-HCTHhyb> mPW2-PLYP ¥ MNI12L = ;7 MUE 4 %] % 6.14
kcal/mol - 12.88 kcal/mol ¥ 10.45 kcal/mol » & * Mixed DFT = ;2
R E - 2w Rt g 05 keal/mol 12 b e A o e ~
MC-DFT = 2 p|¥ &- # &=+ 5 Br ik > # 4 3 /& Mixed DFT -
2. MUE % %[*% 3 4.94 kcal/mol £ 5.45 kcal/mol o 2% ip# 7= 3% 4 35
# if &7 Mixed | MC-DFT = ;2 # 4c » MP2 ¥ CCSD - j# it £ &

+r o v i#Hd MUE & %™ % 3 477 kcal/mol ¥ 451 kcal/mol -
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WWE K FF S MR e 3Rl DFT 2 2 Adgip
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DFT = ;¢ (B2-PLYP13, B2GP-PLYP14, DSD-BLYP15, and XYG316)
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Multi-coefficient Density Functional Theory (MC-DFT)43 » i&- 8 46 12 ¥
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RRIE A e r — BT AL SR 2 o B AT Ty 0 4344
MC-DFT =2 fi e~ ende 4 Bas 4 BP TR FF 240

FI AL A AP R - MC-DFT = 2 g% »23E0] % = (X 8P @

\4%7

AT end $% o LI DFT 35304 > d iR & A4
Fe e R g ATA I 3F 5 4 strong multireference characters 2

nondynamical electron correlation & &% &7° %2 3.9 » F|plhoimiE * & 3§

gh“(

9 DFT 2 2 RiEF3 B BT 4es 2.8 o VRS 18 87 o

il
v

DFT =/ » # ¢ & 3213 v local functional » 14 2 & E, i £ 7 7

HF exchange energy & hybrid GGA = hybrid meta-GGA = ;2 45-3

(s
b

% correlation (E;) st & ® /& ~ E2 correlation energy £~ double
hybrid GGA = j2 1346 » s fm»x 35 b g2k 7 — B i & % 37H % o
Minnesota-type range-separated DFT = j# 47500 A= 3 Rl ek it
¢ 7 70 B ccCA-TM/11 FHE P A+ 3522 F 5% B4 |
s> 2kecal/mol e £ G4 F RS X o 4 o DFT 3 2 40

3@/§$}g—,/€q\—+ﬂjﬁé‘ﬂb’}?/?gﬁﬂ ’.»u r’g = 12("_ ri.f]g_}oq‘]ll_bi\
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PRLEAFEA e DFT 23 ke Fata ot B o Bera fg 380 2 2
LN R e R A
ALY OH D304 > AR MC-DFT = % fig* po il & 58 et §
= ;£ (mixed functionals, Mixed DFT)> #f 2¥ st i& - #Hexl H2H 5 & o
pLek 5 At b Mixed DFT = j# @ gg ¢k 4 » MP251 g2 CCSD52
FEAN BRI BFT LR E R A RS VR H e o
AR s o AP FERRIGED Bt L AR RS B
Ho et 109 Ba kA AF 2 RS i (MGAEL09/11)58 i
FERI2 AR TR 70 BAEEE B ook at B g S qp T 0t
FoHFT IS - RGP BRI YA ELZHEREES

e d o
22 3LE 3

Table 1 7|4t AF7 5 pli&eh 18 46 DFT =2 > ¢ 32 7 48
conventional functional> &4 GGA = ;* ? 1 BLYP54,55 ¢ PBE18
NGA = ;2 ¢ 1 N1248, #3 meta-GGA = 2 ¥ MOG6L56 > M11L47
g1 TPSS19, 172 meta-NGA = /% ¢ &9 MN12L49 o gt ¢} #3 34
hybrid GGA = i : B3LYP20 » B97-157.58 ¢z B9859 ; 3 # hybrid
meta-GGA - ;% :1-HCTHhyb60 > mPW1PW9161,62 ¢ MOQ663; 12 2 3

f8i7 & K FTH % ¢ Minnesota-type range-separated DFT - ;* @ M1141 »
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-~

N12-SX44 ¢z MN12-SX44; :& % B2-PLYP13 ¥ mPW2-PLYP46 it

% {#double hybrid GGA = ;% - Tablel I p¥. 7] 248 DFT = 2 e
X i@ > T hybrid-DFT= ;2 ¢ HF exchange st & #7 ik vt ] o 2L &

S BFR A N g ce-pVDZ ¥ ce-pVTZ iz# f& Dunning-type &

2 & S0 #ic64-68 5 & b L7 40~ diffuse functions R F1 & diffuse

functions ¥F:x LG & A F bt SPRIIFA R e 2 3 & 5 P A

<

i

Il

dzariis €3 BE o APy ant B W A& Gaussian 09 Rev.
D.01 #48 ™ 2769

AR e i kLS B2 A (MC-DFT) » H 258 4o

E (MC-DFT) = E(DFT/pdz) + c¢;[E(DFT/ptz) — E(DFT/pdz)] (1)

— e

He DFT 25 FiH P —4 DFT =72 pdz % 75 A& Sk
cc-pVDZ > @ ptz % 7 A K SBic cC-pVTZ ¢ B 2 7 A Mahddic o

FoMe o APELEA I DFT 2 0% R 7ga ot 5 > 3

E (Mixed DFT) = c; E(DFT1/ptz) + (1—c,) E(DFT2/ptz) (2)

H#¢ DFTL #2 DFT2 A w27 % 3467 ko DFT =% > ¢ ™ &
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VA o prk A pE o MC-DFT = 2 & * ¢ Mixed DFT -

o RFR - B E P R R o B 0N e

E (Mixed | MC-DFT) = ¢, {E(DFT1/pdz) + c,[E(DFT1/ptz)
— E(DFTpd2)]} + (1—ci) {E(DFT2/pdz) + c;[E(DFT2/ptz)

— E(DFT2/pd2)]} 3)

M DFTL ¢ DFT2 A w4 m @ * 347 e DFT 22> @ ¢
Y Cf aPAMadlice 3FHT ko AP - 4 r MP2 3 2

e BRI 0 FIP e ptzo Ak Soficen DFT 22 20 o504

E (MP2 | DFT) = c, (HF/ptz + "¢, E2/ptz) + (1—c;) E(DFT/ptz)

(4)

% Mixed DFT = /&4 > MP2 = 2 £ 78 » H o8|+ 12

E (Mixed DFT + MP2) = c, (HF/ptz + c, E2/ptz)

+ (1—cy) [c3 E(DFT1/ptz) + (1—c3) E(DFT2/ptz)] (5)

% 4_ Mixed | MC-DFT = jx4c > MP2 f&ir 38 » 2 23 Qv & = ¢
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E (Mixed | MC-DFT + MP2) = c¢, (HF/ptz + c, E2/ptz)
+ (1—cy) {cs [E(DFT1/pdz) + c4[E(DFT1/ptz) — E(DFT1/pdz)]]

+ (1—c;) [E(DFT2/pdz) + cs[E(DFT2/ptz) — E(DFT2/pd2)]]}
(6)

Bfe o NP se » CCSD 7 j2 cie £ 178 0 FlPt e ptz AKX S

Bicen DFT 222 23840

E (CCSD |DFT) = ¢, [HF/ptz 4 ¢3(CCSD/ptz— HF/ptz)]

+ (1—c,) E(DFT/ptz) (7)

7 # 4 Mixed DFT + CCSD & Mixed | MC-DFT + CCSD = j# ch2:

SR 2250 (5) fr (6) wpF o AP E2/ptz i £k

\\\?{r

(CCSD/ptz— HF/ptz) i 38 » iz o3¢ (1) 2 (7) » #75 7 {2
B> F AR EEFTHELHmE DTS HiE L (Mean
Unsigned Error, MUE) & |- it #7183

AR RREOF BEF AR S Wilson B3 b’“rﬁp?:sp e cCCA-TM/11
TRE > APERLY A3 A% s EFEL | 2 keal/mol =
70 WA £ A S KRB FRIEE e A B s > Truhlar @B I

BAEAN M T0 BEHAE RS N BB ST o
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(average bond energies, ABE) > ¥ 12 % % vt B i i g b Fpt A
FEr QIR E B E B RYE Sae 34 (D) TiRFS
By B g g B b e pbo vk 3N e T jr“,f Ja =+ ¢1 spin—orbit energy »
htE P R Lok spin-orbit coupling R AR o AT R BIED
70 BiEARLHA S H A E L ER Y BIT-1 A A Sk
cc-pVTZ-Table2 7| dt A= 5 Bliden 70 BB & HAr +d F 5% BT
g2 i (D)o dth o A gEebplET & 7 109 B A ES

#4322 B3 g (MGAEL09/11) ek TR
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23 ¥ RH®w

231 &4 DFT » et ¥ 4 1

Table 3 7| d1 s applzfen 18 f& DFT 2 /2235 it £ &2 i
B e 5T 39384 (Mean Unsigned Error, MUE) » gt ¢k 24 i -
WAV LR T0 BAF g EkEL > 1 keal/mol # 32
Ba = a3Re o e ey d) -HCTHhyb = 2 4 s &gt
Hi DFT 2 & kevg-Hd 70 B4 3 e MUE % 6.14 kcal/mol >
m 32 B4 3 MUE B % 6,06 kcal/mol - @ % 3=t i e % 3
N12SX =+ » # 70 f# & + & MUE 5 8.65kcal/mol > » 32 i~
+ e MUE B 5 9.71 kcal/mol - &% = 451 ;2 5 B97-1 = /% >
H 70 BA 3 MUE 5 8.90 kecal/mol > = 32 4 % 7 MUE B
% 7.87 kcal/mol - # 47 DFT = /% 4 @ MN12-L ~ TPSS ~ M11-L ~
MO6-L ~ B98 ¥ MO06 z MUE g3t & 10 o] 12kcal/mol R -
- dptEME Y * g B3LYP 222 MUE &R 5 16.86
kcal/mol - m mPWI1PW9l1 - ;£ ¢» MUE % 16.71 kcal/mol - &
double hybrid GGA = ;* > B2-PLYP ¥ mPW2-PLYP 5 MUE B| %
Bl 5 13.43 ¥ 12.88 kcal/mol - j£ &% MUE P # gk - 4

Minnesota-type 7 DFT = /2 » 4c » HF exchange it & ¥ @ g By
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B ? Brr oo bl4e : MO6-L &2 M06° 2 MUE 4 %] 5 1152 2
12.49 kcal/mol ; M11-L 22 M1l e MUE p|4 %] 5 11.10 ¥ 24.52
kcal/mol ; MN12-L 22 MN12-SX z. MUE B4 %] 5 1045 & 26.76
kcal/mol ; @ &8 3R % & # A7 range-separated DFT = j% R 4% | p? &g o
FHWH 2 APT ke AT FERBREBTF IR ER 2
# # HF exchange s £ 6% B~ & o F I & 7 21303 Truhlar
B e DFT 252 p3R¢ 175 @ e orplzg M06-L &2 MO6 1T 3ot

it (average bond energies, ABE) 2. MUE 4~ %] 2 3.9 ¥ 4.4 kcal/mol

- .

m M11l-L & M1l s MUE & & 5 45 ¥ 7.0 kcal/mol ; MN12-L

22 MN12-SX 2. MUE B~ %5 4.5 2 7.9kcal/mol -

Ao ngg el s i pliEen 1848 DFT 223 s s 2w

v edp 4T 3238 X (Mean Signed Errors, MSE) > ¥ v 4 & 8 DFT

“.rm\k

2 F e MSE £ 2 %+ > Bl4c > 1-HCTHhyb 2 N12-SX = j* e
MSE 4 %] % & 047 2 -284 kcal/mol ; m B97-1 = ;£ p] 7 6.74
kcal/mol ; B3LYP = /2 # 3 3% 15.27 kcal/mol » 7]t A i ja%r 7 e
1 DFT 2 24 R EHA F PR FFRIET A ABEREMEG

o) o

232MC-DFT = e K4 3R

Table4 g 9 #& DFT = 2 » T p3FE & MC-DFT = i
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TR AR Y A RS HE S Y S [pdz/ptz] o 2 Rk K S B A
4e » diffuse function & ] 5 - diffuse function I 7 — % ¢ H +cif
BERL I E R > P R E b B et R H 4 o
Table4 AP # B RBERE L 2 nA T 2328 > e f|*

MC-DFT = i chpgac 58— H a4 B3 F Bam ik » @ % AR Sfice
£ MUE Rp ot @ % 8 - AR ok ken] o &Rk &
t-HCTHhyb - ;2 # e A & ¥k ptz 2 MUE % 6.14 kcal/mol » @ 45
fie 7k % Snficle & [pdz/ptz] = MUE B] 5 5.94 kcal/mol - N12-SX -
e AR SBice & [pdz/ptz] ¢ MUE 5 8.03 kcal/mol » 4p >t i
* H - A K Sdic ptz T8 0.6 kcal/mol ¢ B97-1 = jE Fa e AL K S #ic
‘® & [pdz/ptz] < MUE 8] 5 7.61 kcal/mol > 4p fi >t pdie st ié * H —
A% S di ptz <ty 'R L3 keal/mole £ A Rohend s AR HE
- A& S#c ptz PF o> N12-SX 3 2 chi It BO7-1 & 2 ket » (e
4~ MC-DFT = xissrd_B97-1 = 2 ek iz - MC-DFT
224 MNI2-L # 5 it ancd il r ok s [pdzptz] 7 @
MUE @& = t§g™ *3 & 1.3 kcal/mol - &2 2% mPW2-PLYP £ B3LYP -
A ARuhd LY 2 IR s e fl* MC-DFT = 27 jgi&— #H
#Hd MUE &7 %% 2kcal/mol =+ - &% m 7 >4 » MC-DFT =
EV R Y 05 & 2kcal/mol iR E o
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2.3.3 Mixed DFT £ Mixed | MC-DFT # j# t3+ 8 4 3R

Wit PRRERE T 2 Fen DFT 2 2430 ER & A+ anddic 3
BlEF LM B R MRGOFA AL > F]Yt Tableb A5l 18 &
DFT =z & B[3ERt 70 BiEE & fH A =+ i © 87 B a0 fdip
g4 B 0 i d IR & T AP EEEA < 3t Skeal/mol o i R £
TAR¥EIE AL ) Y -5 kecal/mol > @ F ¢ AR A T B EEL A 100

kcal/mol 2+ o ,‘f’gé Table 5 tha 4720 P+ rig— 4 5 2% @ DFT

SUEHERIA FERE RS F AR R Y T - R

P

B g R A EAE RS TR D R ER G KD
Fay A4 o A e ¥ pRgk Table 5. éniz% > Table6 5|4 % = DFT
EHTEREE E R A T EEN AR 2 AR T A LB BINA
5-3Me i 7 Sc I Mn GuBE & HAsF NIRRT, %2
Waplie z Fe 3 Zn e & F 2450 FERIFA) S 58T
2 B0 1-HCTHhyb = j2+t3EBl ¢ 2 Sc 3] Mn G & H A
FhER €T MBI FIERIE 7 Fe Bl Zn guEE & HA S R
B & 35 o mPW2-PLYP ~ B97-1 ~ B3LYP - mPW1PW91 - B98 ¢
B2-PLYP = i $13fRIiB A £ B A F4Ea F € F 4 B3 & enlFa)
A MOB-L ~ TPSS ~ PBE £ NI12 = 2 Pl & § & sl i i enffa; > &

e Minnesota-type DFT = 22 kL2 Z 7 ¥ > TR R L A
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g MRk n R R RaER T APREA T i DFT
2 REFHR I E W FR Y E AL E ST RIEL )
2o %R & N antE 32 (mixed functionals, Mixed DFT) «

Table 7 2% i#jp)2& Mixed DFT = /2 &3t 5 4 15> 'FT EE AN LR, g B
GBI & B A T EEA sk 1 DFTL: & ¢ K R AER = % Rl i+
DFT2: £#d ¥ ERFFH - % 2N et (2 #7 » B %

#M DFT 2729 R % ALM® X ayri 49 71 % Mixed DFT = 2 %

A 973 2 g5 e Mixed DFT 2 % 22 MUE 35t 8 - = 2 i
f P

RS

MUE & kit > 2 & & e B98/PBE = /2 5 &) > 2 MUE &

6.22 kcal/mol - » B98 & PBE. *.jx2 MUE #|# % 5 11.63

%

24.68 kcal/mol > & % &1 A P ezl * Mixed DFT = 72 k454)

\4
=

A s s > P H MUE @ 22 3537 20 0 o7 B 38 B B eh
1-HCTHhyb - ;% (6.14 kcal/mol) -

2t it B3R Mixed DFT 2 j# e 7 > A i — 4 - Mixed
DFT = & i *t 994 4225p|3keh 18 46 DFT =% > % % 4 Table 8
BroE o b RN S A R MUE () >t 7 keal/mol 0 Mixed DFT
Sk RFIEA PTG E - DFT 322 MUE B8+ 95 8
kcal/mol 12+ > Fpt A st MUE 3 & ¥ :¢ & 1 Mixed DFT
372 - Table 8 & 53 ix > % - ;WL F_ Mixed DFT = 2 a0t 8 4
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B %= e A& Mixed DFT 2 /£ ¥ 4~ MC-DFT 2 2 e >
et H Ak R Sl & 5 [pdziptz]e % - R SR P BT
Mixed DFT = j# ¢ MUE E4p#>C 8 — a0 DFT 2 230k e o &%
— 3R A % BB i e0 Mixed DFT - j# #_ t-HCTHhyb/mPW2-PLYP > H
MUE % 5.49 kcal/mol > m ¥ - t-HCTHhyb ¥ mPW2-PLYP = % e»
MUE B4 %] 5 6.14 kcal/mol 22 12.88 kcal/mol » # * Mixed DFT
S 2 ApR>YHE - t-HCTHhyb = 2 7 2 & 0.5 keal/mol 2+ en
WA oo M- I F BA 2 N kA5 Mixed DFT 2 % » 4e
Figure 1 #f7r » ¥ ¢ 384 o -HCTHhyb = ;2 $H4Ea cig iRl € 7
SR A @ 2 dERA (. mMPW2-PLYP 2 2 B B3 & 3F 5 o
B4 AP &A K Ap % & i -HCTHAYB/MPW2-PLYP = 32 > # 4p
¥ 3538 4 (Mean Signed Errors, MSE) & p? &g+t B — = = ke o
prh L IR i g0 Mixed DFT 2 % 5 t-HCTHhyb/MN12L » 2 MUE
Al 5 5.74 kcal/mol - iz f& Mixed DFT ==+ i 48 MUE &
'# 1 6kcal/mol > £ Fhvt AP eripliEaniz e B - DFT =2 38 & ko
o m 1-HCTHhyb = iz 45fe 2 @ DFT = 2 ek Su i 4 300 »a
i&l’ﬁ mPW2-PLYP ¥ MNI12L - ;2 %k ep &-B97-1/TPSS = /% e
MUE % 6.58 kcal/mol » » ¥ - B97-1 ¥# TPSS - ;# en MUE |4
5] % 8.90 kcal/mol ## 10.95 kcal/mol > ## * Mixed DFT = ;£ # 14 g
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v 2kcal/mol 2} eigx - MO6L/MPW2PLYP - ;2 &9 MUE R 2
6.71 kcal/mol » @ i & & FE ¥ - = j ¢ MUE 3%+ >t 10 keal/mol -
fm 2 > Mixed DFT = a0t 8 A& B - DFT 2 & ks %
T ERe R A E e -HCTHhyb = 22 b2 ip 2 & a R 4 MUE
*‘r‘;'i # 8-12 kcal/mol FFen¥d - DFT =2 » % ¥ g % 2-3 kcal/mol
P EEAL o BEFEP DFT 2 2 ¢ Rt L ALM A aura 49 1
Mixed DFT = ;= kx4l o

% - 3L H_ A4 Mixed DFT = ;2 ¢ 4c » MC-DFT =2 2 ehfa it >
PRt el R e licie & 5 [pdz/ptz] o 2 % B ot 4e ~ MC-DFT = 2
BRIV e bR A B B 1-HCTHhyb/mPW2-PLYP = % ¢h
MUE &+ d 5.49 kcal/mol F # 3 4.94 kcal/mol » :z& 7 ¥ 05
kcal/mol » i3 8_3% i erip) 38 @ F— B MUE & ] ** 5kcal/mol 3+ &
> o ptebmit MC-DFT = 2 g% >t H - t-HCTHhyb = /2 ang i
L FR T A & 5 LF K 2 Mixed DFT 201 ¢ 5 0.5 kcal/mol
gL el > VU r Mixed DFT = %+ i 4 38 4 7 MC-DFT
>z o m 1-HCTHhyb/MN12L = ;2 e MUE E R]d 5.74
kcal/mol ™ *# & 5.45 kcal/mol » 7 3 % 0.3 kcal/mol ¢z o d &%
005 8 -HCTHhyb = 2 45 2 @ DFT = i i - # 4 2
MC-DFT =2 » ¥ ¥4 3 ¥ ancd > ¥ > % 0.3-0.5 kcal/mol
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7 %angi o @ 24 Mixed DFT = & 4 » MC-DFT = j# i &

B¥ % 01-03kcal/mol =+ - F4Em - » Mixed DFT = & &3+
Y4 BPRyYH- DFT 228 iE>FE e » MC-DFT = % efe o
Plivsgd s B By EE A tgR a2 » 7l ¥ 1 kcal/mol 12 ¢

234 FFAS KT I BRI 2 E LR

Table 9 Z AP F B # S NAT3 S AT F S H 22 ERLED
AR AIRL e % - e ZH - DFT 2% & B4 x MP2 =
28 CCSD » 2 ehis BREBBarIE 2R S 58T > BALS
A S kg SRR end B e T-HCTHhyb = 2 40 » MP2 it £ &
i+ 1 & MUE % 5.68 kcal/mol » & 7F *% 0.5 kcal/mol =+ » & 4c »
CCSD et £ &k p]¥ ¢ MUE T 2 558 kcal/mol - % = %4

s

% Mixed DFT = ;2 A w4 » MP2 = ;22 CCSD = % iy B R

I

B E A B R o B WO R R A R K&
1-HCTHhyb/mPW2-PLYP = j* 4t » MP2 iy & & 7 {8 22 MUE
= b5.28 kcal/mol > ™ % 0.2 kcal/mol =+ - % i&E—- #H 4~ CCSD
i BRI T#E MUE T "% 3 477 kcal/mol » Ap 2>t & &0
Mixed DFT = j* ¥ :x i #-37 0.7 kcal/mol &8 o % = 304 2 i 7x

& Mixed | MC-DFT = /2 & %]4c » MP2 = ;2% CCSD 2 & duc &
66



i 38 > k& 1-HCTHhyb/mPW2-PLYP = ;= #5fe A K S #ic e &

[pdz/ptz] < MUE % 4.94 kcal/mol » 4c » MP2 i i+ 7 1

-
o Z_

—\\

\?4

MUE 5 4.77 kcal/mol » i&— 4 4c ~ CCSD eic & &1t 78 P ¥ i
MUE —~ "3 2 4.51 kcal/mol -

FERa 2 o 4er MP2 22t EREBHE - DFT 2 2 et
L i HF > Vel #i7 05kcal/mol 32X » @ & Mixed DFT #2
Mixed | MC-DFT = ;2 e384 » 4c » CCSD = 2 dhiy £ & 7 77 iy
3% MUE EEP Rgaecd » ¥ 4 uleed 5 0.72 kcal/mol 2 0.43
kcal/mol ez o SN 7n 7 g & =5 0k érd g iE 1 G2 #eig o 4
THED AR T RS T REEZ e MUE &) it 9718 3] o
HY ¢ % ab initio 3 #pfat&F o E2 (1 — c) R % DFT
St E o A MP2 a2 sv CCSD s 23 et & > c3 B
% 1-HCTHhyb = 2 #rt &€ > 32 (1 — c3) % mMPW2-PLYP -
Eer bbb o8 o A u VA MC-DFT = 2 4%t 4 B DFT
SEARE I E e APT RN ¢ B 02 T AF SR
4 ﬁﬂﬁ‘ii‘_?ﬁ)ﬁf’%iﬁ kp DFT »/2 > m4c}t CCSD 2R h
Co W& 4c b MP2 = 24 ehigeg < » 457 CCSD » 2t 21
;’ﬁie?/gleﬂ e MP2 2 kA > 2R g B ¥ & 0.75-0.85 B 0 &

7 e % v Mixed DFT =& )

N+
Py

98 FHBEFRL K
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-HCTHhyb = /% > ¢, & cs BI& o+ 11 MC-DFT = 2§t a & DFT
w3 B ¥ ORE 72 0 bl4e Mixed | MC-DFT + CCSD = ;2 ¢ »
B A E G 039 & 4.06-

Table 10 % A 7 RIFD LA 223 2> FREAP T LY
714 Wilson £2 Truhlar B Ff4t 4ot 5 REREad G RIRESE % o
Wilson ®]Ff ciplzd @ > B97-1 &2 mPW2-PLYP = % 5 e & &K S dikc
cc-pVQZ (pgz) #73p P2 45 (bond energies, BE) = MUE % %
6.80 kcal/mol » @ Truhlar B FfeipliEe » B97-1 ¥# t-HCTHhyb -
2 ¥ e A & O Bie def2-TZVP #73g gl 2. T 24 5 (average bond
energies, ABE) 7 MUE f|~ %5 250 & 2.70 kcal/mol - 1295 &7
% fhiRlz# 0 -HCTHhyb 2 Zdsfe sl & Sndic ptz &2 def2-TZVP z
MUE (BE) 4~ =5 6.14 £ 589kcal/mol» & 5 2 & 7 < » pteh 3
+ ¢ MUE (ABE) R|4 %] 5 2.85 £ 2.59 kcal/mol - # Mixed DFT
% 2 A > -HCTHhyb/mPW2-PLYP - j# 45 /e A & & #k ptz &
def2-TZVP 2. MUE (BE) 4~ %] 3 5.49 ¥ 555 kcal/mol » & * ptz

AR S B kB ok ek 450 F A pE AR SR 7 A L R

‘;

4_4
‘3\\-

P E R

S & [pdz/ptz] = MUE (ABE) 2 2.17 kcal/mol » 4 »~ MP2 &

7 % 3t B o T-HCTHhyb/mPW2-PLYP = i $#7 & &

Ik

e 78V '8 5 2.08 kcal/mol » @ 4c ~ CCSD iy & &1t 78 18 &1

I

b

=
r
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MUE (ABE) Rl % 2.07 kcal/mol -

MC-DFT = 2 #7% 2 A&k ficle & 5 [pdz/ptz] » spf>s i * 5 - 48
BRALSER Ptz AR S BEE R A E P E R S oot
PFE R -F % Mixed| MC-DFT = 2 R34 - B ot R
feac el 0.5kcal/mol 12} a8 % o 4e x MP2 = 3 & %A o F
™ CrOH & + 1—,5 g MP2 2z 3 E PR Y 5 t-HCTHhyb
Sk ehA 2 F) P -HCTHhyb/MPW2-PLYP + MP2 = ;% 2 2 & p& ¥
Y% H- 1-HCTHhyb 22 ez 2 » e ¥ e 1 kcal/mol 12} e

WA o
235 £ 2 ERALEAZRICAEIHELR

Table 11 & w| 7|2 2 /8 2 3pp 109 Bi%k~E A F2 hF
it £ (MGAE109) & 70 BiEA & A+ atic (TM70) st 8 4
oo gtk N SRR B 2 ehiiicy £ % TM70 9 MUE & (=
A H - DFT »2aile > AW ,u% v @A IERA E A F
AF 2 RpF s BB M06-2X 2 M1 = 2 g pliE R £ %
R AT R R B oA ER LB AR KGN E G

-HCTHhyb » # & MG109 F#L & il 4 " w4 4-5 keal/mol
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Z + ang 4 o Mixed DFT = ;%384 > 1-HCTHhyb/mPW2-PLYP -
gxR¥ g TM70 9 MUE *3 = 5.49 kcal/mol > 2 & MGAEL109
B F @ %L HEL 5 452kcal/mol- A Mixed | MC-DFT = ;& 3%
& ood A 4e 0 MC-DFT 2 jZ aafg it > MGAEL09 ¢ MUE # 7T '3 T
2.45 kcal/mol » TM70 o MUE R 5 4.94 kcal/mol > # %87 MUE &

3.43 kcal/mol - &% &4 » MP2 & CCSD s & K& » ¥ MGAEL09

e MUE §let s 2 3g% - eiv® 0 g TM70 2 34 JEFE- %

el o R A 7 o AP e B g g Mixed | MC-DFT = 2 % & & 3¢ )
BREBA TR G AMAB DY A EAZ LT PRI MR

\“‘b

2 FRR)RT B AP § 30 M06-2X G et By g o
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AR TR 18 A BARLIIFRIERE B, TN L
F I A E R dUR £ gt 2 2 (mixed functionals, Mixed
DFT) > #p ¥ sc 2945} DFT = /& & ¥ o en ko S 284 o b oh 3L on
% MC-DFT = j#p* iR & Nem- B3 2 » 354~ 7 MP2 &

CCSD *2enit BRI Y- HF I BB RImR - PlEL S

¢

Agor > Mixed DFT = j2 epg® 05 »c%8 1k Sud3g 4 > @ MC-DFT
F RV 3ok W4 H - DFT 322 Mixed DFT = 2 a3t 5 #w
B H - a9 DFT = 2 & R dF end_ -HCTHhyb = /2 » =X & (0§
N12SX = ;# » # MUE 4 %] % 6.14 kcal/mol ¥ 8.65 kcal/mol - %
T & 17 Mixed DFT = ;2 £ 1-HCTHhyb/mPW2-PLYP> 2 MUE 3
5.49 kcal/mol > i# * Mixed DFT = 2 4pi»rH - 3 2 v 2% 05
kcal/mol 1 F eig % o & £ 4c ~» MC-DFT = 2P+ ## MUE *% %
494 kcal/mol » & vt i * H - H &K Sfeec L 9 0.5 kcal/mol e84 o
-4 r CCSD iz £ » BI¥ @ MUE ™" 1 & &
4.51 kcal/mol » 7= :x & % 0.5 kcal/mol evi%-% - B m = > A 3p Pl
BERLF MR > w > Aipda g * 1-HCTHhyb/mPW2-PLYP ¢t
Mixed DFT = 2 » e A R S & [pdz/ptz] k& F2HE > » v 3

Je v >~ MP2 g g CCSD = j#enic & &l o 3% 1 7% gg ¢k P2
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2.6 Tables and Figures

Table 1. Tested DFT Functionals.

type functional Xa
GGA BLYP 0
PBE 0
NGA N12 0
meta-GGA MO6-L 0
M11-L 0
TPSS 0
meta-NGA MN12-L 0
hybrid GGA B3LYP 20
B97-1 21
B98 23
hybrid meta-GGA 1-HCTHhyb 15
mPW1PW91 25
MO6 27
range-separated hybrid meta-GGA M1l 42.8 — 100
range-separated hybrid NGA N12-SX 25-0
range-separated hybrid meta-NGA MN12-SX 25-0
double hybrid GGA B2-PLYP 53
mPW2-PLYP 55

apercentage of HF exchange.



Table 2. Bond Energies (D, )2 of the 70 Molecules Tested in the Current
Study.

molecule D, molecule D,
CoCl, 186.8 Mn(CsH;5)(CO)3 2030.7
Co(CO)4H 1233.9 MnCl, 190.4
CoCl 83.6 MnF, 233
CoBr, 164.4 MnS 71
Co(CO), 1176 MnCI 81.6
CrCl, 182.8 NiCl, 183.2
CrCl 91 NiCl 91.6
CrO.Cl, 401.2 Ni(CO), 1187.2
CrQO; 354.3 NiF, 222.8
CrH 46.8 Ni(CO); 903
CrO 111.4 Sc(CsHs)s 3541.5
Cr, 335 TiBry 366.4
CrO; 239.4 TiCl, 416.4
CrCl; 252.6 TiF, 564.05
CrOH 193.2 TiCl 102.3
CrOF 248.2 TiCl, 222.2
Cr(OH);, 406.8 TiCl; 325.2
CrO,(OH), 634.8 Ti(CsHs)Cl3 1486.8
Cr(CO)s 1741.2 VCl, 370.4
(CuCl); 394.2 VFs 567
CuCl 88.6 VH 52.3
CuH 68.7 VO 152.1
Cu; 45.8 VClI 103.7
FeBr, 171 VClI, 218.6
FeBr; 221.7 VCl; 299.4
Fe(CsHs), 2355 VOClI; 441.2
(FeCly), 424.2 Zn(CHs), 708.8
FeCl, 193.2 ZnCl, 154.8
FeCl; 250.8 ZnCl 54.3
Fe(OH), 414.4 ZnH 21.6
FeH 40.1 ZnO 38.1
FeCl 80.5 ZnS 34.8
Fex(Br,): 382.8 ZnSe 27.9
Fe,(Cls), 538.4 ZnF, 189.6
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Fe(CO)5

Zn(CH2CH3)2 1288.0

aQObtained from ref. 27.

Table 3. Mean Unsigned Errors and Mean Signed Errors of the Tested

Functionals.

Functional MUE (70)¢  MUE (32) MSE (70)
1-HCTHhyb 6.14b 6.06 0.47
N12-SX 8.65 9.71 —2.84
B97-1 8.90 7.87 6.74
MN12-L 10.45 12.26 -2.02
TPSS 10.95 12.09 —-8.89
M11-L 11.10 11.01 1.20
MO6-L 11.52 11.47 —7.49
B98 11.63 10.62 10.78
MO6 12.49 12.37 8.41
mPW?2-PLYP 12.88 10.38 8.31
BLYP 13.16 14.23 —2.01
B2-PLYP 13.43 11.14 3.77
mPW1PW91 16.71 14,06 14.30
B3LYP 16.86 16.07 15.27
N12 18.60 18.48 —-12.94
M11 24.52 22.97 4.30
PBE 24.68 24.74 —23.85
MN12-SX 26.76 28.47 -14.14

aNumbers in parentheses refer to the number of database.

bUnit: kcal/mol.
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Table 4. Mean Unsigned Errors (kcal/mol) of the DFT and MC-DFT
methods.

functional MUE (ptz) MUE (pdz/ptz)
1-HCTHhyb 6.14 5.94
N12-SX 8.65 8.03
B97-1 8.90 7.61
MN12-L 10.45 8.88
TPSS 10.95 10.52
M11-L 11.10 11.02
MO6-L 11.52 10.77
mPW2-PLYP 12.88 10.38
B3LYP 16.86 14.19
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Table 5. Mean Signed Errors (kcal/mol) of the Tested Functionals for Every 3d Transition-metal-containing Molecule.

Molecule 1-HCTHhyb  N12-SX B97-1 MN12-L TPSS M11-L MO6-L
Sc(CsHs)s 15.83a —-16.56 17.25 3.36 —-9.34 47.76 -30.43
TiBry —6.40 —4.35 0.06 17.72 -21.67 —27.98 -16.90
TiCl, —~7.26 —-8.59 -3.85 1.50 —20.12 —-16.21 —40.37
TiF, —-19.11 —-12.78 -9.89 11.06 -32.49 13.01 -30.04
TiCl 4.53 8.42 15.62 15.84 —6.32 3.17 -5.85
TiCl, 0.99 —0.79 —-2.01 3.92 —-10.35 —-6.09 —15.37
TiCls -5.84 —8.91 —6.12 —0.11 —-15.99 -12.96 —-29.18
Ti(CsHs)Cl3 —6.66 —19.65 —4.46 -5.51 —27.58 —4.25 —48.89
VCl, —-10.32 —-16.21 0.81 —-14.69 —26.30 —-14.51 —28.03
VFs —27.94 —-19.19 —6.14 —-10.05 —56.78 7.19 —-35.76
VH -12.28 —-2.78 -7.53 -5.79 —-25.27 —-8.80 -9.13
VO -3.80 4.53 3.20 13.09 —-19.82 12.08 0.10
VCI —-1.18 3.23 3.26 -0.25 —11.60 0.00 -1.75
VCl, 2.15 2.22 5.55 2.61 —7.55 6.02 -4.98
VCl; =5.77 —-10.58 0.41 -9.06 —-16.08 —7.83 -17.92
VOCI; 1.49 3.86 15.17 9.66 —19.48 6.40 —-16.90
CrCl, -1.47 —-14.39 —0.76 —-15.65 3.00 —-16.14 —-11.05
CrCl -2.92 —7.04 —1.48 —-12.70 0.27 -10.33 -7.33
CrO,Cl, 1.41 —9.54 16.47 —-10.17 —20.48 —10.68 —-17.06
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CrOs

CrH

CrO

Cr,

CrO,
CrCl;
CrOH
CrOF
Cr(OH),
CrO,(OH),
Cr(CO)g
Mn(CsH5)(CO)s
MnCl,
MnF,
MnS
MnClI
FeBr,
FeBr;
Fe(CsHs)2
(FeCl,),
FeCl,
FeCl,

5.74
—-10.74
4.01
30.52
—-1.89
—7.07
—-0.11
23.62
9.08
1.59
—-1.38
0.81
1.91
—-6.20
-2.29
7.63
10.92
-3.83
8.00
12.62
-3.07
—4.52

—-0.73
—-8.05
-2.17
9.83
-12.21
—24.89
—5.43
2.42
—-1.30
-8.19
—4.39
—-34.64
—-5.48
—9.98
-9.08
3.84
5.12
1.73
—42.44
10.14
—11.63
—0.48

21.15
—7.68
7.34
58.42
6.59
-3.08
1.31
35.82
17.29
17.03
9.35
13.25
2.49
-2.10
—0.40
5.80
7.12
4.38
19.84
26.55
8.42
1.30

2.15
—-16.16
-3.04
-7.50
-2.43
-25.70
-8.08
7.03
2.54
-3.30
—18.98
—47.41
-10.79
-9.98
—14.87
-3.15
23.25
20.54
—41.29
24.46
-2.09
9.34
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—-15.39
—-10.45
-2.49
15.56
—-10.02
—=5.57
—-0.10
16.02
9.77
—20.25
—0.02
—-37.96
—11.55
—22.40
-23.61
—11.75
—-6.08
—-9.53
—-29.06
4.78
—4.31
—8.03

6.31
-12.83
-0.27
3.19
—-1.09
—25.88
-6.29
14.53
3.18
-3.91
10.10
-16.50
—-19.24
—-10.23
-25.51
—11.78
3.66
=7.07
3.41
11.98
-5.69
-0.39

—-2.64
-11.17
3.42
29.45
-3.88
-21.64
1.36
25.63
9.61
-4.72
-11.45
=117.95)
-11.72
-9.77
-11.35
-2.09
-1.25
=71.77
-20.11
—-15.61
—11.88
—24.76



Fe(OH),
FeH
FeCl
Fex(Br2).
Fex(Cls),
Fe(CO)s
CoCl,

Co(CO),H

CoCl
CoBr,
Co(CO),
NiCl,
NiCl
Ni(CO),
NiF,
Ni(CO);
(CuCl);
CuCl
CuH
Cu,
Zn(CH),
ZnCl,

10.68
-3.90
2.94
11.68
—-2.99
—-12.04
5.61
—-5.62
—-6.14
4.81
—0.69
5.12
—-1.52
5.11
2.04
3.54
6.53
-1.33
2.35
~7.73
6.60
1.30

3.43
—-13.74
—-0.27
1091
4.35
-11.72
11.41
13.98
—-6.45
12.36
19.87
0.45
—4.08
27.32
1.28
21.81
~7.72
—4.56
2.99
—-8.02
2.20
—-5.21

26.19
-9.54
2.27
28.22
9.01
542
-2.69
12.21
—-2.63
0.78
13.37
7.67
1.74
19.31
6.84
16.47
13.64
0.22
5.49
-3.31
8.21
1.21

—24.74

—-15.16

—-10.50

~24.40

—-13.83
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18.47
—-8.06
5.99
40.04
21.58

=3.77

—1.21
1.31
—-3.16
—2.09
=3.71

6.69
—~7.58

-7.34
—4.59

2.10
-2.92

8.60
—12.42
—4.04
0.95
—6.86
—24.20
—-0.32
—12.52
1.50
—4.65
—-1.87
1.86
1.17
1.30
-1.20
0.26
5.22
0.94
0.77
-3.40
-9.37
—-0.92

14.39
—-16.05
2.82
12.09
8.63
3.54
13.92
34.09
13.09
5.46
40.51
5.24
—-1.39
35.30
21.07
30.11
6.41
—4.15
1.04
0.93
5.27
-9.01

14.31
-9.35
2.46
6.77
—45.82
—-18.75
0.19
-1.74
6.44
8.15
0.19
1.02
2.02
0.19
7.08
0.97
—-15.07
-3.89
3.04
—6.64
3.35
-5.12



ZnCl 4.67 3.60 4.28 1.69 —0.51 -3.29 1.68

ZnH 0.57 2.29 1.36 -3.76 —7.70 -5.39 1.15
Zn0O 4.40 7.18 6.58 10.54 -2.31 5.71 5.19
ZnS —0.34 —-2.78 -0.51 -1.12 —4.02 -8.29 -2.00
ZnSe -3.25 —2.94 —-1.36 8.16 —6.40 -16.18 -0.20
ZnkF, —0.81 —2.08 3.16 4.30 —4.07 5.38 1.62
Zn(CH,CHj3), 10.84 2.40 12.38 6.16 —-11.61 13.47 5.46

aNumbers in red parts refer to the MSEs greater than 5 kcal/mol; Numbers in green parts refer to the MSEs less than -5 kcal/mol; Numbers in
yellow parts refer to the MUEs greater than 100 kcal/mol.

Table 5. continued.

Molecule B98 MO6 mPW2-PLYP  BLYP B2-PLYP mPW1PW91 B3LYP
Sc(CsHs)3 32.29 6.17 37.15 67.13 41.92 -0.35 54.08
TiBr, 8.57 1.11 11.09 -2.38 6.58 8.72 17.24
TiCl, 5.39 —-19.18 14.33 -3.81 10.53 7.89 15.49
TiF, -2.44 —18.20 4.96 -35.42 —-0.72 6.29 -1.74
TiCl 7.69 -3.45 13.27 0.35 12.29 -1.77 6.01
TiCl, 3.64 0.19 7.60 0.90 7.28 —-1.25 5.78
TiCl; 1.29 —-12.41 10.04 —2.72 8.71 0.99 8.14
Ti(CsHs5)Cls 9.05 —22.42 16.02 13.07 14.24 —-1.02 24.44
VCl, 4.20 —-9.67 12.99 —8.72 7.69 7.13 13.51
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VFs —-1.62 —15.57 3.88 -59.54 —7.88

VH ~10.20 ~7.93 ~6.07 ~17.78 ~7.04
VO 3.66 ~0.60 4.81 ~21.77 ~1.11
VCl 2.08 ~2.90 7.62 ~2.19 6.64
VCl, 5.85 2.15 11.12 4.14 10.53
VCl, 2.81 ~7.94 13.45 ~2.00 11.44
VOCl, 20.78 5.48 15.03 ~11.27 3.67
CrCl, 2.01 4.24 7.08 7.01 8.15
CrcCl ~0.46 0.37 2.37 2.49 2.76
Cro,Cl, 26.35 27.08 ~4.89 ~29.74 ~23.48
CrO; 30.40 40.09 0.74 ~36.04 ~19.56
CrH ~8.38 ~4.06 ~5.59 ~10.36 ~5.39
Cro 10.14 16.87 16.78 ~11.62 12.64
cr, 67.32 72.07 ~133.49 ~6.35 ~175.22
Cro, 12.50 19.68 10.20 ~26.24 0.34
CrCl, 1.87 ~3.03 12.33 ~0.32 11.29
CrOH 1.89 5.38 3.99 ~5.40 3.40
CrOF 35.03 38.03 36.48 4.88 30.41
Cr(OH), 12.16 16.44 14.74 ~0.67 13.80
CrO,(OH), 25.36 30.72 ~1.16 ~42.60 ~20.33
Cr(CO)s 29.31 18.28 26.77 ~22.76 9.08
Mn(CsHs)(CO)s 29.82 25.11 20.52 ~15.27 5.22
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10.74
-19.15
-2.12
-8.07
-0.08
2.47
27.60
13.81
5.53
55.36
62.32
—-1.58
20.78
113.33
35.92
18.67
9.90
56.03
27.80
59.48
64.16
28.27

-3.59
—-15.65
-1.31
0.61
7.96
9.48
27.39
10.82
4.06
33.61
33.79
—-7.93
9.77
72.43
15.77
13.69
2.11
37.09
12.91
27.12
54.43
43.61



MnCl,
MnF,
MnS
MnCI
FeBr,
FeBr;
Fe(CsHs),
(FeCl,),
FeCl,
FeCl;
Fe(OH),
FeH
FeCl
Fex(Br2).
Fe,(Cls),
Fe(CO)s
CoCl,
Co(CO)4H
CoCl
CoBr,
Co(CO),
NiCl,

3.51
—-1.94
0.74
5.46
14.15
6.79
32.94
31.79
0.24
4.10
13.79
—-1.07
1.99
32.91
15.42
21.04
11.67
24.13
-1.14
11.94
25.73
9.62

5.43
2.19
5.75
9.83
26.75
11.45
20.86
19.69
3.60
-3.55
19.74
4.54
9.62
37.17
—6.82
12.78
0.12
8.80
-3.01
8.84
11.09
13.82

6.58
—-2.05
7.99
2.39
16.64
13.63
30.32
39.20
5.71
13.32
17.41
3.61
0.76
36.45
31.24
—4.84
21.37
0.03
4.25
20.63
20.76
18.74
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3.24
—-18.60
-15.84

0.92

5.62

3.51

31.40
26.72

6.29

3.56

4.76
—-10.89

3.87

25.72
21.54
—40.78

9.62
-23.32

4.97

6.25
—17.27

11.94

6.69
-3.67
6.19
2.19
16.81
11.73
24.84
33.39
5.67
11.93
15.63
1.11
0.59
30.31
29.62
—-27.83
22.85
—18.22
4.31
22.10
5.25
20.39

—-1.86
-5.04
-5.10
=7.37
4.37
1.79
4.61
24.59
-6.10
0.51
12.67
-8.10
-11.59
23.07
8.68
32.62
18.90
43.70
5.84
18.20
44.94
13.89

7.02
-5.22
-0.81

2.53
12.42

7.67
39.33
33.28
-0.28

6.33

6.55

-12.07
-5.37
33.25
23.25
29.07
23.03
38.88

6.94
22.51
40.77
17.93



NiCl 2.21 2.83 6.15 6.67 6.15 6.92 8.88
Ni(CO), 3041 18.39 0.05 —11.67 -16.62 47.69 43.82
NiF, 7.93 15.59 12.82 —0.28 13.14 15.29 11.39
Ni(CO)3 24.96 15.27 4.16 —-11.46 —-9.48 40.19 35.02
(CuCl), 18.63 12.77 21.32 37.37 21.90 24.66 38.60
CuCl 1.23 3.19 4.23 6.66 4.30 4.74 7.25
CuH 4.92 6.30 6.66 2.38 6.08 9.14 5.60
Cu, -1.94 -2.09 3.38 —-2.90 2.87 5.35 2.82
Zn(CHjy), 5.72 9.70 5.29 13.29 6.85 3.90 6.01
ZnCl, 2.46 8.99 4.48 14.97 5.36 1.20 10.80
ZnCl 4.39 11.35 3.84 9.57 4.37 0.34 7.03
ZnH -0.13 6.71 —-1.95 —0.05 —1.66 -3.32 -1.78
Zn0O 8.00 18.03 5.29 —2.74 2.13 11.30 9.22
ZnS 0.64 7.41 3.44 3.30 2.83 1.85 5.55
ZnSe —0.34 8.86 0.87 1.16 0.50 —0.39 2.81
ZnkF, 3.44 13.18 3.44 2.07 2.66 5.74 6.93
Zn(CH,CHs,), 9.76 11.41 9.62 23.04 12.71 5.47 10.54
Table 5. continued.

Molecule N12 M11 PBE MN12-SX
Sc(CsHs)3 -21.36 7.03 —-101.23 24.35
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TiBr,
TiCl,
TiF,
TiCl
TiCl,
TiCls
Ti(CsHs)Cls
VCl,
VFs
VH
VO
VCI
VClI,
VCl;
VOCl;
CrCl,
CrClI
CrO,Cl,
CrO;
CrH
CrO
Cr,

-33.27
-37.26
—48.30
-21.07
—-16.05
—-26.53
—44.24
—43.96
—-71.29
—22.33
—22.34
—-16.05
—11.67
—-26.05
-32.81
2.61
-0.17
-25.55
-12.92
-2.26
1.71
—-13.26

2.92
10.68
—-8.32
—4.48
—8.31
-3.33

6.46

3.76
-5.48

-2591
—8.28
—-17.00
—15.87
—7.88
27.08

5.97
—-0.75
67.12
69.56
—6.95
21.27
149.90

—28.37
-30.02
-51.29
-11.32
-12.68
-21.93
—65.46
-33.84
—78.93
—21.64
-32.10
—-13.31
-9.74
-20.70
—-36.62
3.35
0.96
—42.70
—42.01
-5.50
—-10.05
5.98

7.32
7.94
9.58
20.38
8.00
3.29
7.97
4.47
11.90
5.62
24.14
12.01
10.04
2.56
29.73
—25.52
—17.65
8.33
15.80
-20.92
-3.32
21.82
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CrO,
CrCls
CrOH
CrOF
Cr(OH),
CrO,(0OH),
Cr(CO)s
Mn(CsH;5)(CO),
MnCl,
MnF,
MnS
MnCI
FeBr,
FeBr;
Fe(CsHs),
(FeCly).
FeCl,
FeCls;
Fe(OH),
FeH

FeCl
Fes(Bry),

—-8.89
—11.87
120.02

17.12

16.34
—17.54
-12.71
—68.07
-17.97
-30.92
-36.04
—14.57
—9.66
—-16.24
-56.22
—-15.80
—-10.55
-17.50

8.31
—-15.77

13.11

—14.75

30.81
13.75
1.66
41.01
7.85
58.96
72.11
38.01
—17.38
—-31.08
—13.52
—18.22
~7.66
0.54
26.66
33.82
—12.60
4.83
—7.20
—-12.59
—-13.96
23.84

-26.93
-8.52
-5.37

7.90
—-1.39
-53.10
-98.00
—-118.97

-11.25

-27.01

-25.43

—-10.81
—6.76

—-14.80

—91.22
—-6.78
—-6.46

—15.32
—4.67

—-10.46
—4.87
—-8.02

—4.72
—28.23
-14.41

10.45
—-12.05

7.60
3.46
6.43

—4.04

—-6.01

—0.88

9.39
—79.66
-83.44
-91.34

—148.96
-94 .41
-83.36
—81.35
-97.91
—81.27
—150.44
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Fe,(Cly),
Fe(CO)s
CoCl,
Co(CO)4H
CoCl
CoBr,
Co(C0O),
NiCl,
NiCl
Ni(CO),
NiF,
Ni(CO);
(CuCl)3
CuCl
CuH

Cu,
Zn(CHs),
ZnCl,
ZnCl
ZnH
Zn0O
ZnS

—25.47
—46.92
-1.78
-22.41
—6.11
—4.44
-11.32
-2.13
—4.76
-5.86
-1.12
—8.80
-1.13
—-2.96
3.63
-5.98
3.39
—4.92
2.66
2.64
3.13
—7.04

12.48
48.99
1.00
49.30
-9.15
-3.68
51.35
12.00
—-0.51
57.52
0.04
49.05
—144.45
—54.68
—47.31
-93.26
—-14.50
—14.65
-9.39
—-13.52
1.52
—7.62

—21.66
—114.17
-1.74
-82.17
—-0.85
—4.73
—72.38
0.08
0.25
—66.37
—6.47
-51.86
4.64
0.79
3.61
—4.55
-5.73
0.06
1.34
—-1.54
—~7.87
—4.33

—-163.10
—74.40
14.64
16.57
—-10.26
13.58
24.24
2.71
—7.48
26.50
4.94
21.30
-12.28
-9.56
—4.66
-15.53
5.37
—-1.13
11.53
5.33
9.73
0.55
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ZnSe -9.56 —-14.58 -5.34 -3.20
Znk, —7.36 -22.40 —-6.89 2.15
Zn(CH,CHjs), 3.23 -11.32 —14.54 9.72
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Table 6. System Errors of the 18 tested DFT Functionals.

Sc - Mn Fe-Zn
1-HCTHhyb undera over
N12-SX under --
B97-1 over over
MN12-L under --
TPSS under under
M11-L -- over
MO6-L under under
B98 over over
MO6 -- over
mPW2-PLYP over over
BLYP under over
B2-PLYP over over
mPW1PW91 over over
B3LYP over over
N12 under under
M11 -- --
PBE under under
MN12-SX -- =

a“ynder” means this functional underestimated bond energies of 70 3d transition-
metal-containing molecules. “over” means this functional overestimated bond
energies of 70 3d transition- metal-containing molecules. “--” means this functional
has no significant systematic error in these test set.
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Table 7. Mean Unsigned Errors (kcal/mol) of tested Mixed DFT methods.

DFT1\DFT2 -- MO6-L TPSS PBE N12

-- -- 11.52 10.95 24.68 18.60
mPW2-PLYP  16.71 6.71 7.29 8.85 8.95
B97-1 8.90 7.39 6.58 6.79 7.73
B3LYP 16.86 8.07 7.78 1.22 9.55
mPW1PW91  16.71 9.98 9.09 10.38 12.09
B98 11.63 7.67 6.78 6.22 8.20
B2-PLYP 13.43 7.88 8.62 11.40 10.37
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Table 8. Mean Unsigned Errors (kcal/mol) of the DFT, Mixed DFT, and
Mixed | MC-DFT methods.

functional MUE (ptz) MUE (pdz/ptz)
1-HCTHhyb 6.14 5.94
N12-SX 8.65 8.03
B97-1 8.90 7.61
1-HCTHhyb/mPW2-PLYP 5.49 4.94
1-HCTHhyb/MN12-L 5.74 5.45
1-HCTHhyb/M06-L 6.13 5.72
1-HCTHhyb/B97-1 6.13 5.73
1-HCTHhyb/N-12SX 5.93 5.78
1-HCTHhyb/M11-L 6.09 5.79
1-HCTHhyb/TPSS 6.02 5.83
B98/PBE 6.22 5.98
B97-1/TPSS 6.58 6.46
MO6L/mPW2-PLYP 6.71 6.53
B98/TPSS 6.78 6.71

B971/PBE 6.79 6.53
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Table 9. Mean Unsigned Errors (kcal/mol) and Optimized Coefficients of Several Multi-coefficient Electronic Structure

Methods.a
Optimized Coefficients

Method MUE

Cy C, C3 Cq Cs
1-HCTHhyb (ptz) 6.14
1-HCTHhyb (ptz) + MP2 (ptz) 5.68 0.07 0.92
1-HCTHhyb (ptz) + CCSD (ptz) 5.58 0.15 1.27
1-HCTHhyb/mPW2-PLYP (ptz) 5.49 0.81
1-HCTHhyb/mPW2-PLYP (ptz) + MP2 (ptz) 5.28 —0.01 0.19 0.83
1-HCTHhyb/mPW2-PLYP (ptz) + CCSD (ptz) y.a 0.13 1.32 0.82
1-HCTHhyb/mPW2-PLYP (pdz/ptz) 4.94 0.81 1.59 0.89
1-HCTHhyb/mPW2-PLYP (pdz/ptz) + MP2 (ptz) 477 0.04 0.25 0.78 0.53 0.74
1-HCTHhyb/mPW2-PLYP (pdz/ptz) + CCSD (ptz) 4.51 0.10 1.04 0.76 0.39 4.06

ag (Mixed | MC-DFT + MP2) = c; (HF/ptz + c, E2/ptz)

+ (1 — ci1){c3[E(r-HCTHhyb/pdz) + c4[E(r-HCTHhyb/ptz) — E(t-HCTHhyb/pdz)]]
+ (1 — c3) [E(MPW2-PLYP/pdz) + cs [E(MPW2-PLYP/ptz) — E(mPW2-PLYP/pdz)]]}
E (Mixed | MC-DFT + CCSD) = c; (HF/ptz + ¢, {CCSD/ptz — HF/ptz})

+ (1 — c1) (c3 {E(r-HCTHhyb/pdz) + c4[E(r-HCTHhyb/ptz) — E(-HCTHhyb/pdz)]}
+ (1 — c3) {E(MPW2-PLYP/pdz) + cs [E(MPW2-PLYP/ptz) — E(mPW2-PLYP/pdz)]})
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Table 10. Mean Unsigned Errors (kcal/mol) of Bond Energies and Average Bond Energies Obtained by Various Methods.

Method MUE (BE) MUE (ABE) References
B97-1 (pgz) 6.80 -- 26
mPW2PLYP (pqz) 6.80 -- 26
B97-1 (def2-TZVP) -- 2.50 27
1-HCTHhyb (def2-TZVP) -- 2.70 27
B97-1 (ptz) 8.90 3.73 This Work
1-HCTHhyb (ptz) 6.14 2.85 --
1-HCTHhyb (def2-TZVP) 5.89 2.59 --
1-HCTHhyb/mPW2-PLYP (ptz) 5.49 2.20 --
1-HCTHhyb/mPW2-PLYP (def2-TZVP) 5.55 2.32 --
1-HCTHhyb/mPW?2-PLYP (pdz/ptz) 4.94 2.17 --
1-HCTHhyb/mPW2-PLYP (pdz/ptz) + MP2 (ptz) 4,77 2.08 --
1-HCTHhyb/mPW?2-PLYP (pdz/ptz) + CCSD (ptz) 451 2.07 --
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Table 11. Mean Unsigned Errors (kcal/mol) of Various Methods for MGAE109 and TM70 Sets.

Method MGAE109 TM70 Overall (179)
B3LYP (ptz) 5.05 16.86 9.67
MO06-2X (ptz) 2.73 26.05 11.85
M11 (ptz) 3.06 24.52 11.45
MN12-SX (ptz) 4.01 26.76 12.91
mMPW2PLYP (ptz) 6.11 12.88 8.76
1-HCTHhyb (ptz) 4.58 6.14 5.19
1-HCTHhyb (def2-TZVP) 4.45 5.89 5.01
1-HCTHhyb/mPW2-PLYP (def2-TZVP) 4.45 5.55 4.88
1-HCTHhyb/mPW2-PLYP (ptz) 4.52 5.49 4.90
1-HCTHhyb/mPW?2-PLYP (pdz/ptz) 2.45 4.94 3.43
1-HCTHhyb/mPW2-PLYP (pdz/ptz) + MP2 (ptz) 2.2 4,77 3.52
1-HCTHhyb/mPW?2-PLYP (pdz/ptz) + CCSD (ptz) 2.56 451 3.32
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Figure 1. Mean Signed Errors (kcal/mol) of DFT and Mixed DFT for each 3d transition metal center.
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B2 BB RBE S o B pEA P ® CCSD(T)S0 3234 45 e

aug-cc-pVTZ A & ezt Bk B3 He + HNBHet * ¥ thi B

|l

BB ER L SR o i B REFES 0 B Py & R P
K1 MP2/aug-cc-pVTZ g & |28 CCSD(T)/aug-cc-pVTZ £
CCSD(T)/aug-cc-pVQZo6—29 ‘B ghit ® o pt *t -4+ & (Ar) R 3+ A0
gpeb i@ * 3 aug-cc-pV(T+d)Z61 ¢ aug-cc-pV(Q+d)Z61 A & & ¥k o

Ao I REL AR Y SRR SR 5T A

apdz aug-cc-pvVDZ
aptz aug-cc-pvVTZ
apqz aug-cc-pvQZz
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322 #F ¥ &3+ k

A4 B R e A VISTIMTA6-53 5234 &3t & 50
K 2 600 K ¢hF fpig 5 ¥k B4 VIST/IMT 2% 7 & KFFmEsh

(low-level) = & k-5 F i st

i

NS N SRR T IR

2 % FFE# > 2 (high-level) k& F Racl~ F Bt E2F B ff

<l

chd F o MFF A & % MP2/aug-cc-pVTZ = iE > FORE S
3-8 % % Page-Mclver62,63 = ;x s gradient % hessian step sizes 4 |

0.005 f= 0.025 bohr » scaling mass = 1amu: 3% ch Rl s -5.0

Yk

3 5.0 bohrs = B Fgic £ 2 i &2 MP2/aug-cc-pVTZ shigfiit &
CCSD(T)/aug-cc-pVQZ & BEi £ K&l F Jgic 22 & gic £ » ¥ 19
P (FE F RS Y g Rt B CCSD(T)/aug-cc-pVTZ H ghic & » 1
SIL-164 = 2 fe4x it F e BenE 3 1 o A gt enl 3 F 2 F
&+ Ng ¥ HNBNg* (Cyy) 7 rotation symmetry number % 5 1>
mAERRRT A AN RS F R R ERLZ point
group % Coy > H rotation symmetry number % 2 pt 357 overall
symmetry number 45 0.5; & 7% F 45§ R+ B #aniE A K2 point
group Bl % Cg - H rotation symmetry number 3 1 #7112 gt 3560
overall symmetry number AR 3 1 & R F § Bt 5 A i@
conventional transition state theory (TST) 4= canonical variational
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theory (CVT)46.47 3224 & ¥ ¢k 2 canonical variational theory with
small-curvature tunneling approximation (CVT/SCT)48.50,51 1 4 & &
&% %k o

ATy o0 gt 8§ A Gaussian 09 Rev. D.0165 48 = g7 5 &
4 g2y pl @ * Gaussrate 8.4H> H % Gaussrate 8.266 & A F %%
122 {8 R & > gL kR 7 S i 4% Gaussian 09 #¢ Polyrate 8.267 & i
iG> B¢ Gaussian 09 ##8 * K3t H F Benimac b m aaF

@ Polyrate 8.2 #4g Rl A _* >t F Jgi# 5 F #eant g oo

323 &4 B i>F %

A% & 72437 Helium-3 (SHe) e 2% enB~ 1% » A P dE et He +

i

HNBHet & B ® % = B ehr = 2 Bx (A 6 4+ & | = % 5% i
(kinetic isotope effects, KIES) 2. 258 o pb x P chlfe 2 B0 7 & 5
Z #6150 3He B8 F udr ¢ ¢ 42 He B 5 > 3He Bt HNBHe*
terHe 3 WERFERRFES BEE - 4 B 22
(kinetic isotope effects, KIES) i % T & S fig e =%tk Rk 5§ &
‘ff URE i Rk i S F B F]et Helium-3 (3He) F =% (B

e KIE 7 1708 = ¢

lieht
KIE=- 5= o (1)
4ye



F A TST ik k35 F g 4 %% KIEs»> d > TST

W28 08 en KIE F§ ke =% B~ (X% {4 0 partition function =t

=

=

7Moo F]pt AT Rt @ 4 f2 S kg translational ~ rotational

% vibrational = & i& #: e ik 68-70 :

ks
KIETST: k_He :ntmns?]fotnfib (2)
4He
A 3
e\ 2
’/]t - <m3H ) (3)
rans m?3He
1
ﬁ:(@aﬁJ@uﬁkz 4
L 1 (detI) fHe (detD3
Cli'b,s 4 qR'b,4 R
T’;:ib — vl H vl H (5)

7 R
Qyib 4y Qvib 3110

m’He : reduced mass of the substituted system

mHe : reduced mass of the unsubstituted system

det | : determinant of moment of interia

Quip - Vibrational partition function

H ¢ translational ﬁﬂfﬁ?}}% X p A =& BN w (S e reduced mass A

£ > =@ rotational ﬁvfg?;?eﬁx;#%?ﬁ Tedr 2B HNLE o A B
B2 g R &M > &3 vibrational partition function €< FE A% A

iz % » @ vibrational miﬁ‘};kﬁliip LB IREIE S a2 B o

2 7 % % small-curvature tunneling (SCT) 48,50,51,70 32 34 % &
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P F T 2 o % TST #H#E e SCT 7 s/l » BIF
# ¥ #v g 5 KIST/SCT , 5 + & variational effects <~ canonical
variational theory (CVT)46:47 322445 Fe SCT 7 rcfpenfes » 2 &
feid F 4 ) ¥ g & KCVTISCT o = variational effects # & % » p| H
¥ KIE 082557 N 2 3 tunneling effects ® » F]pt 258 v ec B = ¢

)

CVT/SCT_ + F _F
KIE ”tmnsrlmtr]vibntunneling (6)

kCVT/ SCT kTST

* — 3He 4He (7)
N unneling ZCVT/SCT (TST
4He 3He

gtk s Tk ¥ KIE i@ § £ normal m*;’r)gk (>1.0) > Jr FlE e

ik ehd goc d ¥R RE IR Rk PR E
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% % 2t

331 B R

Figure 1 £ 5 & He+ HNB*He < A WM = 7 ¢ & 238 97
BRehg it S 28 & MP2 22 g5 apdz A& S0t 8 3
L gt hk > 4 A MP2 2 A aptz AR S 2 d PR
% CCSD(T) = i #fie aptz AA A Sn#lc e M F sk k5 o
MP2/apdz - ;% 388 417 N-H > N-B £ B—He 42 4 £ 4 u] 5 1.016 -
1.229 ¥ 1.231 A » 12 MP2/aptz = i 5 p| 3 ch= fhdtz 4L A 6 4
1.007 » 1.221 £+ 1.228 A > & # CCSD(T)/aptz = iz 3gpl 1 ch= f&
G2 gEE R4 B 5 1.006 01216 2271230 > s e g i) MP2
=¥ pe aptz A& Sofic € v dRiT CCSD(T) = 2 #73gipleni % > ]

Hépengh f B 45 AP AT MP2 = 2 §pe aptz A & Sk

44

(s

7 IR o

Flp B g § R 4R A PR MP2 S T aptz AR
S kBT SHIER H¢ (@) &2 (b) » % &% He + HNB*tHe *
Je? hF R EERL FIS SR BapR R ER O TR P e

BB e Kt 5 - EARULSS  ABAEME- TR AT

|~
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WFE e PR E o B-He 4 g2 E R4l 0213 A5 a H ek
N-H 22 N-B4cidt £ £ B ¥ 2 4 » 549 £ %0001 = 0.0034 -5
A ST o He-B-He st & 0l %) & 81.1 & =+ - Figure 2 A_§ &

Ne + HNB*Ne X jirt MP2 = ;% $5fe aptz 3 & St 5 978 5 e

Bt HY (@) & (b)) AR AR BT R R EERG

4o

FRf p-ERUSF > 2 BREM - Ta A3 ¥ 2F Coy #
Ftt e ApFOT F g o IR L S e B-Ne 424 & < 5 £ ¥ 0.241
Aoa Hapan N-H 22 N-Bégengg £ £ 8 57 % > R fESHY o
Ne-B—Ne 4% & | %) & 82.6 & = + ° Figure 3 &_f iz Ar + HNB*Ar
F et MP2 = i e aptz Ak dolicst B9 1) e i 1 464k 0 H
#o(@) & (b) A A NE s e R F RS - E
RAASF A BREDE - TR AT HEG Coy HAN - F ki
i B-Ar g £ i 1765 A > @ R fi S0 B-Ar gE4EE X tpH £
2 2.008A >4 %% 0243A @ Hepeh N-H 22 N-B4genEi B £ 8
AR o Ar-B-Ar g2 AR K 2 82.6 B 2% o 1R
WS g > £ g ¢ b B-He 4% > B-Ne 4222 B-Ar 4tz

GE A% 122851504 ¥ 1765 A > A i AP

Jui

* gk £ A
w5 14511745 & 2.008A » 27 5 41t £ ? B-Ng 44t &
EEFTRE2LBF R A A M A F b 2R S
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2 e B-Ng 442 & %P % 5 02A 2+ -Figure4 #_§ i He+
HNB*Ne ¥ fis12 MP2 = ;% 45fe aptz A & &l B 79 3] chd 4

LR ARG A BRER - T AT T

=i

Cs #4ilt-# ¢ N-H-N-B-B-He £ B-Ne g & 4~ % & 1.003

1.219 - 1523 ¢ 1.684A » m He-B-Ne 4 & 05 4 805 B 2+ o
332 i 2V

Table 1 5 f * 2R A> 2= fe§ E#F &> Ng +

HNBNg" (Ng = Ng’ = He, Ne, and Ar) 2. & Jiit o g L34 i 5 | He +
HNB*He & J& » & 3235 2 0% #73E B] s one I‘:}l‘,é' ) ~ 10 kcal/mol =
+ 07 MP2 2z fe apdz ¥ aptz A K Sodficeni % 4 w5 10.82
% 9.80 kcal/mol » % ¥ 4p £ 1 keal/mol » @ v CCSD(T) = i* # e
aptz & & S Been2 % P 52 8.95 kcal/mol » 3 7 %E S & Bt o A

o4 W MP2 2 Gk J5 A apdz & aptz A R S Hkih B (T

CCSD(T)laptz = j* eh H 2 i £ 3+ & » 2+ & 2

i

* B o oo
CCSD(T)/aptz/IMP2/aptz = ;= #73 ip| evac Fe 5 8.94 kcal/mol » 2
CCSD(T)/aptz = % chig % & & #2317 > @4p £ % 0.01 kcal/mol » iz~
Bevd ot ih MP2laptz = 2 g Rl B g & CCSD(T)/aptz =
BRI o PP AR E L B IEA R o I MP2 2 2 R

aptz A& Sdeinig e 7 CCSD(T)lapgz = i 2 B Zhic £33 5 » 47
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TERl ek s Bl 5 8.86 keal/mol - %

\4

R4 % Ne+HNB*Ne ~ J& >
5 3L3m i TR DA R R X & 5 ~ 6 keal/mol =+ 0 4 MP2 2 G2
e aptz A K SHceniE % Bl 5 v: 3 a0 6.24 keal/mol - &2 MP2/apdz

% P A% 1 kcal/mol - & 3 FE e & et 30 4 » 1Y

CCSD(T)/aptz/IMP2/apdz 1 2 CCSD(T)/aptz//IMP2/aptz = ;# #13f i

3

gy i 4~ W 5 573 ¥ 590 kcal/mol » = —‘5 Z 8T % o

'

CCSD(T)/apqz//MP2/aptz = ;% #+3f | ehac e & 5.65 kcal/mol - % =
A5 Ar+ HNBYAr £ i & 3835 # SRR i HAR K 5 ~ 6
kcal/mol =+ > 12 MP2 = #Ffe apdz & & S Hicenis % Pl 5 g h
6.76 kcal/mol » #2 MP2/aptz 3% Rl4p £ 5 1.5 kcal/mol - &3 F# v
Bk 3R o A e Bl MP2.7 25 e apdz £ aptz A % S0dic
chigfpie (7 CCSD(T)/aptz/ = 2 cnH Bhat 34 5 » - B % % Aom o
Jﬁ g R4 w5 571 ¥ 568 kcal/mol » £ B & 2 % o @
CCSD(T)/apqz//MP2/aptz = ;% #73g ] chse Fe B 5 5.48 kcal/mol -
Table 2 5 ¢ * 2@ > 3% He + HNBNet — Ne +
HNBHet & fbz F it Bigt 7 Jeac & 0 & 383k = i #T30 0] it B 3o
H A 6~Tkcal/mol =+ /a2 MP2 = = $5fe aptz 2 & Snficenis %

Pl % &2 B e 757 kcal/mol - & & K it

s

1§

<k
I
\4
=t
I
N

CCSD(T)/aptz/I[MP2/apdz 1+ 2 CCSD(T)/aptz//MP2/aptz = ;% #73p i
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g A W) 5 6.83 22 7.00 kcal/mol - @ CCSD(T)/apqz//MP2/aptz
Sk rAEpcha R S 6.78 keallmol o £ i B 284 0 & 3B ik 0t
FRRENELE & —Lkeal/mol = > @ 2 MP2 = 245 fe apdz A &
Sl % B 5 —2.09 keal/mol « FRE A 2 5 AT g AL F A 4

g RI L o gRF RGBT FTEHESRF 5 Her Hig

% % 9kcal/mol =+ > 12 He % 4% Ne =i fap] 5 7 kcal/mol =
+ @ Ne R+ %4 H R 5 6 kcal/mol =+ » 3= Ar i+

PI7 % 3 5 keal/mol =+ o 345+ i B4t fend % > B-Ng 424t
EEMEF TR F R s pH e B E B ETER B R
F R G B #icAR S > BENg 2 RAx B BT R B R BT > FINF R
Wl € fo o pt b e fh i A BT Rp TR 2 45 R &
HNB* chid & i 2 b » RS A Bl x s 5 R+ g 5 2 HNB* 3t

FA RS R TEF B R
333 F Ri# F ¥ &

Table 3 #_ Ng’ + HNBNg" (Ng, Ng> = He, Ne, and Ar) 5 & &
TST % CVT/SCT %% 2 T35 50-600 K ek ik & % # o
Figure 5 P& 4p /& Arrhenius plot o s 8 H &+ ¥ 3 F B

B R 2T CVT i plenid & F #icgr TST 345 % &

LAE o RFE B HF ATz 4 variational effects o )t 5 i g ek
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CVT m#Hheanty &% o g APt He+ HNBHet & & i 300K
P> TST i & ¥ #c i 4.23 x 10-18 cm3 molecule-1s-1> @ CVT/SCT
# ¥ #P 5 6.03 x 10-18 cm3 molecule=l s=1 - % sz i3 4 3
TST # & % #)c) 43% > 250 K pFFRI3 4 7 & 70% > 200 K p*
CVT/SCT &g & % B 5 TST ¢ 24 2-150K a7 6.19 & »
& 100 K & 50 K pF > 3 sl ) ~ g3 4 7 TST i# 5 % #i 708
¥ 978 x 1017 & - #ga = > He+ HNBHet » R A3 8~ Ty P
B en g oo A GE PE T TR fe B F o #Fu A 100K 12

T F R F F A F A RAMRA S B b T IR e

=H

FEFRIEFRFEAPRRFEILERT He 37 €5 &
ET AT 4 o % - BER S He + HNBNet » & 300 K pFen

TST # F % #cs 7.90 x 10-17cm3 molecule-1 s-1, & CVT/SCT :#

-~

F ¥ P 5 9.42 x 10-17 cm3 molecule—! s=1 - F Tl R OH 4o
TST i# & % #¥) 19% » 250 K PFRI# 4c %) 31% » 200 K 3 4c 7 4
58% > 150 K p& CVT/SCT ¢hig & ¥ #ch| 5 TST 9 25 B 24 &
100 KRl 5 16 & > @ 50 KPF > 5 sgsa s ) < 15 4c 7 TST @&
Z ¥ B 287 x 1010 & o gyt K@ 0 TR e E IR T M Y
By PR MET ORI AT RE 1% - B R A o A
P4 HNBNg" }ergh 5 R+ 32 Ne» % ERFIET 5 oo biy
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e F R FAMERAPE T A B (43% ¥ 19%) MR T E B R
SPI AT (708 B2 16 R)0 A PRI R TR S F Rt F RS 2 F
EAR 0 RFFEAX ’z‘**“%lﬁu‘imﬁifiﬂﬂb*’?F)f%nb
FRenB RARTE » F s om AR S 0 AT Y A PRSI L E g
=T I ) B J‘lﬁ 4 He + HNBHet *» end 3 5 %5 5 2.80
bohr> m He+ HNBNetx Bz £ 3 50 5 3.10bohr» Fpt % - B K
T WAt g v % - B kB F o %= B F 5 Ne + HNBNe*

& 300 K pen TST i % % #& 5 7.44 x 10-16 cm3 molecule-1s-1 >

m CVT/SCT i & % #h| 2 819 x 10-16 cm3 molecule-1 s=1: 7 s}
P R4 1 TST i Fof 8. 10% 200 K 3 4r 7 %) 26%> & 100
K CVT/SCT sug F % 8P 2«TST en 3 22+ 7 0K 7
RRAT PB4 7 TST @ F A #KX 316 x 105 & o 4p4t>t 3 it He
R+ R#EDF o F RSO Ne RFZFEREFS P FIPL3RT
FRACEOT R PR S AR B ET F R 5
#Eﬁﬁ’lfﬁf}gkm,‘?ﬁ&i—@ o % BE B Ar+HNBArt> & 300K B
e TST i F % #c s> 1.31 x 10-15 cm3 molecule-1s-1,> & CVT/SCT
@ F ¥ BB 5 141 x 10715 cm3 molecule=1 s=1 > 7 g o 34 4c
TST i# 5 % #X) 8%-200K 3+ 7 ¥ 18%> & 100 K pF CVT/SCT

g & F B 5 TST 0 2

-

=+ m S0KPF o F SR B3 4 7
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TST i & ¥ # 1.07 x 103 2 ot F % Ar B3 B 3ehr o d
OAr RF 2 FE (39.962amu) i#t He £ Ne = » Fpt g™

%‘.)If@m?}gl\‘ﬁ*% &Fr:’g vl MR T TR R YR X F gﬁﬁ 1P ?fvl? 2L

BHe s ot 300 K T E s TST e ek F o Ar
HNBArt 5 Jieiig & 4 #ic s &+ (1.31 x 10-15 cm3 molecule-1s-1)>
= % % Ne+HNBNet 5 fi5 (7.44 x 1016 cm3 molecule1 s-1) s 3%
¥ %_He+HNBNet £ j& (7.09 x 10-17 ¢cm3 molecule~1s-1)» i &
Hcdo) thi He + HNBHe * & i (4.23 x 10-18 ¢cm3 molecule-1 s-1) »
A% AR R TR SRR b L B o F TR RS 5 Heo

Hufsi 9 kcal/mol /= % »u¢ He ¥ # Ne chac fg Bl i 7

g

kcal/mol =+ > @ Ne R&®EHH KA S 6 kcal/mol =+ » Fik
= Ar R+RIT %3 5 kcallmol =+ > SEFH b f RS chx ]
R EREZ TR O RFBFFEF O FREFTRFLF oF N R
7 ugox et CVTISCT i F ¥ #ck 5@ 5 Bl f iz g e o
208 BT A Ar+ HNBArt 5 esd 5 % #ics B % 0 L ko i
Fatw BFORT RO S B 1 300K A % o CVT/SCT
WA IE R ek ik 5 ¥ B~ B 47 He + HNBHet~He + HNBNet -
Ne + HNBHet 2 Ar+ HNBAr+ 5 & 43%-19%-10% F= 8%; = 50
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K B3 sgso i p) 6 F ik 5 % B 5 9.78 x 1017-2.87 x 1010.3.16
x 105 fr 1.07 x 103 & » i@ P EEF 7 0 TR F R
FH BT RI A RSB B RF FRA L T & He +
HNBHe* & & ¥ 7 rocfesnFprdlf ¥ > R &M@ T o fBF &%
7P AT gl o € Figure 5-8 s ¥ U5 3 He + HNBHe*
F Jeeh CVTISCT & it & ¥ #cte 125K pé IRiEd78L- @ He+
HNBNet & & 100K pr & g7 8 > Hekn BF BE iR i<F
prH TST 22 CVT/SCT hk Jpad 5 % e 4 ¢ 7 (L8 > 5

2T MET TG g < RREEAE RE BES -

334 &4 B i»%

ARG % 2 30> P23, Helium-3 (SHe) Fe % erBe 1% 5 2 73
P RE B AT R F P R 2 BT
AR Z A 0 3He 2R K P e i He B3 o SHe B
HNBHet 3 He i+ » M3 B it s B ¥ o Table5 R
FUM ik = 48 3He B~ F i & 300 K g2 MP2/aug-cc-pVTZ = %
8 e KIETST 2 mﬁ/ﬁi\/&z » 35 2 % (2)-(5) » KIETST + &
f%= translational - rotational £ vibrational éﬁﬂ% o

J¥_Table 5 ¥ 115 ¥ & B F < translational contribution JF‘K—EL

‘."_")\“\

normal % (KIE>1)- # ¢ 3He + HNBHet+ ¥# 3He + HNB3He+ &
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B ¥ J& <0 translational contribution & %] 3 1.46 ¥ 147> m He +
HNB3Het & Rl &3 101 %% %7 > £ 3He B~k i ¥ eh
¢4 He m=3 > # translation ¥t KIEs ﬁf;ﬁ?;}i{%gﬁ;% o

Rotation #+ KIEs ﬁvzﬁ?%&&%@é&'rﬁfﬁﬁwb Bl Moo @A
deuterium P~ & & Sn2 F & 0 H rotational contribution i ¥ E_
normal -E/’?% 71,72, e yv = i K R 0 rotational contribution ¥ %
inverse F % (KIE<1)e 3 %5 7 S3He + HNBHet & &> |p =% B~
~¢ e He R+ > ® KBS & & rotational contribution » W /f % g 1%
AR RS 0 A SHe BB S ERE R %L AX S
inverse ¥ % (0.87) - @ He+ HNBS3He * £ 8He + HNB3He* » J& !
AR MY RF i 2B R K SEdg 2R > o8 (4) 977 > 1
SHe » & £ ¢ R0 R L BABE S ER © vt 23t F
Teir s ff £ a0t B> g inverse TRt 3 F A E L 0.98 &
085 " N FREFRFEELAI B He i+ ¢ % KIES g =+ en
inverse ?r;];L o

Vibrational contribution #_ KIE S8 R % A & enkim > d 238
(5) ¥ #p 31 > vibrational contribution frfe =% B~ % %0 {8 F 4 2 i
B2 L BIREAES L LR o F]p A Table 6 ¢ s 0 He +
HNBHet * g 2 I 8 U 2BV A4 d Ak i
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(HNBHe and HNB3He) » &7 = f8:% & & (HNBHe...He, HNBHe...3He,
and HNB3He...3He) 2z jr##f & - iz — He + HNBHet i =% B~

RE f® o tp 0 transitional” FREHCS (03) 2 B A R - B

ki

FbAE S E T S IE A AL Y B AP 1SR B RN (v, 0o, and vg ~ vg) °
£ % > He + HNB3He* 2. 5 g4 2 B-He 4 stretching ¢ &
A %L 1263 cm-1s 7 4R | i (HNBHe...3He) 1 751 cm-1

—‘F'? e # 5 B-He 4t stretching = # fi-3% o F]pt 2% i@ ¥ 0w &

vibrational contribution % KIE E"i”?if};%* fwh G E RS RS (0 ~

vg) & W% KIE 98258 > 4o Table 7 #771 -
3.34.1 £ ¥ KIEs ﬁ?‘ﬁ‘i’é%‘}ﬁl

3.3.4.1.13He + HNBHe* * &

F A3t 3He+ HNBHet & Ji» § # A & en it F k2 P 23
P e He R+ > F0t oy RIRBH F RV FET L LR T -
5 fs¥ HNBHet shlfi > WF 4 RF BiBALFIEN - R 7
#_J+ 23 vibrational contribution o <4 % i bending R d st
(v1,02) % L inverse sk R IR g B 0 B-He 4
#E o FpE ¥ N-B-He bending ehirésag 52 % > & 3He B~2 {8

ZYed A F A g R B A 4He < - % 2 vibrational inverse

contribution - v3 % "transitional" ¥r# it 0 RO AF RiEA L
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i$ = inverse 7?(}5%004 = H B3 rocking ehfe® 8 > ¥ ¥ - =Hih
He =+ €52 4rde > F]ut 1 3He B~i% {5 i fE 4R $44F 5 § &
Mot 2o 3k 3F e inverse ﬁv?ﬁ?g% @ vg 75 H B3 rocking 3
FEH; o B ¥ - i He R+ 7 €52 /E 0 Flut 1 3He B
{82 WAL IRGIEF I & £ 8 @ vibrational contribution %3t 1-0g
% B—He 4t stretching » 3R & o8 % 3] SHe #1B~ X iz ¥ >
P SHe P~ {52 B GARFHE S A k(B0 cm-l) Flpt s oA
% & inverse ?‘}’}”— 300K pF% 088> m H0K FR] 5 047/ o7

vg 7 & F 4T He R endrdeficst o Flpt o 3He Bt fs 2

B L dRE4E K ¥ o £ R vibrational contribution ¥ %2 10 3He

+ HNBHe* » Ji& #£ %4 -7 vibrational contribution ¢ ¢ % & ¢+ § @
e 24 KIE mfrﬂﬁ B3 inverse g 0 BRFIE R R &
FEHUE 5 inverse fr)f;Lé:jw“ 1> 2 m g FERAF A H 4 o

3.3.4.1.2 He + HNB3He* 5 J&
= ik mE B~ % He + HNB3Het 7 Ji5 » ¢ 5 3He B~
HNBHet t 7 He R+ » Flot a4 RIRBHE IR FZ R EFY R F

Bt BB P - APT g P MAEA B bending e d HE 50

‘m\“\

(v1,v9) '# % normal = TEF/*Jc RFIE_01 & vp kP HD KR T

G ARSI R 5 S N, Rt SHe Bt sz dREAp S b 2

RS
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t R A AHe o (02 vp B B 3He B~ s ptaREAE S 2 Y 57
cm=1> B & 4He P+ 2 % 65cm-1) > F|@ % & normal T;UI% ° D3 &
“transitional” Je e ficst > R IR B F BER L2 Y 5 inverse gk
vg FEHG D KO DI AL iR EAE S S T M s a2 3He B (S
ZRBAEF TR R R A 4He o] 0 Fla 2 A inverse T o vp 4R
B 058 5 B—He 4 stretching » o & 4 FIi8 8 & P > B—He 4 ¢
SR TR TR FIULIRBIE S € A MFT R > A 01 SHe Bt g

2AF T AR RS 0 Flh i 4 A F o0 normal % 0 300 K pF S
123> A 50 K pFRl 2 359 suy dri it d K i~ T B i chir >
A o LT > 0 SHe Be il is TR RR R < 0 Tl @ g 2 dt fieen
normal  jet o 2t~ Jis 542 53 vibrational contribution ¥t KIE s &
SFanormal g PEEFRERGEF AR RFEAMNF R
? pg = H58 0 normal Tﬁ/g%%‘iésﬁ%”’ M ovg £ opg B OB AR BN
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Table 8 7] 7 He + HNBHe*~3He + HNBHe+-He + HNB3He* &2
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e 7 "k rx & CVT/SCT =z i# & % # > Figure 9 R &_4p ¥ & <9
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3.6 Tables and Figures

Table 1. Calculated barriers (in kcal/mol) for the reactions of the Ng’ +
HNBNg" (Ng, Ng’ = He, Ne, and Ar) at different levels of theory.

Ng, Ng' = He Ne Ar
MP2/apdz 10.82 5.08 6.76
CCSD(T)/aptz//MP2/apdz 9.15 5.73 5.71
MP2/aptz 9.80 6.24 5.25
CCSD(T)/aptz/IMP2/aptz 8.94 5.90 5.68
CCSD(T)/apqz//MP2/aptz  8.86 5.65 5.48
CCSD(T)/aptz 8.95 -- --

Table 2. Calculated reaction energetics (in kcal/mol) of the He +
HNBNe* — Ne + HNBHe™ reaction at different levels of theory.

barrier.height Erxn

MP2/apdz 6.72 -2.09
CCSD(T)/aptz/IMP2/apdz 6.83 -0.86
MP2/aptz 1.57 -0.31
CCSD(T)/aptz//IMP2/aptz 7.00 -0.32
CCSD(T)/apgz//MP2/aptz 6.78 -0.54
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Table 3. Calculated rate constants (in cm3 molecule—1 s—1) by the TST and CVT/SCT methods of the Ng” + HNBNg® (Ng,

Ng’ = He, Ne, and Ar) reactions.

He + HNBHe* He + HNBNet Ne + HNBNe+ Ar + HNBAr+

T(K) TST CVT/SCT TST CVT/SCT TST CVT/SCT TST CVT/SCT
50 1.86(—51)2 1.82(-33) 6.10(—44) 1.75(-33) 5.28(-37) 1.67(=31) 1.66(-35) 1.78(-32)
100  1.99(-31) 1.41(-28) 1.12(=27) 1.81(-26) 2.09(-24) 6.62(-24) 1.09(-23) 2.33(-23)
150 9.04(—25) 5.60(—24) 2.88(—22) 7.13(-22) 3.49(-20) 5.41(-20) 1.03(-19) 1.41(-19)
200  1.91(-21) 4.61(21) 1.47(-19) 2.32(-19) 4.80(-18) 6.06(—18) 1.09(-17) 1.29(-17)
250 1.92(-19) 3.26(—-19) 6.32(-18) 8.30(=18)  9.69(—-17) 1.12(-16) 1.88(=16) 2.10(—16)
300 4.23(-18) 6.03(—-18) 7.90(-17) .9.42(=17) .. 7.44(-16).. 8.19(-16) 1.31(=15) 1.41(-15)
400 2.12(-16) 2.57(-16) 1.94(-15) 2.10(—15) 1.02(=14) 1.07(-14) 1.59(-14) 1.66(—14)
500 2.33(-15) 2.63(—15) 1.38(-14) 1.43(—14) 5:15(=14) 5.30(-14) 7.55(-14) 7.75(-14)
600 1.19(-14) 1.30(-14) 5.26(-14) 5.27(-14)" 1.58(=13) 1.60(-13) 2.21(-13) 2.25(-13)

21.86 (-51) means 1.86 x 1051
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Table 4. Calculated tunneling ratiosa of the Ng” + HNBNg" (Ng, Ng’ = He, Ne, and Ar) reactions.

T(K) He+ HNBHet He+ HNBNe* Ne+ HNBNet Ar+ HNBAr+

50 9.78(17)b 2.87(10) 3.16(5) 1.07(3)
100 708.54 16.16 3.17 2.14
150 6.19 2.48 1.55 1.37
200 2.41 1.58 1.26 1.18
250 1.70 1.31 1.16 1.12
300 1.43 1.19 1.10 1.08
400 1.21 1.08 1.05 1.04
500 1.13 1.04 1.03 1.03
600 1.09 1.00 1.01 1.02

aThe tunneling ratios were defined as kKCVT/SCT/KTST
b9.78(17) means 9.78 x 1017
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Table 5. Calculated translational, rotational, and vibrational contributions to the KIEs at 300 K.

T=300K Mtrans Mot Myip  KIETST?

3He + HNBHet 1.46 0.87 0.74 0.94
He + HNB3He* 1.01 0.98 1.24 1.23

3He + HNB3Het  1.47 0.85 0.93 1.16

aKIEs predicted by the transition state theory.
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Table 6. Calculated Harmonic Vibrational Frequencies2 of Reactants and Transition States.

Vibrational mode HNBHe HNB3He HNBHe---He HNBHe:--3He HNB3He::-3He
1 N-B—He Bending 246 261 311 318 324
0y N—-B—He Bending 246 261 324 333 345
03 He—B—He Scissoring None None 540 569 606
4 H Rocking 660 661 581 591 588
o H Rocking 660 661 697 697 698
6 B—He Stretching 1122 1263 699 751 803
7 N-B Stretching 2041 2055 2004 2005 2005
vg N—H Stretching 3705 3705 3746 3746 3746

aCalculated Vibrational Frequencies (in cm-1) at MP2/aug-cc-pVTZ Level.
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Table 7. Calculated Vibrational Contributions to the KIEs

T(K)

n\fib 01 02 03 V4 U5 U6 07 08
3He + HNBHet
50 0.22 0.91 0.88 0.67 0.87 1.00 0.47 1.00 1.00
100 0.47 0.95 0.94 0.82 0.93 1.00 0.69 1.00 1.00
150 0.60 0.97 0.95 0.87 0.96 1.00 0.78 1.00 1.00
200 0.67 0.97 0.96 0.90 0.97 1.00 0.83 1.00 1.00
250 0.71 0.97 0.97 0.92 0.97 1.00 0.86 1.00 1.00
300 0.74 0.98 0.97 0.92 0.97 1.00 0.88 1.00 1.00
400 0.78 0.98 0.97 0.94 0.98 1.00 0.90 1.00 1.00
500 0.79 0.98 0.97 0.94 0.98 1.00 0.91 1.00 1.00
600 0.80 0.98 0.97 0.94 0.98 1.00 0.91 1.00 1.00
He + HNB3Het
50 3.24 1.13 1.09 0.67 0.90 1.02 3.59 1.21 1.00
100 1.82 1.07 1.05 0.82 0.95 1.01 1.89 1.10 1.00
150 1.51 1.05 1.04 0.87 0.96 1.01 1.53 1.07 1.00
200 1.37 1.05 1.04 0.90 0.97 1.01 1.37 1.05 1.00
250 1.29 1.04 1.03 0.92 0.98 1.00 1.29 1.04 1.00
300 1.24 1.04 1.03 0.92 0.98 1.00 1.23 1.03 1.00
400 1.18 1.04 1.03 0.94 0.98 1.00 1.16 1.02 1.00
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500
600

50
100
150
200
250
300
400
500
600

1.14 1.04 1.03 0.94 0.98 1.00 1.13 1.02 1.00
1.12 1.04 1.03 0.94 0.98 1.00 1.11 1.02 1.00
3He + HNB3He*

0.72 1.03 0.92 0.39 0.93 1.02 1.71 1.21 1.00
0.85 1.02 0.96 0.62 0.96 1.01 1.31 1.10 1.00
0.91 1.02 0.98 0.73 0.98 1.01 1.19 1.07 1.00
0.92 1.02 0.99 0.78 0.98 1.00 1.14 1.05 1.00
0.93 1.02 0.99 0.82 0.98 1.00 1.11 1.04 1.00
0.93 1.02 0.99 0.84 0.99 1.00 1.08 1.03 1.00
0.92 1.02 0.99 0.86 0.99 1.00 1.05 1.02 1.00
0.92 1.02 1.00 0.87 0.99 1.00 1.03 1.02 1.00
0.91 1.02 1.00 0.88 0.99 1.00 1.02 1.02 1.00
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Table 8. Calculated rate constants (in cm3 molecule—1 s—1) by the TST and CVT/SCT methods of the He + HNBHe+

reactions.
He + HNBHe* 3He + HNBHe* He + HNB3Het 3He + HNB3He*

T(K) TST CVT/SCT TST CVT/SCT TST CVT/SCT TST CVT/SCT

50  1.86(-51)2 1.82(-33) 5.14(-52) 2.88(-33) 5.98(-51) 5.46(-32) 1.67(-51) 1.24(-31)
100 1.99(=31) 1.41(-28) 1.17(-31) 1.94(-28) 3.58(-31) 6.86(-28) 2.12(-31) 1.11(-27)
150  9.04(-25) 5.60(-24) 6.83(-25) 5.50(-24) 1.35(-24) 1.12(-23) 1.02(-24) 1.18(-23)
200  1.91(21) 4.61(-21) 1.63(-21) 4.40(-21)  2.60(-21) 7.13(-21) 2.21(-21) 6.97(-21)
250  1.92(-19) 3.26(-19) 1.74(-19)  3.15(19) 2.46(—19) 4.49(-19) 2.23(-19) 4.42(-19)
300  4.23(-18) 6.03(-18) 3.98(—18) ..593(~18). 5.20(~18) 7.78(-18) 4.90(-18)  7.75(-18)
400  2.12(-16) 2.57(-16) 2.08(-16) 2.58(=16) =2.47(=16) 3.07(-16) 2.43(-16) 3.12(-16)
500  2.33(-15) 2.63(-15) 2.34(-15) 2.68(=15) m2.64(-15) 3.02(-15) 2.66(~15) 3.10(~15)
600  1.19(-14) 1.30(-14) 1.22(-14) 13314y~ 133(-14) 1.45(-14) 135(-14) 1.50(-14)

a1.86 (-51) means 1.86 x 10-51
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Table 9. Calculated zero-point energetics (in kcal/mol) of the He + HNBHe" reactions at the MP2/aug-cc-pVTZ level.

reactant  transition state AE&
He + HNBHe* 12.41 12.72 0.31
3He + HNBHet 12.41 12.87 0.47
He + HNB3He* 12.68 12.87 0.20
3He + HNB3He* 12.68 13.02 0.35

aAE = ZPE(transition state) — ZPE(reactant)

Table 10. Calculated tunneling ratiosa of the He + HNBHe" reactions.

T(K) He + HNBHe* 3He + HNBHet “. He + HNB3He*  3He + HNB3He*

50 9.78(17)b 5.61(18) 9.13(18) 7.43(19)
100 708.54 1653.68 1919.01 5225.65
150 6.19 8.06 8.33 11.58
200 2.41 2.71 2.74 3.16
250 1.70 1.81 1.83 1.98
300 1.43 1.49 1.50 1.58
400 1.21 1.24 1.24 1.28
500 1.13 1.14 1.14 1.17
600 1.09 1.09 1.09 1.11

aThe tunneling ratios were defined as kKCVT/SCT/KTST
b9.78(17) means 9.78 x 1017
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Table 11. Calculated KIEs and its tunneling contributions by the TST and CVT/SCT theory.

3He + HNBHet He + HNB3Het 3He + HNB3He*

+*
T(K) KIETST ntunneling KIECVT/SCT K|ETST ”ﬁnneling KIECVT/SCT K|ETST 77t;fmne|ing KIECVT/SCT

50 0.28 5.74 1.58 3.22 9.34 30.02 0.90 75.89 68.18
100 0.59 2.33 1.38 1.80 2.71 4.87 1.06 7.38 7.84
150 0.76 1.30 0.98 1.49 1.34 2.01 1.13 1.87 2.11
200 0.85 1.12 0.95 1.36 1.14 1.55 1.15 1.31 1.51
250 0.91 1.07 0.97 1.28 1.08 1.38 1.16 1.17 1.35
300 0.94 1.04 0.98 1.23 1.05 1.29 1.16 1.11 1.28
400 0.98 1.02 1.00 1.17 1.02 1.19 1.15 1.06 1.21
500 1.01 1.01 1.02 1.13 1.01 1.15 1.14 1.04 1.18
600 1.02 1.00 1.02 1.11 1.00 1.12 1.14 1.02 1.16

147



1.012 1.228
1.003 1.219
1.003 1.217

1.016 1.229 1.231 ;32
1.007 1.221 1.228 811

1.006 1.216 1.230

1489 H
B y 1.451
" 1.443

(@) (b)

Figure 1. Calculated structures by several methods for the He + HNB*He
reaction. The values in black, blue, and red colors are results from
MP2/apdz, MP2/aptz, and CCSD(T)/aptz calculation, respectively. The
bond lengths are in angstroms, and bond angles are in degrees. (a)
Reactant (b) Transition state.
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Figure 2. Calculated structures by the MP2/aug-cc-pVTZ method. (a)
Reactant (b) Transition state. The bond lengths are in angstroms, and
bond angles are in degrees.
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Figure 3. Calculated structures by the MP2/aug-cc-pVTZ of the Ar +
HNB*Ar reaction. The bond lengths are in angstroms, and bond angles
are in degrees. (a) Reactant (b) Transition state.
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Figure 4. Calculated structures by the MP2/aug-cc-pVTZ method for the
transition state of the He + HNB*Ne reaction. The bond lengths are in
angstroms, and bond angles are in degrees.
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Figure 5. The Arrhenius plots of the calculated rate constants of the He’
+ HNBHe" reaction. The broken and solid lines indicate results calculated
at TST and CVT/SCT levels, respectively.
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Figure 6. The Arrhenius plots of the calculated rate constants of the He +
HNBNe" reaction. The broken and solid lines indicate results calculated
at TST and CVT/SCT levels, respectively.
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Figure 7. The Arrhenius plots of the calculated rate constants of the Ne’
+ HNBNe" reaction. The broken and solid lines indicate results calculated
at TST and CVT/SCT levels, respectively.
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Figure 8. The Arrhenius plots of the calculated rate constants of the Ar’ +
HNBAIr" reaction. The broken and solid lines indicate results calculated at
TST and CVT/SCT levels, respectively.
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Figure 9. The Arrhenius plots of the calculated rate constants of the He +
HNBHe* reaction and its three isotopically substituted analogs. The
broken and solid lines indicate results calculated at TST and CVT/SCT
levels, respectively.
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Figure 10. Calculated temperature dependence of the 3He, and 4He KIEs
of the He + HNBHe™ reaction. The broken and solid lines indicate results
calculated at TST and CVT/SCT levels, respectively.
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Figure S1. Calculated potential energy curves along the reaction path of
the He’ + HNBHet reaction at the MP2/aug-cc-pVTZ level. Red point
shows the width at half-height barrier,
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Figure S2. Calculated potential energy curves along the reaction path of
the He + HNBNe" reaction at the MP2/aug-cc-pVTZ level. Red point
shows the width at half-height barrier.
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Figure S3. Calculated potential energy curves along the reaction path of
the Ne’ + HNBNe" reaction at the MP2/aug-cc-pVTZ level. Red point
shows the width at half-height barrier.
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Figure S4. Calculated potential energy curves along the reaction path of
the Ar’ + HNBAr" reaction at the MP2/aug-cc-pVTZ level. Red point
shows the width at half-height barrier.
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Table S1. The Calculated Geometries of 70 3d Transition Metal
Molecules at B97-1/cc-pVTZ level.

Sc(CsHs)3

01

Sc 0.000000 0.000000 0.000000
C -1.481317 -2.239667 0.000000
C -1.821616 -1.488508 1.139257
C -1.821616 -1.488508 -1.139257
H -0.995406 -3.199468 0.000000
C -2.439661 -0.289962 0.703480
H -1.687460 -1.792946 2.165586
C -2.439661 -0.289962 -0.703480
H -1.687460 -1.792946 -2.165586
H -2.854718 0.470021 1.342776
H -2.854718 0.470021 -1.342776
C 2.680267 -0.163024 0.000000:
C 2.199894 -0.833312 1.139257
C 2.199894 -0.833312 -1.139257
H 3.268524 0.737687 0.000000
C 1.470945 -1.967828 0.703480
H 2.396467 -0.564910 2.165586
C 1.470945 -1.967828 -0.703480
H 2.396467 -0.564910 -2.165586
H 1.020309 -2.707269 1.342776
H 1.020309 -2.707269 -1.342776
C -1.198950 2.402692 0.000000
C -0.378278 2.321820 1.139257
C -0.378278 2.321820 -1.139257
H -2.273118 2.461781 0.000000
C 0.968717 2.257790 0.703480
H -0.709007 2.357856 2.165586
C 0.968717 2.257790 -0.703480
H -0.709007 2.357856 -2.165586
H 1.834409 2.237248 1.342776
H 1.834409 2.237248 -1.342776
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TiBry

01

Ti 0.000000 0.000000 0.000000
Br 1.351510 1.351510 1.351510
Br-1.351510 -1.351510 1.351510
Br-1.351510 1.351510 -1.351510
Br 1.351510 -1.351510 -1.351510

TiCsHsCl3

01

Ti 0.223996 -0.000200 0.000000
H -1.807475 -0.711820 2.166581
C -1.840005 -0.378511 1.144121
C -1.824528 -1.209961 0.000000
H -1.805136 1.834726 1.338516
H -1.776149 -2.286332 0.000000
C -1.840005 -0.378511.-1.144121
H -1.807475 -0.711820 -2.166581
C -1.840005 0.962213 -0.708458
H -1.805136 1.834726 -1.338516
C -1.840005 0.962213 0.708458
Cl 1.172633 -1.011974 1.754120
Cl 1.135954 2.041610 0.000000
Cl 1.172633 -1.011974 -1.754120

TiCl

04

Ti 0.000000 0.000000 0.991235
C1 0.000000 0.000000 -1.282774

TiCl,

03

Ti 0.000000 0.000000 0.000000

C1 0.000000 0.000000 2.254026

C1 0.000000 0.000000 -2.254026

161



TiClj

02

Ti 0.000000 0.000000 0.000000
C1 0.000000 2.209162 0.000000
Cl1 1.913190 -1.104581 0.000000
Cl-1.913190 -1.104581 0.000000

TiCly

01

Ti 0.000000 0.000000 0.000000
Cl 1.261070 1.261070 1.261070
Cl-1.261070 -1.261070 1.261070
Cl-1.261070 1.261070 -1.261070
Cl 1.261070 -1.261070 -1.261070

TiF,

01

Ti 0.000000 0.000000 0.000000
F 1.012166 1.012166 1.012166
F-1.012166 -1.012166 1.012166
F-1.012166 1.012166 -1.012166
F 1.012166 -1.012166 -1.012166

VCI

05

V 0.000000 0.000000 0.953593
C1 0.000000 0.000000 -1.290155

VCly

04

V 0.000000 0.000000 0.000000
C1 0.000000 0.000000 2.208934
C1 0.000000 0.000000 -2.208934

162



VClj

03

V/ 0.000000 0.044787 0.000000
Cl -1.817873 -1.149154 0.000000
Cl 1.836847 -1.119913 0.000000
Cl-0.018974 2.208473 0.000000

VCly

02

V/ 0.000000 0.000000 0.000073
C1 0.000000 1.769098 1.217341
Cl -1.766921 0.086241 -1.217390
C1 0.000000 -1.769098 1.217341
Cl 1.766921 -0.086241 -1.217390

VFs5

01

V/ 0.000000 0.000000 0.000000
F 0.000000 1.711753 0.000000
F 0.000000 0.000000 1.747622
F 1.482422 -0.855876 0.000000
F -1.482422 -0.855876 0.000000
F 0.000000 0.000000 -1.747622

VH

05

V 0.000000 0.000000 0.070412
H 0.000000 0.000000 -1.619466

VO

04

V 0.000000 0.000000 0.407672
O 0.000000 0.000000 -1.172058
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VOCl;3

01

V/ 0.000000 0.000000 0.266939

C1 0.000000 2.042031 -0.406119
Cl -1.768451 -1.021016 -0.406119
Cl 1.768451 -1.021016 -0.406119
O 0.000000 0.000000 1.821560

Cry

01
Cr 0.000000 0.000000 0.779091
Cr 0.000000 0.000000 -0.779091

CrCI

06

Cr 0.000000 0.000000 0.918149
CI1 0.000000 0.000000 -1.296211

CrCly

05

Cr 0.000000 0.000000 0.418637
C1 0.000000 2.066098 -0.295509
C1 0.000000 -2.066098 -0.295509

CrCl3

04

Cr 0.000000 0.000000 0.120816
C1 0.000000 2.133664 -0.056854
Cl -1.847807 -1.066832 -0.056854
Cl 1.847807 -1.066832 -0.056854

164



CrCOg

01

Cr 0.000000 0.000000 0.000000
C 0.000000 0.000000 1.925434
C 0.000000 1.925434 0.000000
C 1.925434 0.000000 0.000000
C 0.000000 0.000000 -1.925434
C 0.000000 -1.925434 0.000000
C -1.925434 0.000000 0.000000
O 0.000000 0.000000 3.065295
O -3.065295 0.000000 0.000000
O 0.000000 -3.065295 0.000000
O 0.000000 0.000000 -3.065295
O 3.065295 0.000000 0.000000
O 0.000000 3.065295 0.000000

CrH

06

Cr 0.000000 0.000000 0.066450
H 0.000000 0.000000 -1.594797

CrO

05

Cr 0.000000 0.000000 0.403155
O 0.000000 0.000000 -1.209465

CrO

03

Cr 0.000000 0.000000 0.258835

O 0.000000 1.461804 -0.388253

O 0.000000 -1.461804 -0.388253

165



CrO,Cl»

01

Cr 0.000000 0.000000 0.359377
O 0.000000 1.265702 1.260156
O 0.000000 -1.265702 1.260156
Cl 1.750935 0.000000 -0.846692
Cl -1.750935 0.000000 -0.846692

CrO5(0OH)»

01

O -0.002753 1.376951 -0.859848
O 0.000616 0.413308 1.533963

O -1.439913 -0.850490 -0.389482
H -1.844032 -1.326357 0.347000
O 1.441438 -0.847632 -0.391311
H 1.848896 -1.319783 0.345730
Cr 0.000001 0.079544 0.006696

CrOg

01

Cr 0.000000 0.000000 0.168793
O 0.000000 1.542552 -0.168793
O -1.335889 -0.771276 -0.168793
O 1.335889 -0.771276 -0.168793

CrOF

02

Cr 0.000000 0.124232 0.000000
0O 1.235507 1.076261 0.000000
F -1.098229 -1.287961 0.000000
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CrOH

06

Cr 0.025341 -0.512598 0.000000
0 0.025341 1.314134 0.000000
H -0.810897 1.789277 0.000000

Cr(OH),

05
Cr 0.00203300  -0.06882200
O 1.80883557 0.01982364
O -1.81045646  -0.15774665
H -2.54299421 0.40531926
H 2.53508660 -0.59487873

MnCgHs(CO)3

01

Mn 0.074830 0.001058.0.000000
C-1.742182 -1.212393 0.000000
C -1.748297 -0.371186 1.145949
C -1.748297 -0.371186 -1.145949
H -1.754758 -2.288585 0.000000
C -1.748297 0.974024 0.713404
H -1.746396 -0.702778 2.170797
C -1.748297 0.974024 -0.713404
H -1.746396 -0.702778 -2.170797
H -1.757140 1.843947 1.347699
H -1.757140 1.843947 -1.347699
C 1.073055 -0.755244 -1.303287
0 1.673973 -1.247456 -2.147196
C 1.073055 -0.755244 1.303287
0 1.673973 -1.247456 2.147196
C 1.063591 1.513735 0.000000

O 1.657689 2.494988 0.000000
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-0.05005600
-0.07667688

-0.02335133
-0.28315614
0.02126785



MnCI

07

Mn 0.000000 0.000000 0.911172
Cl1 0.000000 0.000000 -1.339959

MnCl,

06

Mn 0.000000 0.000000 0.000000
C1 0.000000 0.000000 2.191504
C1 0.000000 0.000000 -2.191504

MnF»

06

Mn 0.000000 0.000000 0.000000
F 0.000000 0.000000 1.797160

F 0.000000 0.000000 -1.797160

MnS

06

Mn 0.000000 0.000000 0.806287
S 0.000000 0.000000 -1.259823

(FeBr»y)»

09

Fe 0.000000 1.212700 -0.267348
Br 0.000000 2.864947 1.324177
Br -1.948007 0.000000 -1.125575
Br 1.948007 0.000000 -1.125575
Fe 0.000000 -1.212700 -0.267348
Br 0.000000 -2.864947 1.324177
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(FeCl3),

011

Fe 1.649360 0.000000 0.000000
Fe -1.649360 0.000000 0.000000
C1 0.000000 0.000000 1.688311
Cl 2.775054 1.826333 0.000000
Cl 2.775054 -1.826333 0.000000
Cl -2.775054 -1.826333 0.000000
Cl -2.775054 1.826333 0.000000
C1 0.000000 0.000000 -1.688311

FeBr»;

05

Fe 0.000000 0.000000 0.000000
Br 0.000000 0.000000 2.272743
Br 0.000000 0.000000 -2.272743

FeBrj

06

Fe 0.000000 0.000000 0.000000
Br 0.000000 2.292864 0.000000
Br 1.985678 -1.146432 0.000000
Br-1.985678 -1.146432 0.000000

Fe(CsHbs),

01

Fe 0.000000 0.000000 0.000000
C 0.000000 1.210338 1.691459
C -1.151100 0.374015 1.691459
C 1.151100 0.374015 1.691459
H 0.000000 2.287277 1.676761
C -0.711419 -0.979184 1.691459
H -2.175330 0.706807 1.676761
C 0.711419 -0.979184 1.691459
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H 2.175330 0.706807 1.676761

H -1.344428 -1.850446 1.676761
H 1.344428 -1.850446 1.676761
C 1.151100 0.374015 -1.691459
C 0.711419 -0.979184 -1.691459
C 0.000000 1.210338 -1.691459
H 2.175330 0.706807 -1.676761
C -0.711419 -0.979184 -1.691459
H 1.344428 -1.850446 -1.676761
C -1.151100 0.374015 -1.691459
H 0.000000 2.287277 -1.676761
H -1.344428 -1.850446 -1.676761
H -2.175330 0.706807 -1.676761

FeCl

06

Fe 0.000000 0.000000 0.866887
Cl1 0.000000 0.000000 -1.325827

FeCl,

05

Fe 0.000000 0.000000 0.000000
C1 0.000000 0.000000 2.128828
C1 0.000000 0.000000 -2.128828

FeClj

06

Fe 0.000000 0.000147 0.000000
C1 0.000000 2.145175 0.000000
C1 0.000000 -1.072700 1.857516
C1 0.000000 -1.072700 -1.857516
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(FeCly)2

09

Fe 0.000000 1.210424 -0.191660
C1 0.000000 2.776184 1.280087
Cl -1.795256 0.000000 -0.986961
Cl 1.795256 0.000000 -0.986961
Fe 0.000000 -1.210424 -0.191660
C1 0.000000 -2.776184 1.280087

Fe(CO)s

01

Fe 0.000000 0.000000 0.000000
C 0.000000 1.820806 0.000000
C -1.576864 -0.910403 0.000000
C 0.000000 0.000000 1.827614
C 1.576864 -0.910403 0.000000:
C 0.000000 0.000000 -1.827614
O 0.000000 2.962101 0.000000
O 0.000000 0.000000 2.965061
O -2.565255 -1.481051 0.000000
O 0.000000 0.000000 -2.965061
O 2.565255 -1.481051 0.000000

FeH

04

Fe 0.000000 0.000000 0.057633
H 0.000000 0.000000 -1.498446

Fe(OH)»

05

Fe 0.000000 0.000000 0.000000
O 0.000000 1.776601 0.000000
H 0.674604 2.454106 0.000000
O 0.000000 -1.776601 0.000000
H -0.674604 -2.454106 0.000000
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CoBr»

04

Co 0.000000 0.000000 0.000000
Br 0.000000 0.000000 2.241663

Br 0.000000 0.000000 -2.241663

CoCl

03

Co 0.000000 0.000000 0.815912
C1 0.000000 0.000000 -1.295860

CoCl»

04

Co 0.000000 0.000000 0.000000
C1 0.000000 0.000000 2.099126
C1 0.000000 0.000000 -2.099126

Co(CO)4

02

Co 0.000000 0.000000 0.226059
C 0.000000 0.000000 -1.633062
O 0.000000 0.000000 -2.769694
C 0.000000 1.823396 0.523056
O 0.000000 2.950083 0.684888
C 1.579107 -0.911698 0.523056
O 2.554847 -1.475042 0.684888
C -1.579107 -0.911698 0.523056
O -2.554847 -1.475042 0.684888

Co(CO)4H

01

Co 0.000000 0.000000 0.186413
C 0.000000 0.000000 -1.635219
C 0.000000 1.787598 0.465448
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C 1.548105 -0.893799 0.465448
C -1.548105 -0.893799 0.465448
O 0.000000 2.900294 0.704250
O 0.000000 0.000000 -2.770825
O 2.511728 -1.450147 0.704250
O -2.511728 -1.450147 0.704250
H 0.000000 0.000000 1.664687

NiCl

02

Ni 0.000000 0.000000 0.788704
C1 0.000000 0.000000 -1.299043

NiCl,

03

Ni 0.000000 0.000000 0.000000
C1 0.000000 0.000000 2.069370
C1 0.000000 0.000000 -2.069370

Ni(CO)3

01

Ni 0.000000 0.000000 0.000000
C 0.000000 1.818462 0.000000
C 1.574834 -0.909231 0.000000
C -1.574834 -0.909231 0.000000
O 0.000000 2.956028 0.000000
O 2.559995 -1.478014 0.000000
O -2.559995 -1.478014 0.000000

NiCOy

01

Ni 0.000000 0.000000 0.000000
C 1.065871 1.065871 1.065871
C -1.065871 -1.065871 1.065871
C -1.065871 1.065871 -1.065871
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C 1.065871 -1.065871 -1.065871
O 1.721551 -1.721551 -1.721551
O 1.721551 1.721551 1.721551

O -1.721551 -1.721551 1.721551
O -1.721551 1.721551 -1.721551

NiF,

03

Ni 0.000000 0.000000 0.000000
F 0.000000 0.000000 1.713120
F 0.000000 0.000000 -1.713120

Cusp

01
Cu 0.000000 0.000000 1.137708
Cu 0.000000 0.000000 -1.137708

CuCl

01

Cu 0.000000 0.000000 0.770370
C1 0.000000 0.000000 -1.314161

CuClj

01

Cu 0.000000 1.547662 0.000000
Cu 1.340315 -0.773831 0.000000
Cu -1.340315 -0.773831 0.000000
Cl 2.177818 1.257364 0.000000
Cl -2.177818 1.257364 0.000000
C1 0.000000 -2.514728 0.000000

CuH

01

Cu 0.000000 0.000000 0.049353
H 0.000000 0.000000 -1.431238
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ZnCHy(CH3)»

01

Zn 0.000000 0.000000 0.000000
C 0.000000 1.975141 0.000000
C 1.385049 2.642628 0.000000
H -0.572391 2.308484 0.870892
H -0.572391 2.308484 -0.870892
H 1.310652 3.734205 0.000000
H 1.972411 2.364141 0.877367
H 1.972411 2.364141 -0.877367
C 0.000000 -1.975141 0.000000
C -1.385049 -2.642628 0.000000
H 0.572392 -2.308483 0.870892
H 0.572392 -2.308483 -0.870892
H -1.310651 -3.734205 0.000000
H-1.972411 -2.364141 0.877367
H -1.972411 -2.364141 -0.87/367

Zn(CHs3)»

01

Zn 0.000000 0.000000 0.000000
C 0.000000 0.000000 1.957631

H 0.004495 1.018403 2.350614

H -0.884210 -0.505309 2.350614
H 0.879715 -0.513094 2.350614
C 0.000000 0.000000 -1.957631
H 0.884210 -0.505309 -2.350614
H -0.879715 -0.513094 -2.350614
H -0.004495 1.018403 -2.350614

ZnCl

02

Zn 0.000000 0.000000 0.787236
Cl1 0.000000 0.000000 -1.389240
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ZnCl»

01

Zn 0.000000 0.000000 0.000000
C1 0.000000 0.000000 2.094096
C1 0.000000 0.000000 -2.094096

ZnkF,

01

Zn 0.000000 0.000000 0.000000
F 0.000000 0.000000 1.735628
F 0.000000 0.000000 -1.735628

ZnH

02

Zn 0.000000 0.000000 0.052303
H 0.000000 0.000000 -1.569075

ZnO

01

Zn 0.000000 0.000000 0.359088
O 0.000000 0.000000 -1.346582

ZnS

01

Zn 0.000000 0.000000 0.720116
S 0.000000 0.000000 -1.350218

ZnSe

01

Zn 0.000000 0.000000 -1.166087
Se 0.000000 0.000000 1.028901
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