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This supporting information contains the comparison of SCF and post-SCF results for the
SOGGA functional, the spin quantum numbers of ground states of V and Zr as calculated by

each functional, extended versions of Table 2 to 5, and the gradient enhancement factors Fy as a

function the reduced gradient densities s for the TPSS, M06-L, VS98, and t-HCTH meta-GGA

functionals, and the expressions of exchange enhancement factors F'y of the GGA and meta-

GGA exchange functionals in Figure 1 and Figure S1-S3.

The extended versions of Table 2 to 5 differ from those tables in the main text in two respects: (1)
results are rounded to the hundredth of a kcal/mol rather than to the tenth of a kcal/mol; (ii) an
additional functional, MOHLYP2, is included. Note that MOHLYP is the original MOHLYP
functional of Ref. 4, and MOHLYP2 is a different version presented in Ref. 5; MOHLYP2 was
mislabeled as MOHLYP in Ref. 5. MOHLYP2 gives a spin quantum number of 5/2 for the
ground state of V and 2 for the ground state of Zr.



Note:

Some of the results differ quantitatively (not enough to change previous conclusions) from
previously published numbers. The main sources of these differences are as follows: (i) In some

previous work we used fine erids: in the present paper we always use ultrafine grids because we

found that the results were not completely converged with fine grids. (ii) In some previous

calculations (e.g., the BLYP calculations of the DBH24/08 paper?), we used the option

SCF=(TIGHT,XQC), whereas in this article we used SCF=(XQcC,

MAXCONVENTIONALCYCLE=20.TIGHT.INTREP), which ensure the energies to converge to a

threshold of 10-6 Hartree. (iii) Some of the previous calculations were done with a version of the

computer code that had a small (10-3—10—4 hartrees) bug in the SOGGA functional.
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Table S1. Comparison of the calculated bond energies (kcal/mol) by SCF calculations and

post-SCF calculations with the SOGGA functional

Bond energy¢ Bond energy?
SCF (V) 82.59 119.05
Post-SCF (V,)* 82.59 119.05
SCF (VS) 121.53 139.75
Post-SCF (VS)* 121.55 139.79
SCF for (NiCH, ") 98.08 98.08
Post-SCF (NiCH,")* 98.07 98.07

4Bond energies calculated by using calculated atomic ground states (V, S = 5/2; Nit, § = 1/2)
bBond energies calculated by using experimental atomic ground states (V, S = 3/2; Nit, S = 1/2).
¢Post-SCF calculations were done by using the PBEsol densities.
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Table S2. Spin quantum numbers of ground states of V and Zr as calculated by various

functionals

Functional \% Zr
BP86 52 1
BVP8&6 52 1
BLYP 5/2 1
PWO1 5/2 2
B3PW91 5/2 2
B3LYP 5/2 1
B3V5LYP 5/2 1
PBE 5/2 2
B98 3/2 1
revPBE 5/2 2
VS98 52 1
PBEhole 5/2 2
PBEO 5/2 2
RPBE 5/2 1
t-HCTH 3/2 1
1-HCTHhyb 3/2 1
TPSS 52 1
TPSSKCIS 5/2 1
TPSSh 52 1
BMK 5/2 1
TPSS1KCIS 5/2 1
MOHLYP 5/2 1
MOHLYP2 5/2 2
MPWLYPIM 5/2 1
B97-3 3/2 1
MO5 3/2 1
WC06 52 2
B97-D 3/2 1
MO6-L 3/2 1
LC-oPBE 5/2 2
MO06 3/2 1
PBEsol 5/2 2
SOGGA 52 2
®B97X-D 5/2 1
HSE 52 2
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Table S5. Average error for catalytical energies (AECE) of various functionals, weighting
DBE18 and DBH24 equally

Functional AECE
MO06 2.94
MO5 3.42
MO6-L 4.01
1-HCTHhyb 4.09
®B97X-D 4.10
B97-3 4.33
B98 4.72
VS98 4.77
TPSS1KCIS 5.14
B3PWO1 5.18
PBEO 5.23
B3LYP 5.43
HSE 5.47
B3VSLYP 5.60
BMK 5.75
LC-oPBE 6.00
MOHLYP 6.05
MPWLYPIM 6.08
TPSSh 6.16
RPBE 6.50
TPSSKCIS 6.58
revPBE 6.60
B97-D 6.69
TPSS 7.16
-HCTH 7.25
BLYP 7.33
BVP8&6 7.84
PBE 7.84
PWI1 7.98
PBEhole 8.04
BP86 8.19
WCO06 9.70
SOGGA 11.27
PBEsol 11.28

MOHLYP2 12.96
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2.0 q
=+=TPSS(-9.4/9.4)
= MO06-L(-5.5/5.5)
1.6 - ~+=VS98(-7.9/7.9)
——t-HCTH(-7.9/7.9)

0.8 . . )

0 1 2 3
A

Figure S1. Exchange enhancements factors F'y as function of reduced gradient s (o = 0). (the
numbers in the parentheses are the MSEs and MUEs of meta-GGA functionals for the ABDE4
database in units of kcal/mol)
Note: s and a are two dimensionless variables defined as following:
__ v
- 2372343
T g
z_LDA
where 7 is the electron density, 7 is the kinetic energy density, 7/ is the von Weizsicker kinetic

energy density, and 7LD is the kinetic energy density of uniform electron gas.



2.0 -
——TPSS(-9.4/9.4)
-#-M06-L(-5.5/5.5)
1.6 1 —+-VS98(-7.9/7.9)
= ——t-HCTH(-7.9/7.9)
S
RS
1.2 -
0.8 : . .
0 1 ¢ 2 3

Figure S2. Exchange enhancements factors F'y as function of reduced gradient s (o = 0.5). (the

numbers in the parentheses are the MSEs and MUESs of meta-GGA functionals for the ABDE4
database in units of kcal/mol)
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—~—TPSS(-9.4/9.4)
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Figure S3. Exchange enhancements factors F'y as function of reduced gradient s (o = 1.0). (the

numbers in the parentheses are the MSEs and MUESs of meta-GGA functionals for the ABDE4
database in units of kcal/mol)



Exchange enhancement factors F'y of popular GGAs:

1.07466x0.25237s>
1+0.196448ssinh ™" 7.79555s

FP% =1+

2
1.07466x(0.25237s2—0.14038024s2e_10()s —0.00369307s4j

FEWOU 14 — -
1+0.196448ssinh ™ 7.795555 —0.00369688s
0.804

FEPE =140.804— 5
1+0.2195152/0.804

1.245

FYVPBE — 141045 5
1+0.2195152 /1.245

2
FRPBE =1+0.804(1—e_0'219515 /0.804)

0.804
1+0.1234652/0.804

FFBESOl —140.804 -

2
FEOGGA _ 14055 1 0.5 . _0.50-0-1234657 /0552
1+0.1234652/0.552

0.804
1+0.21951x/0.804

FVC0% —110.804-

2
x= gsz + (0.21951—;—?)5%* +1n(1+0.0079325s2)
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Exchange enhancement factors F'y of 4 Meta-GGAs:
TPSS:

FIPSS =140.804 - 0.804

1+0.21951x/0.804

10 2, 146 PIE T, 1 10,
x = {[2+1.5906 52+ vy (o )s
Ly 12900 2 202590~ 305 02 5 4o aoa e

+24/1.537 &(32)2 +1.537x0.219515°1/(1+~/1.53752)?

q 9 a— 1 2 2
b=
20 (1+0.40a (1)) A
552
z=—>
3a+5s
MO6-L:
FYUOL = FPBE £() + h(x, 2)
2a +10s2/3
=l-———"7
l+a+5s /3
X =7.79555s

.= %(67:2)2/3(a+5s2/3—1)

y(x,2) = 1+0.001867(x + 2)

The expressions of f(w)and A(x,z) are in the M06-L paper.
See: Y. Zhao and D. G. Truhlar, J. Chem. Phys. 125, 194101 (2006).

VS98:

FIS% _ ) 07466 ~%:9800, 0. 003557x% +0.006250z —0.00002354x2—0.0001283x22+0.000357522
o) 72 (x,2) 7(x,2)

x =7.79555s

2= %(6712)2/3(05 155231

7(x,z) =1+0.001867(x* + z)



t-HCTH:
F );_HCTH = Giocat + non-tocarS (@)
u(s) = 0.004 x(7.795554s)*
1+0.004 % (7.795554s)*
_{_2a+10s°)3
1+a+55%/3

The expressions of g, and g, ... 15 1n the T-HCTH paper.
See: A. D. Boese and N. C. Handy, J. Chem. Phys. 116, 9559 (2002).
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