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1 Conversion of Semiempirical Heats of Formation to

Relative ZPVE-Exclusive Energies

MNDO-based and OMx semiempirical quantum chemistry (SQC) methods are parametrized

to reproduce experimental heats of formations at 298 K, whereas ab initio and DFT methods

provide total electronic energies Etot as primary results.

Semiempirical heats of formation ∆Hf , 298 K at 298 K are calculated as:S1

∆Hf , 298 K =
Nat∑
A

∆Hf , 298 K (A)− ESQC-SCF
at, 298 K (1)

where Nat is the number of atoms in a molecule, ∆Hf , 298 K (A) denotes the experimental

heats of formation of the constituent atoms at 298 K, and ESQC-SCF
at, 298 K is the atomization

“energy” calculated from the total energies of the molecule and the constituent atoms at the

same SQC level of theory. Zero-point vibrational energies (ZPVE) and thermal corrections

are not calculated explicitly, but are assumed to be implicitly included in the ESQC-SCF
at, 298 K term

calculated at the SCF level.

This convention will introduce errors when the resulting SQC heats of formation are used

to calculate relative energies, e.g. for comparison with ab initio and DFT results. These

errors will normally remain small for the relative energies of species of similar size, because the

ZPVE and thermal corrections will tend to cancel when comparing similar species. This is no

longer true for “absolute” energies like atomization energies, for which the corrections do not

cancel and can become very large for medium-size and big molecules. For fair comparisons,

it is then mandatory to convert the SQC heats of formation (i.e. atomization enthalpies

at 298 K) to “true” atomization energies. Below we provide a detailed description of the

approach used for this purpose.

S6



1.1 Conversion of Semiempirical Atomization Enthalpies at 298 K

to ZPVE-Exclusive Atomization Energies

The atomization enthalpy ∆Hat, 298 K at 298 K and the ZPVE-exclusive atomization energy

∆Eat at 0 K are defined by Eqs. 2 and 3, respectively:

∆Hat, 298 K =
Nat∑
A

∆Hf , 298 K (A)−∆Hf , 298 K (2)

∆Eat =
Nat∑
A

Etot (A)− Etot (3)

where Etot is the standard total energy (without any corrections).

As can be seen by comparing Eqs. 1 and 2, the semiempirical conventions in the MNDO-

based and OMx methods imply that the SCF atomization “energy” represents the atomiza-

tion enthalpy at 298 K:

ESQC-SCF
at, 298 K = ∆Hat, 298 K (4)

To convert the latter property to ∆Eat we need to remove the thermal and ZPVE cor-

rections. Considering the thermal corrections first, the atomization enthalpy at a given

temperature T is given by:

∆Hat, T =
Nat∑
A

HT (A)−HT (5)

The atomization enthalpies at T = 0 K and T = 298 K are thus related by:

∆Hat, 0 K = ∆Hat, 298 K + ∆H298−0 −∆Hatoms
298−0 (6)

where ∆H298−0 is the thermal correction for the enthalpy of the molecule and ∆Hatoms
298−0 is the

sum of the corresponding corrections for the constituent atoms. These terms are evaluated

S7



as follows (with T298 = 298.15 K):

∆H298−0 = Etrans, T298 + Erot, T298 + Evib, T298 +RT298 (7)

∆Hatoms
298−0 = Nat (Etrans, 298 K +RT298) (8)

using the classical limits for translation and rotation and the harmonic oscillator approxi-

mation for the vibrational contribution.

The conversion from ∆Hat, 0 K to ∆Eat is accomplished by removing the ZPVE contri-

bution, which is again computed in the harmonic oscillator approximation:

∆Eat = ∆Hat, 0 K + ZPVE (9)

For fair comparison of various methods it is common practice to perform single-point cal-

culations on reference geometries, which we also do for benchmarking atomization energies

at the SQC levels of theory. To correct the semiempirical atomization enthalpies ∆Hat, 298 K

at 298 K to ZPVE-exclusive atomization energies ∆Eat at 0 K as described above, we cal-

culate all necessary ZPVE and thermal corrections using the rigid-rotor harmonic-oscillator

approximation at geometries optimized at the corresponding SQC level of theory:

∆ESP
at = ∆HSP

at, 298 K + ∆EOpt
at −∆HOpt

at, 298 K

= ∆HSP
at, 298 K + ∆HOpt

at, 0 K + ZPVEOpt −∆HOpt
at, 298 K

= ∆HSP
at, 298 K +

(
∆HOpt

at, 0 K −∆HOpt
at, 298 K

)
+ ZPVEOpt (10)
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1.2 Conversion of Other Relative Energies

Corrected relative energies, e.g. reaction energies, can simply be calculated from the corre-

sponding atomization energies as they are related through Eq. 3. For a reaction

Nreactants∑
i

Mi →
Nproducts∑

j

Mj (11)

the reaction enthalpy at 298.15 K (as obtained from SQC-SCF heats of formation) and the

ZPVE-exclusive energy are given by, respectively:

∆Hr, 298 K =

Nproducts∑
j

∆Hf , 298 K (Mj)−
Nreactants∑

i

∆Hf , 298 K (Mi) (12)

∆Er =

Nproducts∑
j

Etot (Mj)−
Nreactants∑

i

Etot (Mi) (13)

To calculate the ZPVE-exclusive energy at the SQC level it is sufficient to know the

corresponding ZPVE-exclusive atomization energies obtained as described above:

∆Er =

Nproducts∑
j

Etot (Mj)−
Nreactants∑

i

Etot (Mi)

=

Nproducts∑
j

Nat(Mj)∑
A

Etot (A)−∆Eat (Mj)


−

Nreactants∑
i

Nat(Mi)∑
A

Etot (A)−∆Eat (Mi)


=

Nat, all∑
A

Etot (A)−
Nproducts∑

j

∆Eat (Mj)

−
Nat, all∑

A

Etot (A) +
Nreactants∑

i

∆Eat (Mi)

= −

Nproducts∑
j

∆Eat (Mj)−
Nreactants∑

i

∆Eat (Mi)

 (14)

S9



2 Tables: Additional Statistical Evaluations Not In-

cluded in the Main Text

Table S1: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol), Relative
Energies (kcal/mol), Ionization Potentials (eV), Barriers (kcal/mol), Bond Lengths (Å), and
Bond Angles (degree) for the OVS7-CHNOF Benchmark Set at the OMx -Dn Methods

Method
Subset N OM2 OM3

D2 D3 D3T D2 D3 D3T
Heats of formation

Radicals71 42 5.65 5.72 5.72 6.03 6.96 6.96
Anions24 24 9.01 9.11 9.11 10.03 11.63 11.63
Cations41 36 7.69 7.80 7.80 6.89 7.22 7.22
BIGMOL20 20 8.81 9.47 9.47 6.43 13.62 13.62
Conformers30 11 7.05 6.59 6.56 4.17 9.84 9.80
Isomers44 27 4.88 4.77 4.75 4.29 7.82 7.80
Fluorine91 91 7.59 7.59 7.59 7.29 7.49 7.49

Relative energies
Radicals71 4 3.94 3.95 3.95 5.43 5.46 5.46
Cations41 5 3.65 3.69 3.69 3.50 3.54 3.54
Isomers44 17 0.82 0.70 0.69 1.50 1.64 1.65

Ionization potentials
Radicals71 25 0.37 0.36 0.36 0.53 0.53 0.53

Barriers
Conformers30 19 1.39 1.33 1.32 1.49 1.45 1.44

Bond lengths
Fluorine91 455 0.017 0.016 0.016 0.022 0.022 0.022

Bond angles
Fluorine91 355 2.00 2.03 2.03 1.76 1.78 1.78
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Table S2: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol) and Relative
Energies (kcal/mol) for the G2G3-CHNOF Benchmark Set at the OMx -Dn Methods

Method
Subset N OM2 OM3

D2 D3 D3T D2 D3 D3T
Heats of formation

G2 93 3.98 4.01 4.01 4.17 5.04 5.04
G3 52 6.25 6.31 6.30 5.32 9.26 9.24
Alkanes28 22 10.01 9.25 9.24 9.00 15.77 15.76

Relative energies
Alkanes28 6 0.24 0.21 0.21 0.74 0.88 0.90

S11



Table S3: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol), Bond Lengths
(Å), Bond Angles (degree), Dihedral Angles (degree), Ionization Potentials (eV), and Dipole
Moments (D) for the PDDG Benchmark Set and Its Subsets: OMx -Dn Methods

Method
Subset N OM2 OM3

D2 D3 D3T D2 D3 D3T
Heats of formation

Overall 622 7.98 7.75 7.83 6.10 10.76 10.73
CH 254 8.34 7.92 8.16 6.34 11.96 11.92
CHN 89 5.97 6.31 6.30 4.92 8.98 8.97
CHO 238 8.80 8.52 8.49 6.62 10.92 10.89
CHNO 41 5.38 5.30 5.29 4.12 6.23 6.22

Bond lengths
Overall 153 0.014 0.014 0.015 0.018 0.017 0.017
CH 81 0.011 0.011 0.012 0.010 0.010 0.010
CHN 34 0.015 0.015 0.015 0.025 0.025 0.025
CHO 35 0.020 0.020 0.020 0.026 0.026 0.026
CHNO 3 0.027 0.027 0.027 0.044 0.044 0.044
C−H 38 0.010 0.010 0.010 0.013 0.013 0.013
C−C 52 0.010 0.010 0.012 0.010 0.010 0.010
C−−C 15 0.009 0.009 0.009 0.010 0.009 0.009
C−−−C 5 0.019 0.019 0.019 0.025 0.025 0.025
N−C 7 0.018 0.018 0.018 0.018 0.018 0.018
N−H 4 0.007 0.007 0.007 0.044 0.044 0.044
N−−−C 5 0.017 0.017 0.017 0.046 0.046 0.046
O−H 6 0.037 0.037 0.037 0.057 0.057 0.057
O−C 7 0.018 0.018 0.018 0.022 0.022 0.022
O−−C 9 0.015 0.015 0.015 0.019 0.018 0.018

Bond angles
Overall 54 2.18 2.17 2.17 1.91 1.91 1.91
CH 20 1.43 1.40 1.40 1.02 1.00 1.00
CHN 12 1.27 1.28 1.28 1.29 1.31 1.31
CHO 21 3.07 3.07 3.07 2.74 2.75 2.75
6 CCH 16 1.04 1.03 1.03 1.01 1.01 1.01
6 CCC 13 1.86 1.82 1.82 1.30 1.26 1.26
6 OCH 3 3.03 3.04 3.04 3.01 3.03 3.03
6 COH 3 2.76 2.73 2.73 3.25 3.18 3.18
6 OCC 5 2.58 2.58 2.58 1.76 1.79 1.79

Dihedral angles
Overall 6 8.62 8.56 16.10 5.91 5.81 5.81
CH ( 6 CCCC) 3 6.06 6.04 21.10 5.50 5.50 5.50

Ionization potentials
Overall 97 0.37 0.37 0.38 0.60 0.60 0.60
CH 41 0.35 0.35 0.36 0.57 0.57 0.57
CHN 21 0.29 0.29 0.29 0.44 0.44 0.44
CHO 31 0.42 0.42 0.42 0.75 0.75 0.75
CHNO 4 0.66 0.66 0.66 0.66 0.66 0.66

Dipole moments
Overall 47 0.27 0.27 0.27 0.25 0.25 0.25
CH 10 0.11 0.11 0.11 0.11 0.11 0.11
CHN 14 0.24 0.25 0.25 0.30 0.30 0.30
CHO 20 0.34 0.34 0.34 0.27 0.27 0.27
CHNO 3 0.44 0.44 0.44 0.41 0.41 0.41
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Table S4: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol), Bond Lengths
(Å), Bond Angles (degree), Dihedral Angles (degree), Ionization Potentials (eV), and Dipole
Moments (D) for the PM7-CHNOF Benchmark Set and Its Subsets: OMx -Dn methods

Method
Subset N OM2 OM3

D2 D3 D3T D2 D3 D3T
Heats of formation

Overall 1168 11.22 11.12 11.07 8.44 15.13 15.07
DA 5 3.23 3.16 3.16 2.15 2.14 2.14
CH 310 14.91 14.34 14.25 11.05 20.23 20.12
CHN 214 9.01 9.25 9.23 7.83 14.18 14.15
CHO 373 11.57 11.52 11.48 8.23 14.46 14.42
CHF 32 6.16 6.12 6.11 3.57 6.16 6.16
CHNO 234 8.66 8.77 8.74 6.66 11.80 11.77

Bond lengths
Overall 175 0.015 0.015 0.015 0.019 0.019 0.019
DA 4 0.036 0.036 0.036 0.053 0.053 0.053
CH 74 0.011 0.011 0.011 0.011 0.011 0.011
CHN 31 0.014 0.014 0.014 0.020 0.020 0.020
CHO 31 0.016 0.016 0.016 0.021 0.021 0.021
CHF 18 0.016 0.016 0.016 0.020 0.020 0.020
CHNO 17 0.029 0.028 0.028 0.040 0.041 0.041

Bond angles
Overall 90 1.76 1.75 1.75 1.53 1.54 1.54
CH 32 0.94 0.92 0.92 0.54 0.53 0.53
CHN 20 1.41 1.43 1.43 1.30 1.32 1.32
CHO 20 2.31 2.33 2.33 1.95 1.98 1.98
CHF 11 1.47 1.47 1.47 1.13 1.11 1.11
CHNO 7 5.37 5.30 5.30 6.19 6.26 6.26

Ionization potentials
Overall 104 0.33 0.33 0.33 0.53 0.53 0.53
CH 36 0.25 0.25 0.25 0.47 0.47 0.47
CHN 18 0.28 0.28 0.28 0.43 0.43 0.43
CHO 29 0.43 0.44 0.44 0.78 0.78 0.78
CHF 14 0.34 0.34 0.34 0.29 0.29 0.29
CHNO 5 0.47 0.47 0.47 0.55 0.55 0.55

Dipole moments
Overall 58 0.24 0.24 0.24 0.22 0.22 0.22
CH 10 0.12 0.12 0.12 0.12 0.12 0.12
CHN 17 0.25 0.25 0.25 0.30 0.30 0.30
CHO 20 0.29 0.28 0.28 0.23 0.23 0.23
CHF 10 0.25 0.25 0.25 0.16 0.16 0.16
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Table S5: Mean Absolute Errors of the Interaction Energies (kcal/mol) for the A24-CHNOF,
S22, S66, S66a8, JSCH-2005-CHNOF, S7L, and S30L-CHNOF Sets and of the Folding En-
thalpies and Energies (kcal/mol) for the AF6 Set, Calculated at the Reference Geometries
Using MNDO, AM1, PM3, PM6, and OMx

Subset N Method
MNDO AM1 PM3 PM6 OM1 OM2 OM3

A24-CHNOF
Overall*a 21 4.96 1.53 1.33 1.25 1.60 0.89 1.11
Overall 20 4.66 1.49 1.37 0.91 1.40 0.76 0.91
H-bonded 5 9.72 3.34 2.64 2.97 3.04 1.79 1.86
H-bonded*a 4 9.42 3.60 3.19 1.69 2.37 1.39 1.05
Mixed 10 4.57 1.25 1.31 0.76 1.46 0.70 1.05
Dispersion 6 1.63 0.48 0.27 0.65 0.63 0.44 0.58

S66
Overall 66 13.54 5.18 4.33 2.70 4.19 2.66 3.11
Electrostatic 23 19.45 7.13 5.47 3.42 5.44 2.96 3.24
Mixed 20 9.74 3.56 3.18 2.03 3.18 1.82 2.50
Dispersion 23 10.94 4.64 4.19 2.57 3.82 3.10 3.52

S66a8
Overall 528 9.26 3.40 3.17 1.89 2.91 1.96 2.29
Electrostatic 184 14.05 4.51 4.60 2.31 3.80 2.35 2.63
Mixed 160 6.86 2.64 2.27 1.57 2.35 1.39 1.88
Dispersion 184 6.56 2.95 2.51 1.75 2.51 2.07 2.30

JSCH-2005-CHNOF
Overall 134 18.64 8.99 8.61 4.73 6.33 4.97 5.15
Overall*b 128 18.57 9.01 8.63 4.58 6.17 4.81 4.95
H-bonded base pairs 31 36.67 15.17 10.63 8.37 10.36 5.70 5.72
Interstrand base pairs 32 3.72 1.82 2.30 1.22 1.81 1.73 1.80
Stacked base pairs 54 18.35 10.65 12.13 4.74 6.70 6.42 6.58
Amino acid pairs 17 14.75 5.93 5.60 4.66 6.29 5.13 5.88
Amino acid pairs*b 11 11.89 4.52 4.26 2.88 4.46 3.29 3.97

S7L
Overall 7 20.27 12.36 9.29 7.93 10.13 9.69 10.08
π-π 5 18.76 14.55 12.84 8.27 9.81 10.67 10.25

S30L-CHNOF
Overall 24 80.79 37.55 37.10 18.07 27.60 21.33 24.14
π-π stacking 7 85.91 56.95 53.38 25.92 34.26 31.15 32.54
H-bondedc 8 87.40 27.00 31.21 13.68 26.31 16.23 20.41
Charged complexesc 8 82.66 31.09 31.75 14.04 23.38 16.22 19.40

AF6
Folding enthalpies 6 14.37 3.35 0.59 1.64 5.00 3.38 5.11
Folding energies 6 14.54 3.52 0.76 1.81 5.17 3.55 5.28

a Without HF · · ·HF complex, see text. b Without complexes of charged amino acids, see text. c Two
complexes correspond to both H-bonded and charged complexes subsets; see Ref. S2.
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Table S6: Mean Absolute Errors in Selected Interatomic Distances (Å) and Angles (degree)
for the A24-CHNOF, S66, S7L, and AF6 Benchmark Sets for Geometries Optimized with
MNDO, AM1, PM3, PM6, and OMx

Subset N Method
MNDO AM1 PM3 PM6 OM1 OM2 OM3

A24-CHNOF

Selected interatomic distances
Overall 23 5.858 0.627 0.512 0.417 0.847 0.790 0.871
H-bonded 5 1.402 0.402 0.206 0.392 0.402 0.189 0.336
Mixed 13 8.267 0.197 0.384 0.282 0.570 0.419 0.254
Dispersion 5 4.050 1.970 1.152 0.794 2.010 2.357 3.009

Selected angles
Overall 40 24.93 18.29 21.18 15.02 19.22 13.89 8.59
H-bonded 13 21.72 27.77 12.19 23.50 20.86 11.47 11.50
Mixed 21 30.98 12.93 26.92 7.95 19.53 10.78 4.27
Dispersion 6 10.74 16.54 20.56 21.40 14.57 30.00 17.40

S66

Selected interatomic distances
Overall 172 3.817 1.393 1.273 0.651 1.821 1.010 1.942
Electrostatic 28 1.700 0.375 0.184 0.183 0.321 0.175 0.286
Mixed 63 2.891 1.032 1.010 0.388 0.900 0.572 0.762
Dispersion 81 5.270 2.027 1.854 1.018 3.055 1.639 3.432

Selected angles
Overall 141 26.87 23.94 19.81 21.24 24.15 21.53 20.69
Electrostatic 28 39.23 32.16 6.55 26.18 26.95 10.84 9.76
Mixed 52 29.66 21.34 16.94 15.17 24.19 15.66 20.07
Dispersion 61 18.81 22.37 28.36 24.14 22.83 31.44 26.23

S7L

Selected interatomic distances
Overall 28 13.093 9.993 12.517 1.111 9.844 15.579 10.540
C· · ·C 20 17.141 13.929 17.488 1.346 13.497 21.662 14.479
H· · ·H 8 2.971 0.153 0.090 0.523 0.710 0.370 0.694

AF6

Selected interatomic distances
Overall 27 0.810 0.246 0.343 0.139 0.398 0.502 0.566

Selected angles
Overall 74 18.42 12.28 11.21 7.50 17.04 15.44 16.33
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Table S7: Mean Absolute Errors of the Interaction Energies (kcal/mol) for the A24-CHNOF,
S66, and S7L and of the Folding Enthalpies and Energies (kcal/mol) for the AF6 Set, Cal-
culated at the SQC Geometries Using MNDO, AM1, PM3, PM6, and OMx

Subset N Method
MNDO AM1 PM3 PM6 OM1 OM2 OM3

A24-CHNOF

Interaction energies without deformation energies of monomers
Overall 18 2.01 1.11 1.22 0.89 1.14 0.70 0.91
H-bonded 5 3.77 1.91 1.83 1.75 1.55 1.39 1.14
Mixed 10 1.54 0.94 1.05 0.59 1.09 0.41 0.88
Dispersion 3 0.66 0.35 0.77 0.45 0.66 0.52 0.65

Interaction energies
Overall 18 2.01 1.11 1.25 0.89 1.15 0.72 0.91
H-bonded 5 3.77 1.91 1.95 1.78 1.56 1.41 1.10
Mixed 10 1.54 0.94 1.05 0.58 1.09 0.43 0.89
Dispersion 3 0.66 0.36 0.76 0.45 0.66 0.52 0.65

S66

Interaction energies without deformation energies of monomers
Overall 66 5.00 3.15 2.84 2.02 3.29 1.79 3.05
Electrostatic 23 7.93 4.54 5.02 2.67 4.50 1.92 4.32
Mixed 20 3.48 2.51 1.89 1.68 2.60 1.36 2.03
Dispersion 23 3.40 2.31 1.47 1.68 2.69 2.03 2.67

Interaction energies
Overall 66 5.00 3.19 2.95 2.22 3.35 2.00 2.27
Electrostatic 23 7.93 4.60 5.36 3.12 4.60 2.47 2.11
Mixed 20 3.48 2.53 1.90 1.74 2.60 1.39 2.04
Dispersion 23 3.40 2.35 1.46 1.75 2.74 2.06 2.63

S7L

Interaction energies
Overall 7 8.54 7.63 6.31 5.15 8.46 7.35 8.37
π-π 5 8.29 8.18 7.65 6.83 8.22 8.04 8.09

AF6

Folding enthalpies 6 2.61 2.81 1.94 1.61 3.48 2.54 2.95
Folding energies 6 2.78 2.99 1.77 1.78 3.65 2.71 3.12
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Table S8: Mean Absolute Errors of the Interaction Energies (kcal/mol) for the A24-CHNOF,
S66, S7L and of the Folding Enthalpies and Energies (kcal/mol) for the AF6 Set, Calculated
at the SQC Geometries Using PM7 and OMx -Dn

Method
Subset N PM7 OM2 OM3

D2 D3 D3T D2 D3 D3T

A24-CHNOF

Interaction energies without deformation energies of monomers
Overall 18 0.77 0.57 0.58 0.58 0.48 0.51 0.51
H-bonded 5 1.95 0.93 0.96 0.96 0.95 1.09 1.09
Mixed 10 0.39 0.50 0.52 0.52 0.34 0.37 0.37
Dispersion 3 0.07 0.22 0.14 0.14 0.15 0.03 0.03

Interaction energies
Overall 18 0.77 0.57 0.58 0.57 0.45 0.49 0.49
H-bonded 5 1.92 0.94 0.98 0.98 0.85 1.01 1.01
Mixed 10 0.39 0.48 0.51 0.50 0.34 0.37 0.37
Dispersion 3 0.07 0.21 0.14 0.13 0.15 0.03 0.03

S66

Interaction energies without deformation energies of monomers
Overall 66 1.05 0.97 1.02 0.98 1.59 1.75 1.73
Electrostatic 23 0.95 1.28 1.27 1.27 3.77 3.83 3.86
Mixed 20 1.00 0.90 0.93 0.90 0.50 0.55 0.53
Dispersion 23 1.19 0.73 0.87 0.75 0.37 0.72 0.65

Interaction energies
Overall 66 1.10 0.91 0.95 0.90 0.54 0.64 0.63
Electrostatic 23 1.14 1.28 1.23 1.24 0.81 0.76 0.80
Mixed 20 1.00 0.84 0.86 0.83 0.51 0.51 0.49
Dispersion 23 1.14 0.61 0.75 0.63 0.30 0.64 0.57

S7L

Interaction energies
Overall 7 6.02 2.33 2.46 2.24 1.21 2.54 1.63
π-π 5 5.24 0.99 0.43 0.73 0.63 2.20 1.50

AF6

Folding enthalpies 6 0.87 0.49 0.60 0.41 0.27 0.16 0.39
Folding energies 6 0.77 0.44 0.55 0.36 0.44 0.31 0.56
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3 Tables: Numerical Results for Individual Molecules

and Properties
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zá
le

z-
G

a
rć
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rá

še
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4 Figures: Error Distributions and Reference and Op-

timized SQC Geometries of Selected Noncovalent

Complexes

S294



Figure S1: Error distribution of ground-state properties calculated at the OMx and PM7
levels of theory for the GMTKN30-CHNOF benchmark set (including the MB08-165 subset
and the isomerization energy of C20). The subsets are marked with alternating gray and
white backgrounds and their numbers correspond to those in Table 6 in the main text.
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Figure S2: Reference geometry of the HF dimer from the A24 benchmark set (top right)
and geometries optimized at OM2, OM3, and OMx -Dn (left) and PM7 (bottom right).
Selected interatomic distances are shown in Ångstrom for the reference (black), OM2-D3
(blue), OM3-D3 (red), and PM7 (pink) geometries.

Figure S3: Reference and PM7 geometries of the benzene· · ·AcOH (OH-π) complex from
the S66 benchmark set (left) and geometries optimized at OM2, OM3, and OMx -Dn (right).
Selected interatomic distances are shown in Ångstrom. The C6H5−H · · ·O−−C(OH)CH3

intermolecular distance is too short by 0.821. . . 1.062 Å in the OMx -Dn geometries.
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Figure S4: Reference, OMx -Dn, and PM7 geometries of the H2O · · ·MeOH complex from
the S66 benchmark set. Selected angles are shown in degrees.
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Figure S5: Reference, OMx -Dn, and PM7 geometries of the C6H6 · · ·MeNH2 complex from
the S66 benchmark set. Selected angles are shown in degrees.
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Figure S6: Reference, OMx -Dn, and PM7 geometries of the peptide· · · peptide complex from
the S66 benchmark set. Selected angles are shown in degrees.
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Figure S7: Reference and OM2-Dn geometries of the T-shaped pyridine dimer (left) from
the S66 benchmark set and geometries optimized at PM7 and OM3-Dn (right). Selected
angles are shown in degrees.
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5 Additional Statistical Evaluations for RM1

The RM1 method is a reparametrization of the AM1 method. According to the following

statistical evaluations, it tends to be generally more accurate than AM1, about as accurate

as the PMx methods, and somewhat less accurate than the OMx methods.

Heats of formation are used as reference data in 12 benchmark sets. RM1 is superior to

AM1 in 10 of these sets: Cations41, BIGMOL20, Conformers30, Isomers44, and Fluorine91

(Table S34), G2, G3, and Alkanes28 (Table S35), PDDG (Table S39), and PM7-CHNOF

(Table S40), while the opposite is true for Radicals71 and Anions24 (Table S34). PM7 and

the OMx methods are generally more accurate than RM1, in particularly OM2 and OM3,

which have smaller or essentially equal mean absolute errors (MAEs) in 11 out of 12 cases

(all except Conformers30).

For atomization energies, RM1 is generally more accurate than AM1, but less accurate

than PM7 and OMx (see the results for the TAE140 and TAE nonMR124 sets in Table S36,

for W4-08 and W4-08woMR in Table S37, for MGAE109/11 in Table S38, and for C7H10O2

in Table S41). Taking the TAE140 set as an example, the MAEs for AM1, RM1, PM7, OM2,

and OM3 are 9.09, 8.83, 6.51, 4.81, and 6.47 kcal/mol, respectively.

For the large variety of molecules and properties covered by the GMTKN30-CHNOF

set (Table S37) and by the CE345-CHNOF set (Table S38), RM1 tends to perform better

than AM1 and the PMx methods, but less well than the OMx methods. According to the

overall statistics for GMTKN30-CHNOF, the MAEs for AM1, RM1, PM7, OM2, and OM3

are 16.45, 12.43, 16.49, 7.94, and 7.17 kcal/mol, respectively. The corresponding MAEs for

CE345-CHNOF are 10.08, 9.31, 10.85, 6.40, and 6.89 kcal/mol, respectively.
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Table S34: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol), Relative
Energies (kcal/mol), Ionization Potentials (eV), Barriers (kcal/mol), Bond Lengths (Å), and
Bond Angles (degree) for the OVS7-CHNOF Benchmark Set: MNDO, AM1, RM1, PMx ,
and OMx

Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

Heats of formation
Radicals71 42 11.86 10.60 11.00 10.94 11.13 10.04 7.28 4.98 5.57
Anions24 24 14.41 11.29 12.34 9.59 11.43 10.65 11.55 8.37 9.56
Cations41 36 11.52 9.96 9.67 11.45 11.12 12.07 9.32 6.93 6.89
BIGMOL20 20 9.20 12.11 5.98 8.25 9.43 8.57 10.45 4.85 5.05
Conformers30 11 3.14 6.48 2.24 2.72 3.40 2.40 1.83 2.95 3.05
Isomers44 27 6.41 4.40 2.41 2.92 2.92 2.05 3.32 1.05 1.81
Fluorine91 91 11.13 11.05 9.83 7.76 9.04 8.17 7.17 7.15 7.34

Relative energies
Radicals71 4 13.00 10.09 11.01 9.94 11.78 10.61 8.74 3.95 5.46
Cations41 5 13.20 9.30 12.14 9.02 20.97 10.96 5.65 3.68 3.53
Isomers44 17 8.04 5.59 1.18 3.22 1.81 1.70 5.67 0.80 2.07

Ionization potentials
Radicals71 25 0.88 0.73 0.68 0.84 0.79 0.80 0.38 0.37 0.53

Barriers
Conformers30 19 2.38 2.00 1.78 2.17 2.65 2.46 1.50 1.26 1.34

Bond lengths
Fluorine91 455 0.027 0.022 0.022 0.015 0.017 0.021 0.015 0.016 0.022

Bond angles
Fluorine91 355 3.41 3.28 3.10 2.94 3.68 3.17 1.97 2.04 1.78
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Table S35: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol) and Relative
Energies (kcal/mol) for the G2G3-CHNOF Benchmark Set: MNDO, AM1, RM1, PMx , and
OMx

Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

Heats of formation
G2 93 7.71 7.44 5.55 6.86 5.69 5.14 4.64 3.37 3.83
G3 52 7.51 6.73 4.28 5.01 3.86 3.40 4.25 3.18 3.71
Alkanes28 22 3.26 8.81 2.62 2.03 4.20 1.76 2.16 1.91 0.72

Relative energies
Alkanes28 6 6.16 4.35 0.88 1.76 1.05 1.51 4.68 0.61 1.48

Table S36: Mean Absolute Errors in Calculated Atomization and Reaction Energies
(kcal/mol) for the W4-11-CHNOF Benchmark Set: MNDO, AM1, RM1, PMx , and OMx a

Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

TAE140 (corr.) 88 11.90 9.09 8.83 8.00 7.73 6.51 7.02 4.81 6.47
TAE nonMR124 (corr.) 80 9.45 8.26 7.23 7.28 7.73 6.75 6.25 4.84 6.05
BDE99 79 17.24 12.75 14.41 13.77 12.19 10.01 10.54 8.15 9.65
BDE99 (corr.) 79 14.91 10.86 12.64 12.22 10.56 8.26 8.28 6.25 7.51
HAT707 394 20.85 16.50 14.70 12.72 13.96 11.64 10.55 8.92 9.44
HAT707 (corr.) 394 21.08 16.70 14.82 12.74 13.89 11.52 10.83 9.17 9.73
ISOMER20 19 8.65 7.65 9.96 7.68 9.37 8.48 8.67 8.54 8.32
ISOMER20 (corr.) 19 8.90 7.77 10.21 8.09 9.23 8.33 8.47 8.34 8.13
SN13 13 8.23 7.70 5.07 4.98 5.43 3.14 4.02 5.55 4.31
SN13 (corr.) 13 7.30 6.01 4.22 4.05 4.39 3.59 5.14 5.36 4.98
a (corr.) means that energies are obtained by removing ZPVE and thermal corrections from the SQC

results (see text).
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Table S37: Mean Absolute Errors (kcal/mol) for the GMTKN30-CHNOF Benchmark Set:
MNDO, AM1, RM1, PMx , and OMx a

# Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

Overall 480 27.48 16.45 12.43 14.44 16.29 16.49 11.93 7.94 7.17
Overall*b 454 27.34 14.65 11.13 11.26 10.17 9.60 11.29 6.95 6.30

1 MB08-165 25 25.53 43.66 38.21 68.73 124.39 138.35 19.47 22.47 19.46
1 MB08-165 (corr.)c 25 26.52 31.84 36.12 52.27 119.53 134.55 11.04 12.20 15.03
2 W4-08 (corr.) 50 14.11 10.24 9.92 9.33 7.95 6.53 7.58 4.19 6.20

2a W4-08woMRd (corr.) 43 10.32 8.90 7.67 7.66 8.00 6.51 6.00 4.12 5.37
3 G21IP 15 24.75 28.12 26.58 20.41 35.74 32.29 22.45 12.00 11.45
4 G21EA 12 27.44 25.84 27.09 14.23 20.08 18.94 24.81 11.39 9.31
5 PA 8 12.48 12.87 10.46 16.12 18.45 21.46 4.96 14.82 11.99
6 SIE11 5 21.22 9.49 10.91 12.00 4.03 4.82 4.39 7.78 4.31
7 BHPERI 22 25.15 9.97 6.81 14.05 9.73 6.13 10.67 8.21 8.25
8 BH76 54 23.84 13.06 12.19 13.36 13.39 13.68 10.39 9.72 10.66
9 BH76RC 22 11.88 13.49 11.26 11.57 15.72 16.28 5.28 4.29 5.37

10 RSE43 34 5.00 3.55 4.97 4.02 6.10 5.83 3.74 4.31 5.24
11 O3ADD6e 6 14.90 10.57 5.51 9.87 2.03 26.84 4.01 12.24 10.97
12 G2RC 15 9.23 13.42 12.40 21.68 29.47 33.48 9.07 8.23 4.16
13 ISO34 34 7.44 6.45 4.18 4.04 3.46 2.92 4.45 4.44 4.37
14 ISOL22 18 16.76 10.25 7.64 8.27 7.41 6.55 7.99 5.31 6.05
15 DC9 7 41.46 35.75 28.70 25.99 17.39 21.94 26.38 25.02 24.69

15a DC9woC20f 6 24.66 15.68 14.55 13.30 5.18 8.64 11.40 13.59 13.20
15b C20g 1 142.25 156.16 113.62 102.09 90.66 101.72 116.24 93.63 93.61

16 DARC 14 13.10 4.65 5.04 5.32 3.91 4.26 4.10 7.24 4.91
17 BSR36 36 52.36 39.56 3.05 16.66 7.38 9.63 30.29 10.77 3.46
17 BSR36 (corr.)h 36 56.86 44.24 6.78 18.53 14.33 17.40 35.01 7.08 1.90
18 IDISP 6 34.58 13.52 7.29 8.58 13.78 16.82 13.69 7.34 6.19
19 WATER27 27 165.05 48.62 46.38 31.61 17.81 5.78 36.09 12.28 9.19
19 WATER27 (upd.)i 27 164.26 47.83 45.60 30.82 17.02 6.51 35.30 11.49 8.40
20 S22 22 16.74 6.78 5.85 5.91 3.37 0.76 5.10 3.05 3.54
21 ADIM6 6 11.37 3.14 3.19 0.48 2.78 0.22 4.30 3.13 4.09
22 PCONF 10 10.08 5.35 3.21 3.68 2.27 2.97 3.60 1.28 1.33
23 ACONF 15 1.97 0.44 0.25 0.44 0.56 0.56 0.52 0.64 0.86
24 SCONF 17 17.52 2.39 3.94 3.05 2.61 2.38 5.87 1.67 1.32
a (corr.) means that energies are obtained by removing ZPVE and thermal corrections from the SQC
results (see text). b Without MB08-165 and C20. c Upon geometry optimization, some of the artificial

molecules adopted structures very different from the reference geometries so that the computed corrections
may be less accurate in these cases (see text). d Subset W4-08 without multireference cases. e The adduct

O3+C2H2 is better described as open-shell singlet at OMx -Dn. f Subset DC9 without C20 bowl/cage
isomerization energy. g C20 bowl/cage isomerization energy. h For some SQC methods the corrections

suffer from large accumulation errors (see text). i Reference dissociation energies of four (H2O)20 clusters
were updated with more accurate values from Ref. S4 (see text).
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Table S38: Mean Absolute Errors (kcal/mol) for the CE345-CHNOF Benchmark Set:
MNDO, AM1, RM1, PMx , and OMx a

# Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

Overallb 186 15.33 10.08 9.31 9.85 10.94 10.85 7.91 6.40 6.89
1 MGAE109/11 (corr.) 74 7.89 6.94 5.91 6.73 7.42 6.28 4.98 4.26 4.73
2 IsoL6/11 6 9.25 4.63 3.46 3.74 2.41 2.05 7.68 1.99 3.22
3 IP21 4 25.29 21.39 30.79 19.48 61.38 55.91 31.85 13.24 11.91
4 EA13/03 4 28.56 21.36 25.57 11.75 16.67 18.20 31.16 9.80 9.18
5 PA8/06 4 11.68 16.27 15.63 19.52 25.28 29.98 4.83 25.04 17.89
6 ABDE12 (corr.) 12 28.94 17.92 22.43 21.64 18.39 19.92 8.19 8.98 10.52
7 HC7/11 7 17.97 16.24 4.69 6.26 4.57 9.18 12.81 8.66 6.75
8 πTC13 13 12.25 6.16 4.94 12.00 9.22 10.58 2.82 2.54 5.17
9 HTBH38/08 26 25.36 10.79 5.84 9.52 10.50 11.77 11.29 4.96 5.99

10 NHTBH38/08 23 22.16 15.16 18.03 15.66 16.44 15.53 9.60 13.64 14.18
11 NCCE31/05b 13 11.46 4.52 4.05 3.19 2.70 1.58 3.48 2.15 2.61
a (corr.) means that energies are obtained by removing ZPVE and thermal corrections from the SQC
results (see text). b SCF calculations of the NH3 · · · F2 complex in the NCCE31 subset could not be

converged with OM2 and OM3; thus we excluded this complex from the statistics.
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Table S39: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol), Bond
Lengths (Å), Bond Angles (degree), Dihedral Angles (degree), Ionization Potentials (eV),
and Dipole Moments (D) for the PDDG Benchmark Set and Its Subsets: MNDO, AM1,
RM1, PMx , and OMx

Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

Heats of formation
Overall 622 8.04 6.72 3.92 4.24 4.05 3.34 5.51 3.55 3.68
CH 254 7.92 5.63 3.76 3.40 3.70 3.19 4.92 2.30 2.38
CHN 89 6.01 7.30 4.10 4.61 4.54 4.63 6.77 5.01 4.86
CHO 238 8.03 7.15 3.92 4.55 4.12 3.01 4.97 3.86 4.58
CHNO 41 13.25 9.70 4.62 6.93 4.76 3.41 9.53 6.24 3.96

Bond lengths
Overall 153 0.013 0.016 0.013 0.011 0.012 0.011 0.012 0.014 0.018
CH 81 0.011 0.013 0.011 0.012 0.009 0.010 0.013 0.011 0.010
CHN 34 0.012 0.015 0.013 0.011 0.012 0.010 0.009 0.015 0.025
CHO 35 0.019 0.020 0.015 0.009 0.016 0.013 0.013 0.020 0.026
CHNO 3 0.024 0.038 0.026 0.009 0.026 0.018 0.010 0.027 0.044
C−H 38 0.008 0.011 0.008 0.008 0.010 0.012 0.009 0.010 0.013
C−C 52 0.012 0.015 0.011 0.012 0.011 0.010 0.013 0.010 0.010
C−−C 15 0.012 0.011 0.010 0.010 0.008 0.007 0.013 0.009 0.009
C−−−C 5 0.009 0.010 0.026 0.015 0.002 0.005 0.004 0.019 0.025
N−C 7 0.016 0.020 0.022 0.021 0.029 0.017 0.016 0.018 0.018
N−H 4 0.005 0.012 0.008 0.019 0.006 0.002 0.003 0.007 0.044
N−−−C 5 0.009 0.007 0.002 0.006 0.002 0.004 0.005 0.017 0.046
O−H 6 0.012 0.013 0.011 0.010 0.032 0.025 0.011 0.037 0.058
O−C 7 0.018 0.015 0.017 0.015 0.024 0.011 0.015 0.018 0.022
O−−C 9 0.014 0.021 0.007 0.006 0.006 0.007 0.011 0.015 0.019

Bond angles
Overall 54 2.97 1.98 2.28 2.09 2.15 2.12 2.04 2.17 1.90
CH 20 1.57 0.73 1.17 0.89 0.88 1.12 1.14 1.37 0.94
CHN 12 1.94 1.42 1.91 1.88 1.74 1.80 1.90 1.30 1.33
CHO 21 4.46 3.21 3.24 3.12 3.33 3.04 2.66 3.08 2.76
6 CCH 16 1.32 1.03 1.46 1.14 1.62 1.64 1.23 1.02 1.00
6 CCC 13 2.11 0.96 1.27 1.17 0.78 1.06 1.27 1.78 1.19
6 OCH 3 1.61 3.26 3.52 3.46 4.04 3.75 2.27 3.03 3.02
6 COH 3 7.71 2.38 3.78 2.91 5.41 6.16 2.43 2.75 3.23
6 OCC 5 2.18 2.06 2.25 2.38 2.13 2.01 1.62 2.59 1.81

Dihedral angles
Overall 6 26.42 19.94 14.98 28.90 28.88 28.87 8.02 8.53 5.74
CH 3 3.40 5.16 6.04 5.83 5.39 5.83 5.20 6.00 5.43
6 CCCC 3 3.40 5.16 6.04 5.83 5.39 5.83 5.20 6.00 5.43

Ionization potentials
Overall 97 0.70 0.53 0.47 0.60 0.52 0.52 0.48 0.37 0.60
CH 41 0.74 0.49 0.44 0.61 0.48 0.54 0.50 0.35 0.57
CHN 21 0.61 0.46 0.47 0.51 0.52 0.55 0.40 0.28 0.44
CHO 31 0.67 0.60 0.50 0.60 0.53 0.45 0.46 0.42 0.75
CHNO 4 1.00 0.83 0.64 1.01 0.83 0.74 0.85 0.66 0.66

Dipole moments
Overall 47 0.32 0.24 0.20 0.27 0.37 0.38 0.26 0.27 0.25
CH 10 0.24 0.15 0.11 0.15 0.26 0.26 0.10 0.11 0.11
CHN 14 0.52 0.46 0.35 0.38 0.52 0.55 0.43 0.25 0.30
CHO 20 0.20 0.12 0.14 0.22 0.34 0.34 0.23 0.34 0.27
CHNO 3 0.56 0.25 0.21 0.53 0.31 0.33 0.24 0.44 0.41
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Table S40: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol), Bond
Lengths (Å), Bond Angles (degree), Dihedral Angles (degree), Ionization Potentials (eV),
and Dipole Moments (D) for the PM7-CHNOF Benchmark Set and Its Subsets: MNDO,
AM1, RM1, PMx , and OMx

Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

Heats of formation
Overall 1168 11.26 9.30 4.84 5.51 4.43 3.78 8.25 4.85 4.83
DA 5 8.31 17.43 14.90 12.09 20.62 18.61 5.27 3.26 2.15
CH 310 13.67 9.85 4.94 5.23 4.72 4.18 9.23 4.16 3.63
CHN 214 7.63 7.19 4.47 5.32 3.73 3.42 7.90 5.43 5.69
CHO 373 9.26 8.03 4.56 5.42 4.33 3.40 6.43 4.22 5.18
CHF 32 6.73 8.15 5.16 6.25 3.77 4.54 2.42 3.50 2.44
CHNO 234 15.24 12.48 5.22 5.97 4.59 3.74 11.01 6.46 5.43

Bond lengths
Overall 175 0.026 0.020 0.015 0.015 0.015 0.013 0.015 0.015 0.019
DA 4 0.079 0.056 0.076 0.039 0.043 0.033 0.023 0.036 0.053
CH 74 0.010 0.014 0.012 0.012 0.009 0.010 0.013 0.011 0.011
CHN 31 0.011 0.015 0.011 0.011 0.013 0.010 0.010 0.014 0.020
CHO 31 0.015 0.015 0.010 0.009 0.012 0.009 0.011 0.016 0.021
CHF 18 0.016 0.015 0.014 0.013 0.009 0.012 0.013 0.016 0.020
CHNO 17 0.146 0.061 0.028 0.037 0.043 0.032 0.043 0.028 0.040

Bond angles
Overall 90 2.48 1.82 2.07 1.82 2.24 2.27 1.48 1.76 1.54
CH 32 1.61 1.01 1.74 0.76 2.14 2.33 0.64 0.90 0.49
CHN 20 1.62 1.19 1.00 1.53 0.96 1.08 1.39 1.44 1.35
CHO 20 3.47 2.08 2.44 2.33 2.31 2.12 1.79 2.33 1.98
CHF 11 2.59 2.38 2.06 1.43 2.35 2.18 1.45 1.47 1.11
CHNO 7 5.93 5.67 5.59 6.68 6.03 5.93 4.72 5.42 6.26

Ionization potentials
Overall 104 0.59 0.49 0.39 0.50 0.42 0.42 0.40 0.33 0.53
CH 36 0.62 0.37 0.32 0.48 0.38 0.43 0.39 0.25 0.47
CHN 18 0.58 0.33 0.26 0.34 0.36 0.38 0.43 0.28 0.42
CHO 29 0.66 0.60 0.48 0.57 0.41 0.37 0.41 0.44 0.77
CHF 14 0.34 0.68 0.43 0.41 0.36 0.39 0.27 0.34 0.29
CHNO 5 0.70 0.67 0.46 0.78 0.64 0.59 0.59 0.47 0.55

Dipole moments
Overall 58 0.34 0.25 0.25 0.27 0.35 0.33 0.26 0.24 0.22
CH 10 0.25 0.16 0.13 0.16 0.25 0.26 0.11 0.12 0.12
CHN 17 0.50 0.44 0.40 0.39 0.50 0.52 0.40 0.25 0.30
CHO 20 0.21 0.15 0.17 0.21 0.34 0.26 0.18 0.28 0.23
CHF 10 0.38 0.21 0.26 0.24 0.18 0.19 0.34 0.25 0.16
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Table S41: Mean Absolute Errors in Calculated Atomization Enthalpies at 298 K (kcal/mol)
for the C7H10O2 Benchmark Set

Subset N Method
MNDO AM1 RM1 PM3 PM6 PM7 OM1 OM2 OM3

Overall 6095 9.27 13.43 8.07 7.92 7.26 6.44 8.92 6.30 7.67
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