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1 Conversion of Semiempirical Heats of Formation to

Relative ZPVE-Exclusive Energies

MNDO-based and OMz 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 F;, as primary results.

Semiempirical heats of formation AH; 295 k at 298 K are calculated as: >

Nat

AHy a5k = > AHy 208k (A) — E5eek (1)
A

where N, is the number of atoms in a molecule, AH; 295 k (A) denotes the experimental
heats of formation of the constituent atoms at 298 K, and ESSSQE%F 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 ESthgZ%F 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.
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1.1 Conversion of Semiempirical Atomization Enthalpies at 298 K

to ZPVE-Exclusive Atomization Energies

The atomization enthalpy AHy 298 k at 298 K and the ZPVE-exclusive atomization energy
AE,; at 0 K are defined by Eqgs. [2] and [3] respectively:

Nat
AHgy 298k = Z AHy 998k (A) — AHj 295 (2)
A
Nat
AE’at = Z Etot (A) - Etot (3)
A

where Ej,; is the standard total energy (without any corrections).

As can be seen by comparing Egs. [I] and [2] the semiempirical conventions in the MNDO-
based and OMz methods imply that the SCF atomization “energy” represents the atomiza-
tion enthalpy at 298 K:

SQC-SCF _
Eosos k = AHap, 203 (4)

To convert the latter property to AFE,; we need to remove the thermal and ZPVE cor-
rections. Considering the thermal corrections first, the atomization enthalpy at a given

temperature 7' is given by:
Nat

AHy 1= Z Hp (A) — Hr (5)
A

The atomization enthalpies at 7' = 0 K and 1" = 298 K are thus related by:
AHgy 0k = AHyy 208 k + AHogs—o — AHS™s (6)

where A Hags g is the thermal correction for the enthalpy of the molecule and AHSE™s is the

sum of the corresponding corrections for the constituent atoms. These terms are evaluated
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as follows (with Thes = 298.15 K):

AHjs—0 = Eirans, Togs + Erot, Taos T Evib, Taes + F 1298 (7)

AH568"5 = Nat (Eirans, 208 k + RTa9s) (8)

using the classical limits for translation and rotation and the harmonic oscillator approxi-
mation for the vibrational contribution.
The conversion from AH, ok to AE, is accomplished by removing the ZPVE contri-

bution, which is again computed in the harmonic oscillator approximation:
AE,u = AHy ok +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 AH,; 298 k
at 298 K to ZPVE-exclusive atomization energies AF,; 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:

sp_ SP Opt Opt
AE, = AH, o5k + AE" — AH o0 k

o o
= AHftl,jzgs K T AHat,p% k + ZPVE?" — AHat%% K

at,

— AHSP + (AHOP  — AHOP + ZPVEC? 10
298 K at, 0 K at, 298 K
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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

'reactant.s PTOdUCtS

Z M—>ZM (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:

Nproducts Nreactunts
A[{T7 208 K = Z AHf’ 298 K (M]) - Z A-[—-If7 298 K (MZ) (12)
j %
Nproducts Nreactants
AE, = Z Eor (M) — Z Eior (M) (13)
j %

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:

Nproducts Nreactants
AE = Y Ea(My) = Y Ei(M)
j %

Nproducts Nat(Mj)

— Z Z Eior (A) — AEq (M)

j -

N’reactunts Nllt

- > Z Eior (A) = AEy (M;)

7

at all product s
E Etot § AEat
at all Nreactants
E Eiot (A) + E AFEq (M;)
produ(‘te Nreactants

Z ABu (M)~ ) A (M) (14)
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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), Tonization Potentials (eV), Barriers (kcal/mol), Bond Lengths (A), and
Bond Angles (degree) for the OVS7-CHNOF Benchmark Set at the OMz-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 8.81 947 947 6.43 13.62 13.62
Conformers30 11 7.05 6.59 6.56 4.17 9.84 9.80
Isomers44 27 4.88 4777  4.75 4.29 7.82 7.80
Fluorine91 91 759 759 7.59 7.29 7.49 7.49

Relative energies

Radicals71 4 394 395 395 5.43 5.46 5.46
Cations41 5 3.6 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 25 037 036 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 OMz-Dn Methods

Method
Subset N OM2 OM3
D2 D3 D3T D2 D3  D3T
Heats of formation
G2 93 3.98 4.01 4.01 4.17 504 5.04
G3 52 6.25 6.31 6.30 532 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
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Table S3: Mean Absolute Errors in Calculated Heats of Formation (kcal/mol), Bond Lengths
(A), Bond Angles (degree), Dihedral Angles (degree), Ionization Potentials (eV), and Dipole
Moments (D) for the PDDG Benchmark Set and Its Subsets: OMz-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 254 834  7.92 8.16 6.34 11.96 11.92
CHN 89 597  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 41 538  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

52 0.010 0.010 0.012 0.010  0.010  0.010
15 0.009 0.009  0.009 0.010  0.009  0.009
5 0.019 0.019 0.019 0.025  0.025  0.025
7 0.018 0.018 0.018 0.018 0.018 0.018
4 0.007 0.007  0.007 0.044 0.044 0.044
5 0.017 0.017  0.017 0.046  0.046  0.046
6
7
9

0.037 0.037  0.037 0.057  0.057  0.057

0.018 0.018  0.018 0.022  0.022  0.022

0.015 0.015  0.015 0.019  0.018 0.018
Bond angles

OOOZ%ZOQQ
oaomazmaaaa

Overall 54 2.18 217 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
/CCH 16 1.04 1.03 1.03 1.01 1.01 1.01
/CCC 13 1.86 1.82 1.82 1.30 1.26 1.26
/OCH 3 3.03 3.04 3.04 3.01 3.03 3.03
/COH 3 27 273 2.73 3.25 3.18 3.18
LOCC 5 258  2.58 2.58 1.76 1.79 1.79
Dihedral angles
Overall 6 862 856 16.10 5.91 5.81 5.81
CH (£CCCCQC) 3 6.06 6.04 21.10 5.50 5.50 5.50
Tonization potentials
Overall 97 0.37  0.37 0.38 0.60 0.60 0.60
CH 41 035 0.35 0.36 0.57 0.57 0.57
CHN 21 029 0.29 0.29 0.44 0.44 0.44
CHO 31 042 042 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 14 024 025 0.25 0.30 0.30 0.30
CHO 20 034 0.34 0.34 0.27 0.27 0.27
CHNO 3 044 044 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
(A), Bond Angles (degree), Dihedral Angles (degree), Ionization Potentials (eV), and Dipole
Moments (D) for the PM7-CHNOF Benchmark Set and Its Subsets: OMz-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 32 094 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 20 231 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 7 537 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 5 047 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, 566, 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 OMz

Subset N Method
MNDO AM1 PM3 PM6 OM1 OM2 OM3
A24-CHNOF
Overall*@ 21 4.96 1.53 133 1.25 1.60 0.89 1.11
Overall 20  4.66 149 1.37 091 1.40 0.76 091
H-bonded 5 9.72 334 264 297 3.04 179 1.86
H-bonded** 4 942 360 319 169 237 139 1.05
Mixed 10  4.57 1.25 131 07 146 0.70 1.05
Dispersion 6 1.63 048 0.27  0.65 0.63 044  0.58
S66
Overall 66 13.54 5.18 433 270 419 266 @ 3.11
Electrostatic 23 19.45 713 547 342 544 296 3.24
Mixed 20 9.74 3.96 3.18 2.03 3.18 1.82 2.50
Dispersion 23 10.94 464 419 257 3.82 310 3.52
S66a8
Overall 528  9.26 340 317 1.89 291 1.96  2.29
Electrostatic 184 14.05 451 460 231 3.80 235 2.63
Mixed 160  6.86 2.64 227 157 235 139 1.88
Dispersion 184  6.56 295 251 1.75 251 207 230
JSCH-2005-CHNOF
Overall 134 18.64 899 861 473 6.33 497 5.15
Overall*® 128 18.57 9.01 863 458 6.17 481 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 14.75 593 560 466 6.29 513 5.88
Amino acid pairs*® 11  11.89 4.52 426 288 446 329 397
S7L
Overall 7 20.27 1236 9.29 793 10.13 9.69 10.08
- 5 18.76 14.55 12.84 827 9.81 10.67 10.25
S30L-CHNOF
Overall 24 80.79 37.55 37.10 18.07 27.60 21.33 24.14
m-m stacking 7 85091 56.95 53.38 25.92 34.26 31.15 32.54
H-bonded® 8 87.40 27.00 31.21 13.68 26.31 16.23 20.41
Charged complexes® 8 82.66 31.09 31.75 14.04 23.38 16.22 19.40
AF6

Folding enthalpies 6 14.37 335 059 164 500 338 5.11
Folding energies 6 14.54 3.52 076 1.81 517 3.55  5.28

@ Without HF - - - HF complex, see text. ® Without complexes of charged amino acids, see text. ¢ Two
complexes correspond to both H-bonded and charged complexes subsets; see Ref. [S2l
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Table S6: Mean Absolute Errors in Selected Interatomic Distances (A) and Angles (degree)
for the A24-CHNOF, S66, S7L, and AF6 Benchmark Sets for Geometries Optimized with
MNDO, AM1, PM3, PM6, and OMz

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
S7TL
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
AFG6
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

S15



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 OMz

Subset N Method
MNDO AM1 PM3 PM6 OM1 OM2 OM3
A24-CHNOF
Interaction energies without deformation energies of monomers
Overall 18 2.01 111 122 0.89 1.14 0.70 091
H-bonded 5 3.77 191 183 1.7 155 139 1.14
Mixed 10 1.54 094 105 059 1.09 041 0.88
Dispersion 3 0.66 035 077 045 0.66 0.52 0.65
Interaction energies
Overall 18 2.01 111 125 089 115 0.72 091
H-bonded 5 3.7 191 195 1.78 156 1.41 1.10
Mixed 10 1.54 094 105 058 1.09 043 0.89
Dispersion 3 0.66 0.36 076 045 0.66 0.52 0.65
S66
Interaction energies without deformation energies of monomers
Overall 66 5.00 3.15 284 202 329 179 3.0
Electrostatic 23 7.93 454 502 267 450 192 432
Mixed 20 3.48 251 1.89 168 260 136 2.03
Dispersion 23 3.40 231 147 1.68 269 203 2.67
Interaction energies
Overall 66 5.00 3.19 295 222 335 200 227
Electrostatic 23 793 4.60 536 3.12 460 247 211
Mixed 20 3.48 253 190 1.7 260 139 2.04
Dispersion 23 3.40 235 146 1.75 274 206 2.63
S7L
Interaction energies
Overall 7 854 763 631 515 846 735 837
T 5 829 8.18 765 683 822 8.04 8.09
AF6
Folding enthalpies 6 2.61 281 194 161 348 254 295
Folding energies 6 2.78 299 177 178 3.65 271 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 OMz-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 5 195 093 0.96 0.96 0.95 1.09 1.09
Mixed 10 039 050 0.52 0.52 0.34 037 0.37
Dispersion 3 007 022 014 0.14 0.15 0.03 0.03
Interaction energies
Overall 18 0.77 0.57 0.58 0.57 0.45 049 0.49
H-bonded 5 192 094 098 0.98 0.85 1.01 1.01
Mixed 10 039 048 0.51 0.50 0.34 037 0.37
Dispersion 3 007 021 0.14 0.13 0.15 0.03 0.03
S66
Interaction energies without deformation energies of monomers
Overall 66 1.05 097 1.02 0.98 1.59 1.7 1.73
Electrostatic 23 095 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 23 119 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 23 114 128 123 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 23 114 0.61 0.75 0.63 0.30 0.64 0.57
S7L
Interaction energies
Overall 7 6.02 233 246 224 1.21 254 1.63
T 5 524 099 043 0.73 0.63 2.20 1.50
AF6

Folding enthalpies 6 0.87 049 0.60 0.41 0.27 0.16 0.39
Folding energies 6 077 044 0.55 0.36 0.44 031 0.56
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3 Tables: Numerical Results for Individual Molecules

and Properties
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