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S1 Further details on GEO and GEO′

For an approximate electronic structure method, the total error is given by:

∆E = Ẽ
(
G̃0

)
− E (G0) , (S1)

and thus contains errors both due to the approximate geometry and approximate energy (see

Section 1 (Introduction) for the definition of the quantities in Eq S1). To decompose this error

into GEO and non-geometric parts (’purely energetic components’, denoted by P and P ′ below),

we add and subtract E
(
G̃0

)
to the r.h.s of Eq. S1:

∆E = E
(
G̃0

)
− E (G0)︸ ︷︷ ︸

GEO≥0

+ Ẽ
(
G̃0

)
− E

(
G̃0

)
︸ ︷︷ ︸

P

. (S2)

Adding and subtracting Ẽ (G0) to the r.h.s of Eq. S1 we obtain an alternative form of Eq. S2:

∆E = Ẽ
(
G̃0

)
− Ẽ (G0)︸ ︷︷ ︸

−GEO′≤0

+ Ẽ (G0)− E (G0)︸ ︷︷ ︸
P ′

. (S3)

The signs of GEO and GEO′ also dictate the following chain of inequalities:

P ≤ ∆E ≤ P ′. (S4)

Since GEO is typically very accurately approximated by GEO′, then we also have: GEO ≈
1
2

(P ′ − P ). As discussed in Ref. 1, for equilibrium structures (minima of potential energy sur-

faces), GEO and GEO′ are always positive, whereas their signs for transition states (the first

order saddle points of potential energy surfaces) are not definite.
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S2 Computational details

All calculations except for ones stated in the next paragraph have been performed with the G16

package,2 with ’tight’ convergence criteria for geometry optimizations, and with ’ultrafine’ grids

for DFT calculations. For the LDA functional, the Slater exchange was combined with VWN

correlation (SVWN).3

Calculations using 3c methods (Section 3.5), and using different version of MP2 for the phenyl

radical, have been performed with the ORCA 5.0.0. package.4 These MP2 calculations have been

performed within the resolution of the identity (RI) approximation.
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S3 Set of accurate semixperimental B2se structures

used in the present work
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1. allene

0.9207

2. C2H2

0.5576

3. C4H2

1.1418 4. CH2CHF

0.7439

5. CH2ClF

0.5544
6. cis-acrolein

1.1316

7. cis-CHFCHCl

0.8435 8. cyclobutene

1.2745

9. dioxirane

0.6312
10. H2CO

0.4969

11. H2O

0.2185

12. HCN

0.4738

13. HCO+

0.4882

14. HNC

0.4499

15. HNCCN+

1.0922
16. NH3

0.3091

17. oxirane

0.8189 18. pyridazine

1.7326

19. SH3+

0.3108

20. trans-acrolein

1.1352
21. trans-glyoxal

0.9808

22. 123-thiadiazole

1.2557

23. 124-thiadiazole

1.2905
24. 125-thiadiazole

1.2755

25. 134-thiadiazole

1.2705 26. 2-fluoropyridine

1.9917

27. 2-thiouracil

2.2956 28. 3-fluoropyridine

1.968

29. aziridine

0.9023
30. benzene

1.9311

31. butadiene

1.2842
32. CCl2F2

0.8333

33. CH2Cl2

0.534

34. CH2F2

0.5753

35. CHClF2

0.6984
36. cis-formic_acid

0.7328

37. cis-methyl_formate

1.0732

38. cyclopropane

0.9897

39. dimethyl_ether

0.912 40. ethene

0.643

41. ethenol

0.8542 42. furan

1.4805

43. glycolaldehyde

1.0543

44. glyoxylic_acid

1.2296

45. imidazole

1.5407

46. isocyanic_acid

0.7623

47. isothiocyanic_acid

0.7222
48. ketene

0.7866

49. maleic_anhydride

1.8553

50. peroxyformic_acid

0.8699
51. phenylacetylene

2.4929

52. propadienethione

1.0337

53. propadienone

1.0621
54. propanal

1.2002

55. propene

0.9976
56. pyrazole

1.5171
57. pyridine

1.8573

58. pyrimidine

1.7848
59. pyrrole

1.6178

60. pyruvic_acid

1.5872

67. uracil

2.3519

Structure

name

D (10  kcal/mol)4

Figure S1: B2se set of molecules with their D values in 104 kcal/mol. The phenyl radical, as
the only open-shell B2se species is excluded here and is analysed separately in Section 4.4.
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Figure S2: GEO′ for B3LYP/AVQZ (left) and TPSS/AVQZ (right) w.r.t. to CCse reference
geometries (blue) and B2se reference geometries (red) for selected molecules
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Figure S3: GEO′ values on the log scale measured against the B2se structures of small
molecules. For HF and CCSD(T) calculations, we use the cc-pVnZ basis set for the H atom
and aug-cc-pCVnZ basis set for all other atoms, with n = 5 for molecules #1 to #5, and
n = Q for molecules #6 and #7. For PBE, B2PLYP and B3PLYP calculations, aug-cc-
pVQZ was used.
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Figure S4: Plots showing how GEO′ for the water molecule measured against its B2se
structure changes as we go from HF to CCSD(T) via FC-CCSD and FC-CCSD(T), where
FC stands for the frozen core approximation. Aug-cc-pCVnZ basis set was used for the O
atom and cc-pVnZ for the H atom (note the log-scale on the y-axis.
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S4 More basis set dependence results
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Figure S5: Same as Figure 3, but for more approximations.
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Figure S6: Same as Fig. S5, but for a full range of GEO′ values for HF and BLYP.
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Figure S7: γ′ bars, same as Fig. 6, but within the VnZ basis set (no diffuse functions).
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Figure S8: Same as Fig. S5, but showing the γ′ results in place of GEO′.
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S5 Accuracy of hybrids for molecular geometries as a

function of the amount of exact exchange
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Figure S9: Same as the bottom panel of Fig. 7, but showing the γ′ results in place of GEO′.
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Figure S10: Optimal α values (ones giving the lowest GEO′) for α-PBE at the three basis
sets for each of the B2se molecules. The dashed horizontal lines go through the α values that
minimize mean GEO′ for B2se. The molecules are ordered such that their optimal α within
the AVQZ basis set increases as we go from the left to the right. The underlying molecular
structures ordered in this way are given in Figure S13.
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Figure S11: Mean GEO′ values of the α-PBE and α-BLYP as a function of α (amount of
the exact exchange mixing). Aug-cc-pVTZ basis set was used in all calculations. α-PBE and
α-BLYP stand for exchange-correlation functionals where the α-amount of exact exchange
replaces the semilocal exchange used in PBE and BLYP, respectively. BLYP employs B88
exchange5 and LYP correlation,6 whereas PBE employs PBE exchange and PBE correlation.
7 Note the log-scale on the y-axis.
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Figure S12: Plots comparing AVDZ and VDZ mean GEO′ for α-PBE as a function of α for
the B2se dataset.
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Figure S13: The order of molecules of the plot in Fig. S10.
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S6 Geometric performance of Grimme’s ’3-c’ compos-

ite methods
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Figure S14: Same as Fig. 9, but for a full range on the y-axes.
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S7 Breakdown of GEO′ into contributions due to errors

in specific geometric parameters for selected B2se

molecules
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Figure S16: GEO′s analysis for allene: (a) 2D structure; (b) GEO′s, ∆A, and ∆C values from
approximations within the AVQZ basis set (note the log-scale on the y axes). The breakdown
of GEO′s into different components from approximate methods within: (c) AVQZ; (d) AVTZ;
(e) AVDZ basis set. The approximations in all panels are ranked by the GEO′s values in (c).
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Figure S18: GEO′s analysis for acetylene: (a) 2D structure; (b) GEO′s, ∆A, and ∆C values
from approximations within the AVQZ basis set (note the log-scale on the y axes). The
breakdown of GEO′s into different components from approximate methods within: (c) AVQZ;
(d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the GEO′s
values in (c).

S20



(a) molecular structure

GEOs
'

|ΔA|

|ΔA+ΔC|

B
2
P
LY
P

T
P
S
S
h

M
N
1
5

B
3
LY
P

P
B
E
0

T
P
S
S

M
0
6
-
L

M
N
1
5
-
L

M
0
6

M
0
6
-
2
x

ω
B
9
7
X
-
D

B
LY
P

M
P
2

M
11

ω
B
9
7

P
B
E

L
D
A

M
0
6
-
H
F

M
11

-
L

H
F

10-5

10-4

0.001

0.010

0.100

1

e
rr
o
r
(k
c
a
l/m

o
l)

(b) AVQZ

triple bond(s)

single bond(s)

B
2
P
LY
P

T
P
S
S
h

M
N
1
5

B
3
LY
P

P
B
E
0

T
P
S
S

M
0
6
-
L

M
N
1
5
-
L

M
0
6

M
0
6
-
2
x

ω
B
9
7
X
-
D

B
LY
P

M
P
2

M
11

ω
B
9
7

P
B
E

L
D
A

M
0
6
-
H
F

M
11

-
L

H
F

0.0

0.5

1.0

1.5

2.0

k
c
a
l/m

o
l

(c) AVQZ

triple bond(s)

single bond(s)

B
2
P
LY
P

T
P
S
S
h

M
N
1
5

B
3
LY
P

P
B
E
0

T
P
S
S

M
0
6
-
L

M
N
1
5
-
L

M
0
6

M
0
6
-
2
x

ω
B
9
7
X
-
D

B
LY
P

M
P
2

M
11

ω
B
9
7

P
B
E

L
D
A

M
0
6
-
H
F

M
11

-
L

H
F

0.0

0.5

1.0

1.5

2.0

k
c
a
l/m

o
l

(d) AVTZ

B
2
P
LY
P

T
P
S
S
h

M
N
1
5

B
3
LY
P

P
B
E
0

T
P
S
S

M
0
6
-
L

M
N
1
5
-
L

M
0
6

M
0
6
-
2
x

ω
B
9
7
X
-
D

B
LY
P

M
P
2

M
11

ω
B
9
7

P
B
E

L
D
A

M
0
6
-
H
F

M
11

-
L

H
F

0.0

0.5

1.0

1.5

2.0

k
c
a
l/m

o
l

(e) AVDZ

Figure S20: GEO′s analysis for buta-1,3-diyne: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S22: GEO′s analysis for fluoroethene: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S24: GEO′s analysis for chlorofluoromethane: (a) 2D structure; (b) GEO′s, ∆A, and
∆C values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S26: GEO′s analysis for prop-2-enal: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S28: GEO′s analysis for (Z)-1-chloro-2-fluoroethene: (a) 2D structure; (b) GEO′s,
∆A, and ∆C values from approximations within the AVQZ basis set (note the log-scale on
the y axes). The breakdown of GEO′s into different components from approximate methods
within: (c) AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are
ranked by the GEO′s values in (c).
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Figure S30: GEO′s analysis for cyclobutene: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S32: GEO′s analysis for formaldehyde: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S34: GEO′s analysis for formonitrile: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S36: GEO′s analysis for HNCCN+: (a) 2D structure; (b) GEO′s, ∆A, and ∆C values
from approximations within the AVQZ basis set (note the log-scale on the y axes). The
breakdown of GEO′s into different components from approximate methods within: (c) AVQZ;
(d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the GEO′s
values in (c).

S29



(a) molecular structure

GEOs
'

|ΔA|

|ΔA+ΔC|

B
2
P
LY
P

T
P
S
S
h

M
0
6
-
L

ω
B
9
7

B
3
LY
P

ω
B
9
7
X
-
D

M
0
6
-
2
x

M
N
1
5

P
B
E
0

T
P
S
S

M
N
1
5
-
L

M
11

M
0
6

P
B
E

M
0
6
-
H
F

M
P
2

L
D
A

B
LY
P

M
11

-
L

H
F

0.001

0.010

0.100

1

e
rr
o
r
(k
c
a
l/m

o
l)

(b) AVQZ

angle(s)

single bond(s)

aromatic bond(s)

B
2
P
LY
P

T
P
S
S
h

M
0
6
-
L

ω
B
9
7

B
3
LY
P

ω
B
9
7
X
-
D

M
0
6
-
2
x

M
N
1
5

P
B
E
0

T
P
S
S

M
N
1
5
-
L

M
11

M
0
6

P
B
E

M
0
6
-
H
F

M
P
2

L
D
A

B
LY
P

M
11

-
L

H
F

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

k
c
a
l/m

o
l

(c) AVQZ

angle(s)

single bond(s)

aromatic bond(s)

B
2
P
LY
P

T
P
S
S
h

M
0
6
-
L

ω
B
9
7

B
3
LY
P

ω
B
9
7
X
-
D

M
0
6
-
2
x

M
N
1
5

P
B
E
0

T
P
S
S

M
N
1
5
-
L

M
11

M
0
6

P
B
E

M
0
6
-
H
F

M
P
2

L
D
A

B
LY
P

M
11

-
L

H
F

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

k
c
a
l/m

o
l

(d) AVTZ

B
2
P
LY
P

T
P
S
S
h

M
0
6
-
L

ω
B
9
7

B
3
LY
P

ω
B
9
7
X
-
D

M
0
6
-
2
x

M
N
1
5

P
B
E
0

T
P
S
S

M
N
1
5
-
L

M
11

M
0
6

P
B
E

M
0
6
-
H
F

M
P
2

L
D
A

B
LY
P

M
11

-
L

H
F

0.0

0.5

1.0

1.5

k
c
a
l/m

o
l

(e) AVDZ

Figure S38: GEO′s analysis for 1,3,4-thiadiazole: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S40: GEO′s analysis for benzene: (a) 2D structure; (b)GEO′s, ∆A, and ∆C values from
approximations within the AVQZ basis set (note the log-scale on the y axes). The breakdown
of GEO′s into different components from approximate methods within: (c) AVQZ; (d) AVTZ;
(e) AVDZ basis set. The approximations in all panels are ranked by the GEO′s values in (c).
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Figure S42: GEO′s analysis for buta-1,3-diene: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S44: GEO′s analysis for methyl formate: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S46: GEO′s analysis for ethylene: (a) 2D structure; (b) GEO′s, ∆A, and ∆C values
from approximations within the AVQZ basis set (note the log-scale on the y axes). The
breakdown of GEO′s into different components from approximate methods within: (c) AVQZ;
(d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the GEO′s
values in (c).
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Figure S48: GEO′s analysis for furan: (a) 2D structure; (b) GEO′s, ∆A, and ∆C values from
approximations within the AVQZ basis set (note the log-scale on the y axes). The breakdown
of GEO′s into different components from approximate methods within: (c) AVQZ; (d) AVTZ;
(e) AVDZ basis set. The approximations in all panels are ranked by the GEO′s values in (c).
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Figure S50: GEO′s analysis for glyoxylic acid: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVQZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVQZ; (d) AVTZ; (e) AVDZ basis set. The approximations in all panels are ranked by the
GEO′s values in (c).
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Figure S52: GEO′s analysis for furan-2,5-dione: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVTZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVTZ; (d) AVDZ basis set. The approximations in both panels are ranked by the GEO′s
values in (c).
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Figure S54: GEO′s analysis for ethynylbenzene: (a) 2D structure; (b) GEO′s, ∆A, and ∆C

values from approximations within the AVTZ basis set (note the log-scale on the y axes).
The breakdown of GEO′s into different components from approximate methods within: (c)
AVTZ; (d) AVDZ basis set. The approximations in both panels are ranked by the GEO′s
values in (c).
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Figure S56: GEO′s analysis for 1H-pyrrole: (a) 2D structure; (b) GEO′s, ∆A, and ∆C values
from approximations within the AVTZ basis set (note the log-scale on the y axes). The
breakdown of GEO′s into different components from approximate methods within: (c) AVTZ;
(d) AVDZ basis set. The approximations in both panels are ranked by the GEO′s values in
(c).
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Figure S58: GEO′s analysis for 1H-pyrimidine-2,4-dione: (a) 2D structure; (b) GEO′s, ∆A,
and ∆C values from approximations within the AVTZ basis set (note the log-scale on the
y axes). The breakdown of GEO′s into different components from approximate methods
within: (c) AVTZ; (d) AVDZ basis set. The approximations in both panels are ranked by
the GEO′s values in (c).
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Figure S59: GEO′ contributions from errors in each of the bond length for the phenyl radical.
AVTZ used in all calculations.
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