Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2021

Supporting Information:
Impact of Van der Waals interactions on
structural and nonlinear optical properties of

azobenzene switches

Carmelo Naim,# Frédéric Castet,** and Eduard Matito™ 1

TDonostia International Physics Center (DIPC), Manuel Lardizabal Ibilbidea 4, 20018
Donostia, Fuskadi, Spain
IInstitut des Sciences Moléculaires (ISM, UMR CNRS 5255), University of Bordeaux, 351
Cours de la Libération, 33405 Talence, France

Y Ikerbasque Foundation for Science, 48011 Bilbao, Fuskadi, Spain

E-mail: frederic.castet@u-bordeaux.fr; ematito@gmail.com

S-1



Contents

1 Performance of RI-CC2 and RI-MP2 methods for dispersion interactions S-3

2 Impact of the basis set S-5
3 Density functional approximations S-5
4 Correlation indicators for CC2 calculations S-6
5 (Geometrical parameters of F isomers S-7
6 RMSD analysis without hydrogens S-8
7 RMSD analysis with hydrogens S-16
8 Relative Z-FE energies S-25
8.1 CC2wus MP2. . . . . . . e S-25
8.2 DFT relative Z-FE energies . . . . . . . . . . .. S-27
9 Calculations for the Ph molecule S-34
10 Nonlinear Optical properties S-35
10.1 Reference RI-MP2 results . . . . . . . . . . ... ... ... ... ...... S-35
10.2 ab initio results . . . . . .. S-36
10.3 DFT results . . . . . . . . . . S-37
11 PNOC analysis S-41
References S-45

S-2



1 Performance of RI-CC2 and RI-MP2 methods for
dispersion interactions

In order to verify that the choice of RI-CC2 as reference geometry is valid for the systems
under investigation, we evaluated the performances of both RI-CC2 and RI-MP2 meth-
ods on the benchmark dataset Diet-GMTKN55.5! Among all the molecules of the set we
reproduced 20 energy differences which belong to the subset of ”Intramolecular noncova-
lent interactions”, namely the molecules of Diet-GMTKN55 which also belong to the sets:
ACONF, BUT14DIOL, IDISP, MCONF, PCONF21, SCONF and UPU23. The calculations
have been performed using the cc-pVDZ basis set. The results are reported in Table S1.
Both RI-CC2 and RI-MP2 methods reproduce the reference data to a good accuracy (the

MAE is 1.93 for RI-CC2 and 1.76 for RI-MP2).
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Table S1: Collection of the energies of the Intramolecular non-covalent interactions on the
Diet-GMTKNbS5. On the first column is indicated the name of the corresponding subset,
while on the second and third columns the molecules considered as reactant and product for
the calculation of the energy difference. All the energies are in kcal/mol. The geometries
and reference methods can be found in the reference paper.S!

Dataset Reactants | Products | AEgcs | AEri—cc2 | AERI—MmP2
ACONF H_ttt H.g+x-t+ | 2.63 2.78 2.79
H_ttt H x+g-g- 3.08 3.26 3.29
BUt14DIOL B1 B3 0.30 0.50 0.44
B1 B30 2.85 4.24 4.15
B1 B33 2.63 5.57 5.25
B1 B39 3.06 4.71 4.58
B1 B40 3.10 5.40 5.05
B1 B43 3.29 4.97 4.75
B1 B44 3.59 6.04 5.67
B1 B54 3.15 6.04 5.67
IDISP octanel octane2 -1.21 4.27 3.53
MCONF 1 12 4.45 4.31 3.83
1 21 3.11 5.60 5.38
1 31 4.86 6.62 6.42
PCONF21 99 366 0.70 3.96 3.62
SCONF Gl G3 6.16 -0.63 0.29
UPU23 2p 1b 2.97 1.20 1.80
2p 1g 2.20 1.58 1.81
2p Ta 7.26 7.43 5.80
2p 4b 5.48 5.74 5.80
RMSE 1.41 1.28
MAE 1.93 1.76
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2 Impact of the basis set

Table S2: Z-F energy differences (AEgyz, kcal/mol) calculated at the RI-CC2 level using the
cc-pVDZ and cc-pVTZ basis sets.

a(R=H) b (R=Me)

cc-pVDZ 11.5 10.9
cc-pVTZ 10.8 10.0
Difference 0.7 0.9

Table S3: RMSD (A) between geometries optimized at the RI-CC2/cc-pVDZ and RI-
CC2/cc-pVTZ levels for £ and Z isomers.

Molecule RMSD (E) RMSD (2)
a (R = ) 0.000 0.000
b (R=NMe)  0.000 0.026

3 Density functional approximations

Table S4: DFT exchange-correlation functionals (DFAs) considered in this study, with the
type of approximation, amount of exact HF exchange (HFX) and applied dispersion correc-
tion (Disp.).

DFA acronym Type % of HFX Ref. Disp.

PBE pure GGA 0 S2 PBE-D3

MO6L pure GGA 0 S3 -

rPW86PBE  pure GGA 0 S4 rPW86PBE-VV
B3LYP hybrid GGA 20 S5 B3LYP-D3
PBEO hybrid GGA 25 S6 PBE0-D3

MO6 hybrid GGA 27 S3 ]

BH&H hybrid GGA 50 S7 (G16 version) -

M06-2X hybrid GGA 57 S3 M06-2X-D3
MO6-HF hybrid GGA 100 S3 -

CAM-B3LYP hybrid RS (0.33) 19 (SR), 65 (LR) S8 CAM-B3LYP-D3
LC-wPBE hybrid RS (0.40) 0 (SR), 100 (LR) S9 LC-wPBE-D3
LC-wPBEO8  hybrid RS (0.45) 0 (SR), 100 (LR) S4 LC-wPBE(08-VV
LC-BLYP hybrid RS (0.47) 0 (SR), 100 (LR) S10 -

Ta-BLYP hybrid RS (variable) 0 (SR), 100 (LR) S11 -

wBITX hybrid RS (0.30) 15.8 (SR), 100 (LR) ~ S12 wBI7X-D
wBITX-D hybrid RS (0.20)  22.2 (SR), 100 (LR)  S13 ]

GGA: Generalized Gradient Approximation; RS: Range Separated (with standard range
parameter w given in Bohr™!); SR: Short Range; LR: Long Range.
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4 Correlation indicators for CC2 calculations

Table S5: Evaluation of D1 and Iyp diagnostic calculated on the optimized geometry at
the CC2 level with the cc-pVDZ basis set. The D1 threshold for molecules with a potential
multireference character is 0.05. In the case of Iyp, we can take the dissociation of the
Hs molecule as a reference. The dissociated molecule gives Iyp = 0.5, whereas Iyp =
0.025 corresponds to the equilibrium geometry of Hs molecule.5™ In the present case, all
the molecules display Inp < 0.025, and, hence, they are not expected to present large
multireference character.

Isomer E A

Molecule D1 Inp D1 Inp
a (R =H) 0.046 0.023 | 0.0563 0.024
b (R =Me) | 0.049 0.022 | 0.053 0.022
c (R =1Pr) | 0.049 0.021 | 0.051 0.021
d (R = tBu) | 0.050 0.021 | 0.052 0.021

e (R="Ph) |0.048 0.024 | 0.050 0.025
f(R=Cy) |0.050 0.020 | 0.051 0.020
g (R=Ad) |0.051 0.020 |0.052 0.021
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5 Geometrical parameters of E isomers

Table S6: Characteristic distances and angles in the E isomers of the investigated molecules
(Figure 1), as calculated at the RI-CC2, RI-MP2 and HF methods levels.

Molecule dNN [A] dNC [A] HNNC [o] ¢CNNC [O]
HF /ce-pVDZ

a (R =H) 122 143 116 180
b (R = Me) 1.22 1.43 116 180
¢ (R = iPr) 122 143 116 180
d (R = {Bu) 122 143 116 180
e (R = Ph) 1.22 1.43 116 180
f (R =Cy) 122 143 116 180
g (R=Ad) 1.22 1.43 116 180
RI-MP2/cc-pVDZ

a(R=H) 1.28 1.43 113 180
b (R = Me) 128 142 113 180
¢ (R = iPr) 128 142 113 180
d (R = tBu) 1.28 1.42 113 180
e (R = Ph) 1.28 1.42 113 180
f (R = Cy) 1.28 1.42 113 180
g (R = Ad) 128 142 113 180
RI-CC2/cc-pVDZ

a (R = H) 1.28 143 113 180
b (R = Me) 129 143 113 180
c (R = iPr) 129 143 113 180
d (R = tBu) 129 142 113 180
e (R = Ph) 1.29 1.43 113 180
f (R = Cy) 129 142 114 180
g (R = Ad) 120 142 113 180




6 RMSD analysis without hydrogens
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Figure S1: RMSD without hydrogens between DF'T and CC2 geometries for trans isomers,
calculated using DFAs without (left) and with (right) dispersion corrections. RI-MP2 results
are also shown for comparison.
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Figure S2: RMSD without hydrogens between DFAs and CC2 geometries for cis isomers,
calculated using DFAs without dispersion corrections. RI-MP2 results are also shown for
comparison.
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Table S7: RMSD without hydrogens (A) between geometries optimized using DFAs with
and without dispersion corrections (in parenthesis) for £ and Z isomers.

Molecule Approx. RMSD (E£) RMSD (Z)
a(R=H)  PBE(D3) 0.00 0.04
rPWS6PBE(VV) 0.00 0.00
PBEO(D3) 0.00 0.04
B3LYP(D3) 0.00 0.00
M06-2X(D3) 0.00 0.00
CAM-B3LYP(D3) 0.0 0.00
LC-wPBE(D3) 0.00 0.05
LC-wPBE(VV) 0.00 0.00
wBITX (D) 0.00 0.01
b (R = Meth) PBE(D3) 0.00 0.07
rPWS6PBE(VV) 0.00 0.00
PBE(O(D3) 0.00 0.07
B3LYP(D3) 0.00 0.00
M06-2X(D3) 0.00 0.01
CAM-B3LYP(D3) 0.00 0.00
LC-wPBE(D3) 0.00 0.01
LC-wPBEO8(VV) 0.00 0.00
wB9I7-X(D) 0.00 0.05
c (R =iProp) PBE(D3) 0.01 0.52
rPWS6PBE(VV) 0.00 0.00
PBE0(D3) 0.01 0.45
B3LYP(D3) 0.01 0.00
M06-2X (D3) 0.00 0.04
CAM-B3LYP(D3) 0.0l 0.44
LC-wPBE(D3) 0.01 0.00
LC-wPBEOS(VV) 0.00 0.00
wBI7-X(D) 0.00 0.12




Molecule Approx. RMSD (E) RMSD (2)
d (R =tBut) DPBE(D3) 0.00 0.42
rPWSG6PBE(VV) 0.00 0.00
PBE0O(D3) 0.00 0.63
B3LYP(D3) 0.01 0.00
M06-2X (D3) 0.00 0.04
CAM-B3LYP(D3)  0.00 0.35
LC-wPBE(D3) 0.00 0.38
LC-wPBE0O8(VV) 0.00 0.00
wBI7-X(D) 0.00 0.18
e (R =Phen ) PBE(D3) 0.03 0.87
rPWS6PBE(VV) 0.00 0.00
PBEO(D3) 0.03 0.79
B3LYP(D3) 0.02 0.00
M062X(D3) 0.04 0.04
CAM-B3LYP(D3) 0.03 0.80
LC-wPBE(D3) 0.03 0.65
LC-wPBE0S(VV) 0.00 0.00
wB97-X(D) 0.02 0.20
f (R=Cycl) PBE(D3) 0.02 0.82
rPWS6PBE(VV) 0.00 0.00
PBEO(D3) 0.02 0.75
B3LYP(D3) 0.03 0.00
M06-2X (D3) 0.01 0.03
CAM-B3LYP(D3)  0.02 0.75
LC-wPBE(D3) 0.02 0.63
LC-PBEOS(VV) 0.00 0.00
wB97-X(D) 0.01 0.13
g (R = Adam ) PBE(D3) 0.01 0.79
rPW86PBE(VV) 0.00 0.00
PBE0(D3) 0.01 0.70
B3LYP(D3) 0.02 0.00
M06-2X (D3) 0.00 0.06
CAM-B3LYP(D3)  0.01 0.61
LC-wPBE(D3) 0.01 0.54
LC-wPBEO8(VV) 0.00 0.00
wB97-X(D) 0.01 0.22
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Table S8: RMSD without hydrogens (A) between DFAs and CC2 geometries for E and Z
isomers, calculated using DFAs without and with dispersion corrections. RMSD between
MP2 and CC2 geometries are also reported.

Compound Approx. RMSD (E£) RMSD (Z)
a (R =H) RIMP2 0.02 0.01
PBE 0.02 0.20
PBE-D3 0.02 0.17
rPW86PBE 0.03 0.22
rPW86PBE-VV 0.02 0.17
PBEO 0.01 0.14
PBEO-D3 0.01 0.11
B3LYP 0.01 0.18
B3LYP-D3 0.01 0.13
CAM-B3LYP 0.01 0.12
CAM-B3LYP-D3 0.01 0.08
LC-wPBE 0.01 0.07
LC-wPBE-D3 0.01 0.05
LC-wPBEO0S 0.01 0.07
LC-wPBEO8-VV 0.02 0.04
wB97-X 0.01 0.08
wB97-X-D 0.01 0.07
BH&H 0.04 0.09
MO06 0.01 0.11
MOG6L 0.00 0.14
MO06-2X 0.01 0.08
MO06-2X-D3 0.01 0.08
MO6-HF 0.01 0.02
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Compound  Approx. RMSD (£) RMSD (Z)

b (R = Me) RI-MP2 0.02 0.06
PBE 0.02 0.24
PBE-D3 0.02 0.17
rPW86PBE 0.03 0.27
rPW8GPBE-VV 0.03 0.21
PBEO 0.01 0.18
PBE0-D3 0.01 0.11
B3LYP 0.02 0.23
B3LYP-D3 0.02 0.14
CAM-B3LYP 0.01 0.18
CAM-B3LYP-D3 0.01 0.12
LC-wPBE 0.01 0.17
LC-wPBE-D3 0.01 0.17
LC-wPBE0S8 0.02 0.17
LC-wPBE08-VV 0.02 0.14
wB97-X 0.01 0.15
wBI7-X-D 0.01 0.11
BH&H 0.04 0.11
M06 0.01 0.15
MOG6L 0.01 0.18
M06-2X 0.01 0.10
M06-2X-D3 0.01 0.10
MO06-HF 0.01 0.05

c (R =iPr) RI-MP2 0.03 0.01
PBE 0.05 0.57
PBE-D3 0.04 0.15
rPW86PBE 0.25 0.59
rPW86PBE-VV 0.24 0.30
PBEO 0.02 0.49
PBE0-D3 0.01 0.13
B3LYP 0.04 0.58
B3LYP-D3 0.03 0.12
CAM-B3LYP 0.02 0.45
CAM-B3LYP-D3 0.01 0.13
LC-wPBE 0.01 0.36
LC-wPBE-D3 0.01 0.36
LC-wPBE0S8 0.01 0.35
LC-wPBE08-VV 0.02 0.09
wB97-X 0.02 0.15
wBI7-X-D 0.02 0.08
BH&H 0.05 0.18
M06 0.01 0.29
MOG6L 0.01 0.27
M06-2X 0.01 0.33
M06-2X-D3 0.01 0.31

MO6-HF S-12 0.02 0.28




Compound Approx. RMSD (£) RMSD (Z)

d (R = tBu) RI-MP2 0.00 0.00
PBE 0.01 0.55
PBE-D3 0.01 0.13
rPW86PBE 0.03 0.56
rPW86PBE-VV 0.02 0.09
PBEO 0.03 0.48
PBE0-D3 0.03 0.11
B3LYP 0.01 0.59
B3LYP-D3 0.01 0.09
CAM-B3LYP 0.02 0.45
CAM-B3LYP-D3 0.02 0.12
LC-wPBE 0.03 0.38
LC-wPBE-D3 0.04 0.08
LC-wPBE0S8 0.04 0.38
LC-wPBE08-VV 0.05 0.07
wB97-X 0.02 0.15
wB97-X-D 0.02 0.07
BH&H 0.08 0.11
MO06 0.03 0.12
MO6L 0.02 0.07
M06-2X 0.02 0.05
M06-2X-D3 0.02 0.04
MO06-HF 0.03 0.08

e (R=Ph) RI-MP2 0.01 0.02
PBE 0.09 1.08
PBE-D3 0.11 0.22
rPW86PBE 0.28 0.99
rPW86PBE-VV 0.28 0.44
PBEO 0.10 0.97
PBE0-D3 0.12 0.20
B3LYP 0.08 1.07
B3LYP-D3 0.10 0.14
CAM-B3LYP 0.08 0.92
CAM-B3LYP-D3 0.10 0.18
LC-wPBE 0.10 0.74
LC-wPBE-D3 0.12 0.12
LC-wPBEOS8 0.13 0.73
LC-wPBE08-VV 0.14 0.11
wB97-X 0.16 0.31
wBI7-X-D 0.17 0.12
BH&H 0.16 0.14
M06 0.07 0.28
MOG6L 0.26 0.42
M06-2X 0.18 0.17
M06-2X-D3 0.14 0.13

MO6-HF S-13 0.09 0.21




Compound  Approx. RMSD (E£) RMSD (Z)

f(R=Cy) RI-MP2 0.03 0.01
PBE 0.05 0.85
PBE-D3 0.05 0.14
rPW8GPBE 0.19 0.96
rPW86PBE-VV 0.18 0.10
PBEO 0.02 0.76
PBE0-D3 0.03 0.11
B3LYP 0.05 0.89
B3LYP-D3 0.05 0.11
CAM-B3LYP 0.03 0.73
CAM-B3LYP-D3  0.04 0.13
LC-wPBE 0.02 0.61
LC-wPBE-D3 0.04 0.10
LC-wPBE08 0.02 0.60
LC-wPBE08-VV 0.05 0.09
wBI7-X 0.03 0.14
wBY7-X-D 0.04 0.17
BH&H 0.07 0.25
MO6 0.02 0.31
MO6L 0.03 0.27
M06-2X 0.03 0.20
M06-2X-D3 0.04 0.19
M06-HF 0.03 0.27

g (R =Ad) RI-MP2 0.02 0.03
PBE 0.02 0.87
PBE-D3 0.02 0.43
rPW8GPBE 0.04 0.79
rPW86PBE-VV 0.03 0.20
PBEO 0.03 0.79
PBE0-D3 0.03 0.43
B3LYP 0.02 0.99
B3LYP-D3 0.02 0.42
CAM-B3LYP 0.03 0.74
CAM-B3LYP-D3  0.03 0.43
LC-wPBE 0.04 0.67
LC-wPBE-D3 0.04 0.43
LC-wPBE08 0.05 0.66
LC-wPBE08-VV 0.06 0.45
wBI7-X 0.02 0.23
wBI7-X-D 0.02 0.06
BH&H 0.10 0.15
M06 0.03 0.11
MO6L 0.03 0.10
M06-2X 0.03 0.12
M06-2X-D3 0.03 0.08

MO06-HF S-14 0.03 0.17




Table S9: Average values of the RMSD calculations (A) without the hydrogens for each set
of molecules in E and Z isomers.

Functional Average RMSD (E) | Average RMSD (Z)
RI-MP2 0.02 0.02
PBE 0.04 0.62
PBE-D3 0.04 0.20
rPW86PBE 0.12 0.62
rPW8GPBE-VV 0.11 0.22
B3LYP 0.03 0.65
B3LYP-D3 0.03 0.16
PBEO 0.03 0.55
PBEO0-D3 0.03 0.17
MO06-2X 0.04 0.15
MO06-2X-D3 0.04 0.13
CAM-B3LYP 0.03 0.51
CAM-B3LYP-D3 0.03 0.17
wBITX 0.04 0.17
wB97X-D 0.04 0.10
LC-wPBE 0.03 0.43
LC-wPBE-D3 0.04 0.19
LC-wPBEOS 0.04 0.42
LC-wPBE08-VV 0.05 0.14
MO6 0.02 0.20
MO6L 0.05 0.21
MO6-HF 0.03 0.15
BH&H 0.08 0.15
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7 RMSD analysis with hydrogens
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Figure S3: RMSD with hydrogens (A) between DFAs and CC2 geometries for trans (left) and
cis isomers (right), calculated using DFAs without dispersion corrections. RI-MP2 results
are also shown for comparison.
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Table S10: RMSD (A) between geometries optimized using DFAs with and without disper-
sion corrections (in parenthesis) for £ and Z isomers.

Molecule Approx. RMSD (E£) RMSD (Z2)
a(R=1) PBED3) 0.00 0.05
rPWS6PBE (VV) 0.01 0.06
PBEO0(D3) 0.00 0.05
B3LYP(D3) 0.00 0.07
M06-2X(D3) 0.00 0.00
CAM-B3LYP(D3)  0.00 0.05
LC-wPBE(D3) 0.00 0.06
LC-wPBE08(VV) 0.01 0.01
wBITX(D) 0.00 0.02
b (R = Me) PBE(D3) 0.00 0.01
rPWS6PBE(VV) 0.01 0.08
PBE0(D3) 0.00 0.10
B3LYP(D3) 0.01 0.12
M06-2X (D3) 0.00 0.03
CAM-B3LYP(D3) 0.00 0.10
LC-wPBE(D3) 0.00 0.12
LC-wPBE0S(VV) 0.01 0.16
wBITX(D) 0.00 0.06
¢ (R = iPr) PBE(D3) 0.01 0.72
rPW86PBE(VV) 0.03 0.73
PBE0(D3) 0.01 0.64
B3LYP(D3) 0.02 0.77
M06-2X(D3) 0.00 0.05
CAM-B3LYP(D3)  0.02 0.62
LC-wPBE(D3) 0.02 0.65
LC-wPBEO8(VV) 0.01 0.53
wBITX(D) 0.00 0.15
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Molecule Approx. RMSD (E£) RMSD (Z)
d (R = tBu) PBE(D3) 0.01 0.53
rPWSGPBE(VV) 0.02 0.59
PBEO0(D3) 0.01 0.47
B3LYP(D3) 0.01 0.64
M06-2X (D3) 0.00 0.05
CAM-B3LYP(D3) 0.01 0.44
LC-wPBE(D3) 0.01 0.49
LC-wPBEO8(VV) 0.01 0.49
wBI7TX(D) 0.01 0.23
e (R=Ph) PBE(D3) 0.03 0.97
rPWS6PBE(VV) 0.02 0.74
PBEO0(D3) 0.03 0.88
B3LYP(D3) 0.03 1.07
M06-2X (D3) 0.04 0.05
CAM-B3LYP(D3)  0.03 0.89
LC-wPBE(D3) 0.03 0.72
LC-wPBEOS(VV) 0.03 0.71
wB97X(D) 0.03 0.22
f(R=Cy) PBE(D3) 0.03 1.00
rPWS6PBE(VV) 0.03 1.08
PBEO(D3) 0.03 0.94
B3LYP(D3) 0.04 1.11
M06-2X(D3) 0.01 0.04
CAM-B3LYP(D3) 0.03 0.94
LC-wPBE(D3) 0.03 0.81
LC-wPBEOS(VV) 0.03 0.76
wB97X(D) 0.01 0.18
g (R = Ad) PBE(D3) 0.02 0.90
rPWS6PBE(VV) 0.02 1.15
PBE0(D3) 0.02 0.79
B3LYP(D3) 0.02 1.02
M06-2X(D3) 0.00 0.07
CAM-B3LYP(D3)  0.02 0.69
LC-wPBE(D3) 0.02 0.61
LC-wPBEOS(VV) 0.02 0.61
wBI7X(D) 0.01 0.27
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Table S11: RMSD (A) between DFAs and CC2 geometries for £ and Z isomers, calcu-
lated using DFAs without and with dispersion corrections. RMSD between MP2 and CC2
geometries are also reported.

Compound Approx. RMSD (£) RMSD (Z)
a(R=1) RIMP2 0.02 0.02
PBE 0.03 0.24
PBE-D3 0.03 0.20
rPW86PBE-VV 0.03 0.21
rPW86PBE 0.03 0.26
PBEO 0.01 0.17
PBEO0-D3 0.01 0.13
B3LYP 0.02 0.22
B3LYP-D3 0.02 0.15
CAM-B3LYP 0.01 0.14
CAM-B3LYP-D3 0.01 0.10
LC-wPBE 0.01 0.10
LC-wPBE-D3 0.01 0.08
LC-wPBEO0S 0.01 0.09
LC-wPBEO8-VV 0.02 0.26
wB97-X 0.01 0.10
wB97-X-D 0.01 0.08
BH&H 0.04 0.11
MO06 0.01 0.13
MO6L 0.01 0.18
MO06-2X 0.01 0.10
MO06-2X-D3 0.01 0.09
MO6-HF 0.01 0.03
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Compound  Approx. RMSD (E£) RMSD (Z)

b (R = Me) RI-MP2 0.03 0.08
PBE 0.04 0.35
PBE-D3 0.03 0.27
rPW86PBE-VV 0.04 0.26
rPW86PBE 0.04 0.34
PBEO 0.01 0.30
PBEO0-D3 0.01 0.22
B3LYP 0.02 0.36
B3LYP-D3 0.02 0.26
CAM-B3LYP 0.01 0.32
CAM-B3LYP-D3 0.01 0.28
LC-wPBE 0.01 0.34
LC-wPBE-D3 0.01 0.34
LC-wPBEO8 0.01 0.34
LC-wPBEO8-VV 0.02 0.26
wB97-X 0.01 0.30
wB97-X-D 0.01 0.27
BH&H 0.05 0.20
MO06 0.01 0.23
MO6L 0.01 0.24
MO06-2X 0.01 0.27
MO06-2X-D3 0.01 0.26
MO6-HF 0.02 0.27

c (R =iPr) RI-MP2 0.04 0.01
PBE 0.07 0.74
PBE-D3 0.06 0.22
rPW86PBE-VV 0.32 0.26
rPW86PBE 0.34 0.68
PBEO 0.03 0.64
PBEO-D3 0.02 0.20
B3LYP 0.06 0.80
B3LYP-D3 0.04 0.19
CAM-B3LYP 0.04 0.58
CAM-B3LYP-D3 0.02 0.20
LC-wPBE 0.03 0.48
LC-wPBE-D3 0.01 0.38
LC-wPBEO8 0.02 0.47
LC-wPBEO8-VV 0.02 0.14
wBI7-X 0.03 0.21
wB97-X-D 0.03 0.14
BH&H 0.05 0.30
MO06 0.02 0.50
MO6L 0.02 0.36
MO06-2X 0.02 0.53
MO06-2X-D3 .20 0.02 0.25
MO6-HF 0.02 0.49




Compound  Approx. RMSD (£) RMSD (Z)

d (R = tBu) RI-MP2 0.003 0.002
PBE 0.02 0.67
PBE-D3 0.02 0.14
rPW86PBE-VV 0.02 0.11
rPWS6PBE 0.03 0.69
PBEO 0.03 0.60
PBEO0-D3 0.03 0.12
B3LYP 0.02 0.73
B3LYP-D3 0.01 0.10
CAM-B3LYP 0.02 0.56
CAM-B3LYP-D3 0.02 0.15
LC-wPBE 0.04 0.48
LC-wPBE-D3 0.04 0.09
LC-wPBEOS 0.04 0.47
LC-wPBEO8-VV 0.05 0.09
wB97-X 0.02 0.19
wB97-X-D 0.02 0.09
BH&H 0.09 0.15
MO6 0.03 0.16
MO6L 0.03 0.08
MO06-2X 0.03 0.06
MO06-2X-D3 0.03 0.04
MO6-HF 0.03 0.10

e (R=Ph) RI-MP2 0.01 0.03
PBE 0.12 1.19
PBE-D3 0.14 0.24
rPW86PBE-VV 0.32 0.48
rPW86PBE 0.32 1.09
PBEO 0.12 1.08
PBEO0-D3 0.14 0.21
B3LYP 0.10 1.18
B3LYP-D3 0.12 0.15
CAM-B3LYP 0.09 1.02
CAM-B3LYP-D3 0.12 0.21
LC-wPBE 0.12 0.84
LC-wPBE-D3 0.14 0.15
LC-wPBEOS 0.15 0.81
LC-wPBEO8-VV 0.16 0.13
wB97-X 0.19 0.35
wB97-X-D 0.20 0.14
BH&H 0.20 0.16
MO6 0.09 0.31
MO6L 0.32 0.46
MO06-2X 0.21 0.19
M06-2X-D3 0.17 0.14

MO6-HF S-21 0.12 0.25




Compound  Approx. RMSD (E£) RMSD (Z)

f(R=Cy) RIMP2 0.04 0.01
PBE 0.03 1.03
PBE-D3 0.03 0.20
rPW86PBE-VV 0.22 0.13
rPW86PBE 0.23 1.06
PBEO 0.03 0.94
PBEO-D3 0.04 0.16
B3LYP 0.03 1.06
B3LYP-D3 0.03 0.16
CAM-B3LYP 0.03 0.92
CAM-B3LYP-D3 0.04 0.18
LC-wPBE 0.04 0.75
LC-wPBE-D3 0.06 0.15
LC-wPBEOS 0.03 0.74
LC-wPBE08-VV 0.05 0.13
wB97-X 0.03 0.20
wB97-X-D 0.04 0.24
BH&H 0.11 0.36
MO06 0.04 0.46
MOG6L 0.04 0.37
MO06-2X 0.04 0.29
MO06-2X-D3 0.05 0.29
MO6-HF 0.03 0.41

g (R = Ad) RI-MP2 0.02 0.03
PBE 0.03 0.97
PBE-D3 0.02 0.43
rPw86PBE-VV 0.04 0.27
rPw86PBE 0.05 0.87
PBEO 0.03 0.88
PBEO-D3 0.03 0.43
B3LYP 0.03 1.09
B3LYP-D3 0.02 0.42
CAM-B3LYP 0.03 0.81
CAM-B3LYP-D3 0.03 0.43
LC-wPBE 0.04 0.74
LC-wPBE-D3 0.04 0.42
LC-wPBEO08 0.06 0.73
LC-wPBE08-VV 0.06 0.44
wB97-X 0.03 0.27
wB97-X-D 0.02 0.06
BH&H 0.10 0.19
MO06 0.04 0.13
MOG6L 0.03 0.12
MO06-2X 0.03 0.15
MO06-2X-D3 .92 0.03 0.10
MO6-HF 0.03 0.21
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Figure S4: RMSD between DFAs and CC2 geometries for cis isomers, calculated using
DFAs without (left) and with (right) dispersion corrections. RI-MP2 results are also shown
for comparison.
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Figure S5: RMSD between DFAs and CC2 geometries for trans isomers, calculated using
DFAs without (left) and with (right) dispersion corrections. RI-MP2 results are also shown
for comparison.
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Figure S6: RMSD (A) excluding hydrogen atoms between geometries optimized using DFAs
with and without dispersion corrections for trans (left) and cis (right) isomers.
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8 Relative Z-FE energies

8.1 CC2 vs MP2

Table S12: Difference in the energy of the trans (E) and cis (Z2) forms, AEg; = Ez — Eg,
as calculated at the HF, RI-CC2 and RI-MP2 levels with the cc-pVDZ basis set. All energy
values are in kcal.mol~*.

Molecule Approx. AFEgy
a (R =H) RI-CC2  11.46
RI-MP2 12.01
HF 17.9
b (R =Me) RI-CC2 10.87
RI-MP2  11.43
HF 174
c (R=14Pr) RI-CC2 8.06
RI-MP2  8.90
HF 17.5
d (R =tBu) RI-CC2 6.73
RI-MP2  7.70
HF 17.7
e (R=Ph) RI-CC2 4.04
RI-MP2 4.9
HF 174
f (R=Cy) RI-CC2 5.16
RI-MP2  6.41
HF 17.3
g (R=Ad) RI-CC2 0.80
RI-MP2  2.67
HF 174

S-25



PBE
PWBGPBE
B3LYP
PBEO
M06-2X

-
N

[y
o
EoEETECE

CAM-B3LYP
wWB97-X
LC-wPBE
LC-wPBEO8
M6

Mo6L
MO6-HF
BHEH

o [=2]
[ 1]}

AAEE [kcal/mol]

' \ﬂle”

P tB

(a)

Ph

Cy

Ad

Figure S7: Z-F energy differences calculated at the CC2 level and DFAs without dispersion

corrections (AAEzp = AEzp(DFT) — AEz5(CC2), in keal/mol).
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Figure S8: Difference in the energy of the trans (E) and cis (Z) forms, AEg; = Ez — Ep, as
calculated using DFAs without (left) and with (right) dispersion corrections and the cc-pVDZ

basis set.
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8.2 DFT relative Z-F energies

Table S13: Relative electronic energies of the E and Z conformers, AE;r = Er — Ez, and
relative Gibbs free energies (AGzp = G — Gy), calculated at T = 300 K and P = 1 atm.
All calculations were done using the cc-pVDZ basis set. All energy values are in kcal.mol .
The Gibbs free energy have been calculated for the functionals implemented in Gaussian us-
ing the quasi-harmonic approximation (qa-G) employing the software goodvibes.py.5!® The
vibrational entropy was tested using the Grimme scheme,'® while the enthalpy contribu-
tions were evaluated with the Head-Gordon scheme.®'" The threshold for which the qa-G
was employed is 100 em™!. For the functionals calculated with Q-Chem (namely, rPW86-
PBE, rPW86-PBE-VV, LC-wPBE08 and LC-wPBE08-VV) frequency calculations do not
have been performed because analytical calculations are not implemented, and therefore free
energies are not available. For RI-CC2 and RI-MP2 the Gibbs free energies correspond to
normal computations.

Compound Approx. AE;r AGzg

a(R=H) RI-CC2 115 116
RI-MP2 -12.0 -12.3
PBE -14.3 -13.6
PBE-D3 -12.8 -12.2
PBEO -15.2 -14.7
PBEO-D3 -13.6 -13.1
rPW86-PBE -14.5
rPWg&6-PBE-VV ~ -13.1
B3LYP -16.0 -15.4
B3LYP-D3 -13.5 -13.0
BH&H -16.2 -15.7
CAM-B3LYP -15.8 -15.3
CAM-B3LYP-D3 -14.0 -13.6
wBI97-X -14.1 -13.7
wB97-X-D -12.7 -12.4
LC-wPBE -14.2 -14.0
LC-wPBE-D3 -12.2 -12.1
LC-wPBEO08 -14.5
LC-wPBEO8-VV ~ -12.8
MO06 -13.9 -13.5
MO6L -12.9 -12.4
MO06-2X -13.6 -13.1
MO06-2X-D3 -13.5 -12.8
MO6-HF -13.8 -13.4
HF -17.9 -17.5
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Compound  Approx. AE;r AGzg

b (R = Me) RI-CC2 109 -114
RI-MP2 114 -12.1
PBE 143 -135
PBE-D3 125 -11.9
PBEO 151 -14.7
PBE0-D3 131 -12.7
rPWS86-PBE 144
rPW86-PBE-VV  -12.7
B3LYP 159 -15.4
B3LYP-D3 13.0  -12.7
BH&H -16.0  -15.2
CAM-B3LYP 156 -15.3
CAM-B3LYP-D3 -134  -13.2
wB97-X -13.8  -13.7
wB97-X-D 12,0 -11.4
LC-wPBE 140 -14.0
LC-wPBE-D3 114 -115
LC-wPBEO8 -14.1
LC-wPBEO8-VV ~ -12.1
MO06 136 -13.8
MO6L -12.8  -12.3
MO06-2X 133 -13.7
M06-2X-D3 12,9 -13.2
MO6-HF 134 -13.9
HF 174 -17.2
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Compound  Approx. AEzr AGzg

¢ (R =iPr) RI-CC2 81 -84
RI-MP2 89 95
PBE 139 -14.1
PBE-D3 9.7  -105
PBEO 149 -15.1
PBE0-D3 104 -11.1
rPW86-PBE 144
rPW86-PBE-VV ~ -10.3
B3LYP 160 -16.1
B3LYP-D3 104 -115
BH&H 137 -145
CAM-B3LYP 155 -15.7
CAM-B3LYP-D3 -10.9  -11.8
wB97-X 123 -13.6
wB97-X-D 9.0 -10.1
LC-wPBE 139 -14.6
LC-wPBE-D3 85  -10.2
LC-wPBE0S8 -14.1
LC-wPBE0O8-VV ~ -9.2
M06 110 -13.0
MO6L 102 -11.3
M06-2X 114 -12.6
M06-2X-D3 103 -11.4
MO06-HF 112 -14.0
HF 175 -17.7
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Compound Approx. AE;r AGzg

d (R = (Bu) RI-CC2 6.7 75
RI-MP2 77 =86
PBE 141 -13.9
PBE-D3 91 95
PBEO 150 -15.0
PBE(-D3 9.7 -103
rPW86-PBE -14.3
rPW86-PBE-VV ~ -9.1
B3LYP 163 -16.2
B3LYP-D3 9.7  -105
BH&H 136 -14.2
CAM-B3LYP 157 -15.8
CAM-B3LYP-D3 -10.2  -11.0
wB97-X 122 -13.0
wB97-X-D 80  -99
LC-wPBE 140 -14.4
LC-wPBE-D3 77 -88
LC-wPBEOS -14.2
LC-wPBE0S-VV ~ -8.2
MO6 103 -115
MOG6L 102 -11.6
M06-2X 113 -11.9
M06-2X-D3 9.7 -10.2
M06-HF 110 -11.6
HF 177 -18.0
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Compound  Approx. AE;r AGzg

e (R = Ph) RI-CC2 40 59
RI-MP2 49 7.0
PBE 138 -13.3
PBE-D3 91 93
PBEO 146 -14.3
PBE0-D3 95 97
rPW86-PBE 144
rPW86-PBE-VV ~ -9.9
B3LYP 158 -15.3
B3LYP-D3 92 -10.0
BH&H 143 -14.4
CAM-B3LYP 154 -15.0
CAM-B3LYP-D3 -10.0  -10.7
wB97-X 124 -124
wB97-X-D 78 -85
LC-wPBE 137 -135
LC-wPBE-D3 70 =80
LC-wPBEOS -13.9
LC-wPBE0OS-VV ~ -7.9
M06 111 -11.6
MOG6L 109 -10.9
M06-2X 112 -11.0
M06-2X-D3 97 =99
M06-HF 103 -10.5
HF 174 -17.2
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Compound  Approx. AEzr AGzg

f (R=Cy) RI-CC2 -5.2 -5.5
RI-MP2 -6.4 -7.0
PBE -13.7  -13.5
PBE-D3 -7.6 -8.6
PBEO -14.6 -14.4
PBE0-D3 -8.2 94
rPW86-PBE -14.2
rPW86-PBE-VV ~ -7.6
B3LYP -15.9  -15.8
B3LYP-D3 -8.1 -9.7
BH&H -11.8  -13.2
CAM-B3LYP -15.3  -15.3
CAM-B3LYP-D3  -8.7 -10.3
wBI7-X -114 -12.5
wB97-X-D -6.1 -8.2
LC-wPBE -13.7  -13.8
LC-wPBE-D3 -6.1 -7.9
LC-wPBEO08 -13.9
LC-wPBEO08-VV -6.8
MO6 -9.3 -10.1
MO6L 9.1 9.0
MO06-2X -10.3 -11.5
MO06-2X-D3 -8.0 -9.5
MO6-HF -10.3 -12.2
HF -17.3  -17.5
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Compound  Approx. AE;r AGzgp

g (R =Ad) RI-CC2 -0.8
RI-MP2 -2.7 -4.9
PBE -13.8  -13.7
PBE-D3 -5.8 -6.9
PBEO -14.7  -14.5
PBE0-D3 -6.2 -7.5
rPW86-PBE -14.2
rPW86-PBE-VV ~ -5.1
B3LYP -16.2 -15.7
B3LYP-D3 -6.1 -7.7
BH&H -11.1 -124
CAM-B3LYP -15.5 -14.7
CAM-B3LYP-D3  -6.7 -8.3
wB97-X -10.6 -12.1
wB97-X-D -2.6 -3.7
LC-wPBE -13.8  -13.9
LC-wPBE-D3 -4.1 -6.2
LC-wPBEOS8 -14.0
LC-wPBEO8-VV -4.2
MO06 -7.9 8.2
MO6L -7.6 9.1
MO06-2X -9.0 -104
MO06-2X-D3 -5.5 -6.8
MO6-HF 9.1 -10.4
HF -17.4 -17.8
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9 C(Calculations for the Ph molecule

DFAs with dispersion corrections are able to reproduce qualitatively well the energy gap
of all the systems considered. However, we observed that are much less accurate for the
compound f, which includes phenyl substituents in the meso position. In order to investigate
these discrepancies, we performed single-point calculations on the RI-CC2 geometries for this

molecule. The results are collected in Table S14 and Fig. S9.

wB97-X-D
PBE-D3
B3LYP-D3
M06-2X-D3
CAM-B3LYP-D3
LC-wPBE-D3
PBEO-D3

o N
Ll I |

S,

w

AAEE7 [kcal/mol]

=

0 Ph(CC2) Ph(DFT)

Figure S9: Z — E energy differences with respect to RI-CC2 issued from DFAs for the
molecule with R = Ph, using reference RI-CC2 geometries (left) and optimized DFAs ge-
ometries (right) with dispersion corrections (AAE,p = AEZET(DFT/CC2) AESS(CC2),
in keal/mol).
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Table S14: Z — E energy differences issued from RI-CC2 and DFAs for the molecule with
R = Ph, using reference RI-CC2 geometries (left) and optimized DFAs’ geometries (right)

with dispersion corrections (in kcal/mol).

Compound Approx. AEgz(RI — CC2) AFEgz(DFT)

Ph RI-CC2 -4.0 -
wBI97-X-D -8.6 -7.8
PBE-D3 -10.2 -9.1
PBEO0-D3 -10.5 -9.5
B3LYP-D3 -10.2 -9.2
M06-2X-D3 -10.3 -9.7
CAM-B3LYP-D3 -11.1 -10.0
LC-wPBE-D3 -7.6 -6.9

10 Nonlinear Optical properties

10.1 Reference RI-MP2 results

The accuracy of the RI approximation in the evaluation of 5 has been tested for the molecule

R=H, with respect to the standard MP2 calculation.

Molecule

6MP2

ﬁRI—MP2

R=H

52.55

52.52
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10.2 ab tnitio results
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Figure S10: Correlation between static hyperpolarizabilities (a.u.) of the series of azoben-
zenes calculated at the MP2 level with respect to the values calculated using CC2 and HF.
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10.3 DFT results

Table S15: Total first hyperpolarizabilities (5, a.u.) of the cis isomers, calculated using
various levels of approximation with the aug-cc-pVTZ basis set, using RI-CC2/cc-pVDZ
geometries.

Compound  Approx. 15}

a(R=H) RI-MP2 52.5
RI-CC2 80.8
PBE 99.6
rPW86-PBE 107.2
rPW86-PBE-VV  104.0
PBEO 73.1
B3LYP 83.3
BH&H 41.1
CAM-B3LYP 52.4
wBI7X 44.0
wB97X-D 61.5
LC-BLYP 22.2
Ta-LC-BLYP 44.3
LC-PBE 23.6
LC-wPBE 31.2
LC-PBE-VV 42.5
MO06 96.8
MO6L 136.3
MO06-2X 43.8
MO6-HF 1.5
HF 7.7

b (R = Me) RI-MP2 119.3
RI-CC2 161.7
PBE 186.6
rPW86-PBE 196.4
rPW86-PBE-VV  200.4
PBEO 142.8
B3LYP 155.8
BH&H 99.3
CAM-B3LYP 115.4
wBI7TX 107.2
wB97X-D 132.0
LC-BLYP 75.6
Ta-LC-BLYP 109.6
LC-PBE 76.6
LC-wPBE 87.5
LC-PBE-VV 85.5
MO06 166.0
MO6L 227.1
MOg-2X 100.0
MO6-HF 46.7

HF 40.7




Compound  Approx. I6]

c (R =1iPr) RI-MP2 99.8
RI-CC2 148.5
PBE 176.1
rPW86-PBE 183.9
rPW86-PBE-VV  186.0
PBEO 117.3
B3LYP 132.7
BH&H 71.6
CAM-B3LYP 92.7
wBI7X 76.8
wBI97X-D 95.4
LC-BLYP 56.7
Ta-LC-BLYP 86.1
LC-PBE 55.3
LC-wPBE 66.9
LC-PBE-VV 58.9
MO06 150.4
MO6L 196.5
MO06-2X 84.8
MO6-HF 46.3
HF 31.6

d (R = tBu) RI-MP2 84.1
RI-CC2 136.1
PBE 179.2
rPW&6-PBE 188.2
rPW86-PBE-VV  187.5
PBEO 115.5
B3LYP 130.8
BH&H 68.3
CAM-B3LYP 91.3
wBI7X 83.2
wBI7X-D 107.1
LC-BLYP 58.4
Ta-LC-BLYP 84.9
LC-PBE 56.4
LC-wPBE 67.5
LC-PBE-VV 70.4
MO06 159.5
MO6L 218.0
MO06-2X 81.6
MO6-HF 41.6
HF 32.9
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Compound  Approx. I5]

e (R =Ph) RI-MP2 152.4
RI-CC2 239.8
PBE 266.2
rPW86-PBE 253.3
rPWS86-PBE-VV  294.2
PBEO 158.3
B3LYP 174.7
BH&H 100.2
CAM-B3LYP 99.7
wBI7X 84.4
wBITX-D 107.6
LC-BLYP 53.9
Ta-LC-BLYP 85.0
LC-PBE 59.5
LC-wPBE 66.7
LC-PBE-VV 72.8
MO06 207.8
MO6L 277.9
MO06-2X 115.9
MO6-HF 36.4
HF 21.3

f (R =Cy) RI-MP2 127.7
RI-CC2 191.0
PBE 294.3
rPW86-PBE 348
rPW86-PBE-VV  253.7
PBEO 158.0
B3LYP 175.3
BH&H 97.8
CAM-B3LYP 119.2
wBI7X 105.1
wB97X-D 131.0
LC-BLYP 75.7
Ta-LC-BLYP 107.2
LC-PBE 75.7
LC-wPBE 88.4
LC-PBE-VV 79.3
MO06 202.3
MO6L 263.4
MO06-2X 111.6
MO6-HF 59.1
HF 50.1
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Figure S11: Evolution of the static hyperpolarizabilities (a.u.) of the series of azobenzenes
calculated using various DFAs in combination with the aug-cc-pV'TZ basis set, as a function
of the percentage of exact Hartree-Fock exchange.

Table S16: Absolute errors relative to MP2 (AE(%) = |Bprr — Bump2|/Bupe x 100) on the
total first hyperpolarizabilities of cis isomers, as calculated for selected hybrid functionals.

DFA R=H R=Me R=i/Pr R=tBu R=Ph R =Cy Mean AE
PBEO 02.4 38.7 43.1 109.4 24.2 23.7 48.6
B3LYP 61.9 30.2 56.1 57.8 14.2 44.0 37.3
BH&H 4.8 65.5 0.5 14.9 55.2 234 274
MO06 48.6 18.9 66.3 78.8 4.7 58.4 46.0
MO06-2X 2.9 63.3 0.2 0.8 46.5 12.6 21.0
MO6-HF 90.5 98.7 53.2 44.9 72.7 53.7 69.0
best DFA  M06-2X MO06 MO06-2X  MO06-2X M06  MO06-2X  MO06-2X
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Table S17: Absolute errors relative to MP2 (AE(%) = |Bprr — Bupa|/Bupe % 100) on
the total first hyperpolarizabilities of cis isomers, as calculated for selected hybrid range-
separated functionals.

DFA R=H R=Me R=wPr R=tBu R=Ph R=Cy Mean AE
CAM-B3LYP 0.2 3.3 7.1 8.6 34.6 6.7 10.1
LC-BLYP 57.7 36.6 43.2 30.6 64.6 40.7 45.6
LC-PBE 55.0 35.8 44.6 32.9 61.0 40.7 45.0
LC-wPBE 40.6 26.7 33.0 19.7 56.2 30.8 34.5
wBI7X 16.2 10.1 23.0 1.1 44.6 17.7 18.8
wB97X-D 17.1 10.6 4.4 27.3 29.4 2.6 15.3
best DFA CAM CAM  wB97X-D wB97X wB97X-D wB97X-D CAM

11 PNOC analysis

Table S18: Vector (3;) and tensor (3;;,) components of the total first hyperpolarizability, as
calculated summing all the orbital contributions of the hyperpolarizzability tensors obtained
by the PNOC analysis at CAM-B3LYP/6-311++G** level.

Molecule Braa ﬁyym Bazz Bz Byyy /BTTZ/ Bzzy By Bzzz Bexz Byyz B- Btot
a (R =H) -0.0  -0.1 0.0 -0.4 29 -104 0.1 -22.3 314 -155.9 145 -330.2 66.2
b (R = Me) -04  -2.2 1.9 -2.1 4.2 8.3 -1.1 34.3 -30.7 -160.7 -26.7 -654.4 131.1
¢ (R =iPr) 23  -0.9 0.6 -79 -16.0 8.6 8.2 2.0 -15.6 -145.6 17.7 -430.6 86.1
d (R=tBu) -322 10.1 -95 -949 -3.0 0.5 18.4 478 -21.7 -170.2 524 -418.5 86.3
e (R ="Ph) -0.3  -6.3 5.9 -1.9  13.7 6.6 -10.2 30.3 22.7 -148.1 -98.6 -672.3 134.6
f (R=Cy) 5.4 6.0 -12.1 -2.2 7.7 5.4 -1.7 34.2 -13.5 -142.5 -39.9 -587.8 117.8
g (R=Ad) 2.7 -224 143 -159 -54.3 -185 4.1 -206.0 -70.2 -170.0 4.2 -708.0 147.5
Table S19: Vector (5;) and tensor (f;;;) components of the total first hyperpolarizability, as
calculated through the CPKS method at CAM-B3LYP/6-311++G** level.
Molecule wam Byym Bzzac B;r Byyy ﬁxwy /Bzzy ﬂy ﬁzzz B.mcz 5yyz Bz ﬁtot
a (R=H) 0.0 0.0 0.1 0.2 2.8 -10.5 0.2 -22.4  31.3 -155.9 144 -330.3 66.2
b (R = Me) 0.1 20 21 0.8 4.1 8.3 -1.1 33.6 -30.2 -160.5 -26.5 -651.5 130.5
c (R =1iP) -1.8 -0.7 07 -54 -16.4 85 8.2 0.8 -15.3 -145.7 18.1 -428.8 85.8
d (R=1tBu) -31.7 10.1 -94 -92.7 -3.2 0.7 18.6 48.4 -21.8 -170.3 52.3 -419.7 86.5
e (R ="Ph) 0.1 -6.1 6.0 0.1 13.7 6.7 -10.3 30.3 23.1 -148.3 -98.5 -671.2 134.4
f (R=Cy) 6.0 6.3 12.1 734 8.3 5.4 -1.5 36.6 -12.9 -142.2 -39.2 -582.9 117.7
g (R=Ad) 0.8 -226 16.6 -16.6 -55.7 -8.3 8.7 -166.1 -68.0 -1704 0.6 -713.3 146.5
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13 Cumulative contribution to Byxz in PNOC
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Figure S12: Accumulation of the first most important 800 orbital contributions of 3., for
the azobenzene derivatives. The index p indicates the corresponding orbital that is included.
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Table S20: Predominant orbitals and corresponding hyperpolarizability contribution accord-
ing to PNOC decomposition, ordered by importance. Units are a.u. Calculations done with
CAM-B3LYP functional for the azobenzene series. H and L indicate the HOMO and LUMO
for each compound. Ny is the total number of occupied MOs.

R=H Ny=48 R=Me Ny=64
Norp | Beze | Norb | Bzyy | Norv | Bazz Nowv | Bexw | Norb | Bayy | Norb | Bzzz
H 397.0 | H-1 137.0 | H-3 | 182.5 H 464.7 | H-1 | 204.5 | H-3 | 221.8
H-3 | 2685 | L+2 | -127.4 | H-2 | 181.2 H-3 | 356.5 | H-2 | 181.5 | H-2 | 212.8
H-2 | 261.6 | H-3 | 118.7 | L+3 | -169.9 L+4 | -300.3 | L+2 | -149.0 | L+4 | -156.9
H-4 | 240.2 | H-2 | 109.9 | L+7 | -114.3 H-2 | 268.7 | L+7 | -146.2 | H-1 152.6
L+3 | -200.2 | L+3 | -94.7 | L+1 | -103.7 L+2 | -244.7 | H-3 | 142.2 | L+2 | -1454
L+8 | -193.5 H 79.6 H-1 100.4 H-1 | 224.3 H 122.5 | L+7 | -132.5
R=iPr Nyg=96 R=tBu Ny=112
Norp | Bezw | Norb | Bzyy | Norv | Bzzz Noro | Bezz | Norv | Bzyy | Norv | Bzzz
H 410.9 H-1 263.8 | H-3 | 216.7 H 459.0 | H-1 | 253.9 | H-3 | 222.5
H-3 | 3374 | H-2 215.0 | H-2 | 187.9 H-3 | 381.5 | H-2 | 203.2 | H-2 | 209.7
H-2 | 246.0 | L+4 | -199.6 | H-1 | 143.0 H-2 | 2399 | H5 | 163.5 | L+6 | -151.8
L+5 | -231.1 | H-3 182.8 | L+5 | -113.2 L+5 | -219.2 | H-4 | 1629 | H-1 141.6
H-1 | 184.5 H-5 1574 | L+8 | -111.0 H-1 | 190.5 H 143.0 | L+5 | -134.6
L+6 | -181.5 H 1484 | L+4 | -107.4 105 | 186.9 | L+4 | -138.1 | L+1 | -100.8

S-43




R=Ph Ny=128 R=Cy Np=140
Nory | Beaz | Norb | Bayy | Norb | Bzzz Nory | Bzzz | Norv | Bayy | Norv | Bezz
L+2 | -638.7 | H-1 | 1030.9 | H-1 | 631.0 H 408.4 | H-1 | 327.0 | H-3 | 214.1
H-3 | 624.6 | H-2 997.7 H-2 533.1 H-3 | 332.7 | H-2 286.2 H-2 193.2
L+1 | -605.1 | L+2 | -953.8 | L+2 | -451.5 H-2 | 265.1 | H-3 | 224.2 | H-1 158.6
H-1 | 5284 | H-3 942.6 | L+3 | -434.8 H-1 | 207.8 | H-5 | 213.8 | L+5 | -151.1
H-2 | 505.2 | L+3 | -862.9 | H+2 | -285.8 L+5 | -185.3 | H-16 | 198.8 | H-16 | 149.2
H-5 | 494.8 | H+2 | -860.3 | H-6 | 272.5 H-7 | 169.9 | L+5 | -197.4 | H-13 | 148.8
R=Ad Ny=196
Nory | Beex | Norv | Bayy | Norv | Bezz
H 448.86 | H-1 | 330.88 | H-3 | 229.41
H-3 | 352.31 | H-2 | 287.14 | H-2 | 205.59
H-2 | 265.25 | H-3 | 208.47 | H-1 | 175.41
H-1 | 235.28 | H-5 | 207.32 | H-9 | 158.35
H-6 | 224.77 H 189.34 | H-12 | 157.32
H-7 | 205.63 | H-7 | 184.2 | H-15 | 134.75
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Table S21: Comparison between the predominant orbital contribution of the hyperpolar-
izability (in a. u.) tested for the functionals CAM-B3LYP and PBE performed on the
substituents R=iPr and R=Ph. H indicates the number of the HOMO orbital for each
compound while L indicates the corresponding LUMO.

R=iP Ny=96 R=Ph Ny=128
CAM-B3LYP PBE CAM-B3LYP PBE
Nory | Bezx | Norv | Baa Nory | Beze | Norv | Baza
H | 4109 | H-3 | 561.7 L+2 | -638.7 | L+2 | -918.82
H-3 | 337.4 | H-4 | 514.8 H3 | 6246 | H-3 | 862.83
H-2 | 246.0 | L+3 | -405.5 L+1| -605.1 | L+1 | -795.17
L4 | 2311 | L42 | -357.6 H-1 | 5284 | H-2 | 685.38
H-1 | 1845 | L+1 | -335.4 H-2 | 505.2 | H4 | 608.30
L5 | -1815 | H | 2684 H-5 | 4948 | H-1 | 593.97
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